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Abstract

A common feature of early embryo cells from the inner cell mass (ICM) and of ESCs is an 

absolute dependence on an atypical cell cycle in which the G1 phase is shortened to preserve their 

self-renewing and pluripotent nature. The transcription factor B-Myb has been attributed a role in 

proliferation, in particular during the G2/M phases of the cell cycle. Intriguingly, B-Myb levels in 

ICM/ESCs are greater than 100 times compared with those in normal proliferating cells, 

suggesting a particularly important function for this transcription factor in pluripotent stem cells. 

B-Myb is essential for embryo development beyond the preimplantation stage, but its role in ICM/

ESCs remains unclear. Using a combination of mouse genetics, single DNA fiber analyses and 

high-resolution three-dimensional (3D) imaging, we demonstrate that B-Myb has no influence on 

the expression of pluripotency factors, but instead B-Myb ablation leads to stalling of replication 

forks and superactivation of replication factories that result in disorganization of the replication 

program and an increase in double-strand breaks. These effects are partly due to aberrant 

transcriptional regulation of cell cycle proliferation factors, namely c-Myc and FoxM1, which 

dictate normal S phase progression. We conclude that B-Myb acts crucially during the S phase in 

ESCs by facilitating proper progression of replication, thereby protecting the cells from genomic 

damage. Our findings have particular relevance in the light of the potential therapeutic application 

of ESCs and the need to maintain their genomic integrity.
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Introduction

Pluripotent ESCs are characterized by their ability to perpetuate indefinitely in vitro and 

differentiate into all three embryonic germ layers. This is achieved through tight molecular 

regulatory mechanisms involving the combined action of factors responsible for the 

maintenance of the pluripotent state and the enforcement of an atypical cell cycle in which 

the G1 phase is shortened to escape differentiation signals present at this stage [1]. Failure to 

control these mechanisms in vivo can lead to early embryonic lethality due to inefficient 

formation of the inner cell mass (ICM). Such lethality has been associated with proteins 

related to the control of S phase progression, including Cdc7 (MGI:1309511) [2], Mat-1 

(MGI:106207) [3], Cdc45 (MGI:1338073), [4] the ATM- and Rad3-related protein kinase 

(ATR) (MGI: 108028) [5], and Chk1 (MGI:1202 065; MGI:101785) [6].

For many years, B-Myb (MGI:101785) has been recognized as a key transcription factor in 

the regulation of the cell cycle in somatic cells, and has also been implicated in different 

types of human cancer [7]. More recently, it has been associated with the maintenance of 

genome stability through the regulation of genes related to G2/M transition [8-12]. B-Myb is 

ubiquitously expressed, but its transcript is 100–1,000 times more abundant in ESCs, 

embryonic germ cells, and embryonic carcinoma cells than in any other fetal or adult cells 

[12]. Gene knockout mice lacking expression of B-Myb die at E4.5–6 [13], highlighting the 

importance of the protein during the early stages of embryonic development and suggesting 

that it might have a role in ESCs. However, the role of B-Myb in ESCs remains unclear even 

though attempts to address this issue using B-myb shRNA knockdown have suggested that 

the early lethality (E4.5–6.5) in the B-myb knockout is due to deregulated expression of the 

pluripotency-associated proteins, Oct-4 (MGI:101893) and Sox-2 (MGI:98364) [12].

To gain an insight into the role of B-Myb in ESCs, we have generated genetically modified 

cells in which we can control B-myb gene deletion. We have found that B-Myb ablation 

does not affect the expression of pluripotency factors in ESCs, but rather it has profound 

effects on S phase that could also explain the genome instability observed when the levels of 

the protein are reduced. Our results shed light on the mechanisms involved in the high 

proliferative capacity of ESCs and the maintenance of genomic integrity. The understanding 

of these basic processes is essential for the effective translational application of ESCs.

Materials and Methods

Generation of Embryonic Stem Cells

ESCs were generated by standard protocols [14] from crosses between B-myb+/Δ and B-
mybF/F mice [15].
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Cell Culture and Conditional Gene Deletion

TL1, CJ7, c-myc−/−, B-myb+/Δ, B-mybF/Δ, and B-mybΔ/Δ ESCs were cultured and expanded 

under standard ESCs culture conditions. To induce B-myb deletion in B-myb+/Δ and B-
mybF/Δ ESCs, cells were transfected with pLv-Cre-eGFP plasmid [16] (10 μg) using the 

Amaxa nucleofection technology (Amaxa, Köln, Germany, www.lonzabio.com). Green 

Fluorescent Protein-positive (GFP) cells were sorted 48 hours after transfection using a 

Cytomation MoFlo machine, and they were used immediately or placed back into culture 

over feeders for another 48 hours.

B-mybF/Δ ESCs transfected with pLv-Cre-eGFP plasmid were sorted 48 hours after 

transfection and placed back into culture over feeders. Eight individual clones were isolated 

and checked for absence of expression of B-Myb. Two of the clones were used for 

performing rescue experiments.

Immunohistochemistry

Blastocysts were placed onto gelatinized culture slide chambers (Falcon, Becton Dickinson, 

Franklin Lakes, NJ, www.bdbiosciences.com) containing ESCs medium and outgrowths 

fixed after 72 hours. ESCs were cultured on irradiated Mouse Embryonic Fibroblasts (MEF) 

on glass coverslips. Immunostaining was performed according to standard protocols. 

Samples were incubated overnight with primary antibodies, anti-Oct-4 (1:200 monoclonal 

antibody, Santa Cruz Biotechnology, Santa Cruz, CA, www.scbt.com) and anti-TROMA-1 

(anti-cytokeratin 8) monoclonal antibody (1:20; Developmental Studies Hybridoma Bank 

(DSHB), Iowa City, IA, http://dshb.biology.uiowa.edu/), followed by incubation with 

appropriate AlexaFluor-conjugated secondary antibodies, and mounted using DAPI-

containing Vectashield (Vector Laboratories, Peterborough, UK, www.vectorlabs.com). 

Samples were analyzed using confocal fluorescence microscopy. Outgrowths were 

processed individually for B-myb genotype determination by polymerase chain reaction 

(PCR) using primers as previously described [15]. Blastocyst out-growths homozygous for 

the wild-type or deleted alleles are designated B-myb+/+ and B-mybnull, respectively.

Proliferation Assay

A total of 105 GFP-positive sorted cells of B-myb+/Δ and B-mybΔ/Δ ESCs were seeded over 

irradiated MEFs on a 6-cm plate. Growth medium was replaced every 24 hours. Cells were 

harvested and counted in triplicate after 48 and 96 hours using the Trypan blue exclusion 

method.

Western Blotting

Fifty micrograms of total protein extract was used for western blot as previously described 

[9]. Antibodies were as follows: anti-B-Myb mouse monoclonal (1:1,000 dilution, Santa 

Cruz Biotechnology, Santa Cruz, CA, www.scbt.com), anti-Oct-4 mouse monoclonal 

(1:1,000 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, www.scbt.com), anti-rabbit 

Histone Deacetylase 1 (HDAC1) polyclonal (1:1,000 dilution, a generous gift from by Dr 

Laura O’Neill, University of Birmingham), and anti-Sox-2 mouse monoclonal (1:500 

dilution, R&D systems, Minneapolis, MN, www.rndsystems.com).
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Analysis of H2AXγ by Flow Cytometry

Ninety-six hours after transfection with Cre recombinase, B-myb+/Δ and B-mybΔ/Δ ESCs 

were collected and fixed in 4% paraformaldehyde / 2% sucrose for 10 minutes. After 

permeabilization (20 mM HEPES pH 7.4, 50 mM NaCl, 3 mM MgCl2, 300 mM sucrose 

0.5% TritonX-100) for 5 minutes at 4 °C, cells were incubated for 30 minutes with anti-

phospho-Histone H2A.X (Ser139; 1:100 diluted mouse monoclonal clone JBW301, 

Millipore) followed by goat anti-mouse-AlexaFluor 488 (A11029, Invitrogen). Labeled cells 

were washed and resuspended in propidium iodide (5 μg/ml) in phosphate buffer saline 

(PBS), then processed with a Cyan flow cytometer (Beckman Coulter, Brea, CA, 

www.beckmancoulter.com). Acquired data was analyzed using Summit (Dako, Beckman 

Coulter; Fig. 3e) or FlowJo (Tree Star Inc; Supporting Information Figure S3b) software. 

Experiments were performed in triplicate.

Immunofluorescence Staining of Replication Foci Using Bromodeoxyuridine or 
Iododeoxyuridine

ESCs were cultured on MEFs on glass coverslips in the presence of 25 μM 

bromodeoxyuridine (BrdU; Sigma-Aldrich, St Louis, MO, www.sigmaaldrich.com) for 20 

minutes followed (or not) by 250 μM iododeoxyuridine (IdU; Sigma-Aldrich, St Louis, MO, 

www.sigmaaldrich.com) for 25 minutes. The cells were then fixed in ethanol/acetic acid 

(95%:5%) for 20 minutes and incubated with 1 N HCl for 30 minutes. After several washes 

in distilled water and RNase treatment (100 μg/ml, 30 minutes at 37 °C), cells were 

incubated overnight with monoclonal rat anti-BrdU antibody (1:100 dilution, clone BU1/75, 

Abcam, Cambridge, UK, www.abcam.com ab6326) followed by donkey anti-rat-AlexaFluor 

488 (1:1,000 dilution, Invitrogen, Paisley, UK, www.invitrogen.com A21208). When double 

labeling was performed, this was followed by an overnight incubation with monoclonal 

mouse anti-IdU antibody (1:100 dilution, Invitrogen, Paisley, UK, www.invitrogen.com 

MD5000), then with goat anti-mouse AlexaFluor 594 antibody (1:1000 dilution, Invitrogen, 

Paisley, UK, www.invitrogen.com A11032). Cells were mounted using DAPI-containing 

Vectashield (Vector Laboratories, Peterborough, UK, www.vectorlabs.com). A minimum of 

two coverslips were analyzed per sample per experiment and experiments were performed in 

triplicate. Images were acquired by confocal fluorescence microscopy (×100 oil immersion 

objective) and analyzed for their S phase pattern [17] and the architecture of their replication 

factories. A minimum of 100 cells per sample was scored, and a minimum of 15 nuclei was 

analyzed per sample, z-stack of 0.4-μm sections being made for each nucleus.

DNA Fiber Analysis

Replication tracks were labeled in culture medium containing 25 μM BrdU (Sigma-Aldrich, 

St Louis, MO, www.sigmaaldrich.com). For dual labeling, cultures were pulse-labeled with 

25 μM BrdU, washed, and then labeled with 250 μM IdU (Sigma-Aldrich, St Louis, MO, 

www.sigmaaldrich.com). DNA fiber spreads were prepared as previously described [18]. 

BrdU-labeled tracks were detected with rat anti-BrdU antibody (1:1,000 dilution, Abcam, 

Cambridge, UK, www.abcam.com ab6326) overnight at 4 °C (or 1 hour at room temperature 

in case of dual labeling) using donkey anti-rat-AlexaFluor 488 (1:500 dilution, Invitrogen, 

Paisley, UK, www.invitrogen.com A21208). IdU-labeled tracks were detected with sheep 
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anti-BrdU (1:500 dilution, Biodesign M20105S) overnight at 4 °C and donkey anti-sheep-

AlexaFluor 594 (Invitrogen, Paisley, UK, www.invitrogen.com, A11016). To eliminate any 

broken or tangled DNA fibers, DNA was systematically labeled with monoclonal mouse 

anti-human ssDNA antibody using AlexaFluor 594- or AlexaFluor 405-conjugated goat 

anti-mouse secondary antibodies (1:500 dilution, Invitrogen, Paisley, UK, 

www.invitrogen.com, A11032 or A31553) for single or dual labeling, respectively. Slides 

were mounted in ProLong Gold antifade reagent. A minimum of three slides were analyzed 

per sample per experiment, and a minimum of 140 forks per sample was counted. Images 

were acquired by confocal fluorescence microscopy, and labeled tracks were measured with 

the Zeiss LSM Image Browser v4.2 using a conversion factor of 1 μm = 2.59 kbp [18]. The 

frequency of origins was calculated as described [19].

Quantitative Reverse Transcriptase-PCR (qRT-PCR)

Real time PCR was carried out using either SYBRGreen or TaqMan PCR master mix 

depending on the primers. One microliter of cDNA dilution was used in a 20 μl reaction. 

The reaction was carried out in a Stratagene Mx3000P machine. At least two separate 

reactions with three replicates per sample were run. Relative gene expression was calculated 

as 2 −ΔΔCt values with β2 microglobulin as a control. Taqman primers and probes were as 

follows:

B-myb F: 5′-GGGCTGAGATCGCCAAGAT-3′

B-myb R: 5′-CCGTGTCGACTTTCCTTTTGA-3′

B-myb Probe: 5′-FAM-CAGGGAGGACGGACAATGCTGTGAA-BHQ1-3′

β2 Microglobulin F: 5′-CATACGCCTGCAGAGTTAAGCA-3′

β2 Microglobulin R: ATCACATGTCTCGATCCCAGTAGA-3′

β2 Microglobulin Probe: 5′-VIC-CAGTATGGCCGAGCCCAAGACCG-BHQ1-3′

Cenpf F: GAAGACGAAAGTGGAATTGATTGAA-3′

Cenpf R: 5′-CGGTGACAACTCAACTCCTCAG-3′

Cenpf Probe 5′-FAM- ACAGTATGACCAGGCCGCAGCCAA-BHQ1-3′

c-myc (Mm00487803-m1, Applied Biosystems)

Cdc2a, Cenpe, and Ccna2 sequences were as described [20]. SYBRGreen primers sequences 

for FoxM1, Cdc25b, AurkB, Survivin, and Ccnb1 were as described [21].

Microscopy

All images were acquired using a Zeiss LSM 510 Meta confocal microscope with the 

exception that images of alkaline phosphatase staining were obtained with an inverted 

microscope Olympus CKX41 equipped with a digital camera. Zeiss LSM Image Browser 
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v4.2 was used for basic analysis of the confocal images (Carl Zeiss Ltd., Hertfordshire, UK, 

www.zeiss.co.uk).

Imaris Three-Dimensional Visualization and Quantitation

Z-stacks of confocal images of nuclei were uploaded into Imaris x64.3.1 (Bitplane, Zurich, 

Switzerland, www.bitplane.com). The colocalization function of Imaris was used to detect 

colocalized pixels. The Region of Interest was defined as above a threshold of three on the 

red channel. The automatic threshold was used on 10 nuclei of B-myb+/Δ ESCs, and average 

thresholds were defined for green and red channels and used to analyze all B-myb+/Δ and B-
mybΔ/Δ ESC nuclei. The colocalized pixels were colored white and used to generate a 

colocalization channel and Pearson’s correlation coefficient (r) in the colocalized volume. 

The coefficient of determination (r2) was then calculated.

The green (BrdU) and red (IdU) channels were used to generate the three-dimensional (3D) 

spots corresponding to replication factories. The spots function in Surpass in Imaris was 

used. Spots were defined as “growing regions” of an estimated diameter of 0.3 μm. Other 

filters were kept in automatic mode except Spot regions, defined manually at diameter 5 

from the region border. The software assigns an identification number to each of the spots 

generated, and gives for each spot its signal intensities for each channel and its diameter. 

These data were used to assess if the size and signal intensities of the replication factories 

were affected between B-myb+/Δ and B-mybΔ/Δ ESCs. In addition, the software quantifies 

the number of spots for each channel and this was used to estimate the number of replication 

foci.

Cross-linking Chromatin Immunoprecipitation (X-ChIP)

X-ChIP was performed as described in the manufacturer’s protocol (Abcam). The elution 

step was changed for the Q2 method [22]. The chromatin of CJ7 and TL1 ESCs lines was 

incubated overnight with 8 μg of rabbit IgG or B-Myb antibody (Santa Cruz Biotechnology, 

Santa Cruz, CA, www.scbt.com) preconjugated to proteins A and G agarose/ssDNA. Equal 

amount of DNA was used for real time PCR analysis with appropriate primer pairs for B-

Myb-binding sites in the c-myc and FoxM1 genes (Supporting Information Table S1).

Rescue Experiments

The mouse FoxM1 cDNA and the mouse c-myc cDNA were inserted into a vector 

containing an Internal Ribosome Entry Site (IRES) element and a red fluorescent protein 

(DsRed), the pIRES2 DsRed-Express2 vector (Clontech, St-Germain-en-Laye, France, 

www.clontech.com), using the restriction enzymes BamHI and XhoI respectively. These 

plasmids were named as FoxM1/dsRED and c-Myc/dsRED.

Two B-mybΔ/Δ ESC clones were transfected with pIRES2 DsRed-Express2 as control 

plasmid (control/dsRED), FoxM1/dsRED or c-myc/dsRED plasmids, as explained earlier. 

Red-positive cells were sorted 48 hours after transfection using a Cytomation MoFlo 

machine, and placed back into culture over feeders for another 24 hours. Cells were 

processed for DNA fiber analysis as described earlier.
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Statistical Analysis

Statistical analyses were performed using SPSS v15 (SPSS Inc.) and Prism4 v4.03 

(GraphPad Software). When comparing data sets between B-myb+/Δ and B-mybΔ/Δ ESCs, 

two-tailed unpaired Student’s t-test was used and the unequal variance correction was 

applied when indicated. When comparing data with small sample sizes, a two-tailed Mann-

Whitney test was performed because the Gaussian distribution of the population could not 

be assumed. However, for Figure 3E, unpaired Student t-test was used to analyze the 

experiment which has a small sample size only because the statistical power (post-hoc) was 

high enough (80%). For nominal variables (the different types of replication structures or the 

different S phase patterns observed) a two-tailed v2 contingency test was used. For all tests, 

a p value lower than .05 was considered significant.

Results and Discussion

B-Myb Ablation Does Not Affect Expression of the Pluripotency-Associated Proteins Oct-4 
and Sox-2

To elucidate the in vivo function of B-Myb, we have generated B-myb+/Δ and B-mybF/Δ 

ESCs in which the F allele can be deleted on activation of Cre recombinase [15], generating 

B-mybΔ/Δ cells that lack any expression of the transcription factor. The pluripotency of the 

ESC lines generated was assessed by: (a) staining for the stem cell membrane marker 

alkaline phosphatase, (b) immunostaining for the pluripotency marker Oct-4, and (c) their 

capacity to generate chimeras (Fig. 1A-1C). To completely delete B-myb gene function, B-
mybF/Δ ESCs were transfected with a Cre-eGFP expressing plasmid followed by sorting of 

GFP+ cells. B-myb+/Δ ESC transfected with Cre-eGFP were used as the control as, like B-
mybF/Δ ESCs, they express half the normal levels of B-Myb prior to transfection. The 

successful ablation of B-Myb was assessed by western blot. A saturated exposure of the 

membrane showed only trace levels of B-Myb protein (Fig. 1D), which is most likely due to 

contamination with GFP-negative cells following sorting. Under these conditions, we found 

that the levels of Oct-4 and Sox-2 proteins were unaffected by the loss of B-Myb (Fig. 1D). 

Furthermore, immunostaining of B-myb+/+ and B-mybnull blastocyst outgrowths revealed 

similar levels of Oct-4 expression (Fig. 1E). A previous publication claimed coordinated 

changes in B-Myb and Oct-4 expression [12]. Our data, however, demonstrate that B-

mybnull blastocysts and ESCs in which B-myb has been conditionally deleted both express 

Oct-4 and Sox-2, thus ruling out the possibility of B-Myb acting as a master regulator of the 

critical regulators of pluripotency. This difference with the earlier publication may be the 

consequence of their shRNA approach, which might be inefficient in reducing the very high 

expression levels of B-Myb in ESCs, thus making the experimental conditions suboptimal 

and the results difficult to interpret. We consider that our conditional gene-targeting 

approach is more appropriate when dealing with high-abundance proteins such as B-Myb, as 

the process is irreversible and de novo transcription of the gene to compensate for induced 

low levels cannot occur.

On the basis of these findings, we hypothesized that the failure of ICM progression in B-
myb knockout embryos is due to impaired proliferation leading to genome instability, rather 
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than to a role of B-Myb as a modulator of the expression of pluripotency-associated 

proteins.

B-Myb Ablation Results in a Superactivation of Replication Factories

Next, we compared the proliferation capacity of B-myb+/Δ and B-mybΔ/Δ ESCs for a period 

of 4 days following gene deletion by Cre recombinase. B-mybΔ/Δ ESCs showed a 

remarkable reduction in their proliferative capacity when compared with B-myb+/Δ cells 

(Supporting Information Figure S1A). Cells lacking B-Myb were negative for TUNEL 

staining, thus ruling out the possibility of an apoptotic effect (data not shown). Progression 

through S phase can be determined in whole cells by BrdU incorporation and subsequent 

immunofluorescence analysis, allowing for subdivision into early, mid, and late stages based 

on the specific patterns of replication foci pattern [17]. After B-myb deletion in B-mybF/Δ 

ESCs, analysis of the pattern of replication foci following BrdU incorporation revealed a 

reduction in the percentage of cells in early S phase and a twofold increase in the percentage 

of cells in late S phase (Supporting Information Figure S1B). This data suggests that the 

absence of B-Myb might affect the duplication time of the genome and the overall S phase 

program, prompting us to examine the global architecture of the replication machinery using 

incorporation of halogenated deoxynucleosides. First, using high-resolution 3D imaging in 

single cells, we observed that ablation of B-Myb affects the number of replication foci in 

early S phase, with the majority of B-myb+/Δ ESCs (94%) having less than 500 foci/cell 

compared with only 65% of the B-mybΔ/Δ cells, although 35% of these had more than 1,000 

foci/cell (Fig. 2A, 2B and Supporting Information Fig. S2A). Nevertheless, using 

consecutive pulses of halogenated deoxynucleosides (BrdU and IdU) in early S phase, we 

found no differences in the percentage of colocalization (Fig. 2C, 2D), indicating that the 

active replication foci stayed spatially coupled. Moreover, there was no significant 

difference in the size or intensity of replication foci (Supporting Information Fig. S2B-C). 

Taken together, these findings demonstrate a superactivation of replication factories in B-
mybΔ/Δ ESCs, without an effect on the spatial sequential activation of the replicons.

B-Myb Ablation Affects Replication at the Level of Single DNA Fibers

We extended our analysis to investigate replication dynamics at the level of single DNA 

fibers. B-myb+/Δ and B-mybΔ/Δ ESCs were subjected to a short pulse of BrdU, and spread 

DNA fibers from these cells were used to analyze single active replicons by measuring the 

average length of BrdU-labeled replication forks, as well as their elongation rate. Confocal 

images obtained from B-mybΔ/Δ cells were noticeably different, with the BrdU-labeled 

tracks being much shorter than in the controls (Fig. 3A and Supporting Information Fig. 

S3A). B-mybΔ/Δ ESCs displayed a striking reduction in the length of active replication forks 

relative to the controls, with a majority (76%) of the forks ranging from 5 to 20 kbp, while 

69% of B-myb+/Δ extended from 30 to 55 kbp. On average, the rate of fork elongation was 

reduced by approximately twofold in the absence of B-Myb (0.7 ± 0.48 compared with 1.7 ± 

0.73 kbp/minute; Fig. 3A, 3B). Moreover, we determined the different proportions of 

replication structures using consecutive pulses of two different halogenated 

deoxynucleosides, BrdU and IdU (Fig. 3C, 3D). Loss of B-Myb profoundly affected the 

proportion of replicon structures; in fact, a direct comparison between B-myb+/Δ and B-
mybΔ/Δ ESCs revealed that the percentage of consecutive labeling forks (ongoing forks) was 
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considerably reduced (from 74.4% in the controls to 38.3%), but that there was increase in 

the percentage of termination (from 13.1% to 21%), stalling (from 1.3% to 21%) and 

interspersed (from 0.6% to 3.3%) forks. In addition, there was an increase in the frequency 

of new activated origins of replication from 14% in B-myb+/Δ to 39% in B-mybΔ/Δ ESCs, 

which is probably the result of a balancing mechanism to compensate for the low rate of 

elongation at replication forks by increasing the number of origins being fired [23].

The aforementioned results demonstrate that the lack of B-Myb induces fork stalling, which 

can be a source of genome instability as stalled forks that are not resolved can collapse and 

give rise to unreplicated chromosomal regions [24]. Double-strand breaks (DSB) serve as 

docking sites for the accumulation of H2AXγ (histone H2AX phosphorylated on serine 139) 

at the lesion, making this an invaluable marker for measuring DNA damage [25]. Hence, we 

quantified the presence of DSB by measuring the accumulation of the histone H2AXγ using 

flow cytometry. A 40% increase in the levels of H2AXγ was observed in B-mybΔ/Δ ESCs 

relative to B-myb+/Δ ESCs (Fig. 3E and Supporting Information Fig. S3B). Surprisingly, this 

increase in H2AXγ was not specific to cells in S phase, as demonstrated by costaining with 

propidium iodide, suggesting that the S phase and G2/M checkpoint controls are 

compromised in the absence of B-Myb, allowing cells carrying genetic modifications to 

progress through the cell cycle. The reduction in the fork length and the increase of DSB are 

similar to that seen in response to DNA damage or replication stress occurring during 

normal S phase or after exposure to DNA-damaging factors. The same phenotype has been 

observed following inhibition of the Chk-1/ATR pathway [23], when topoisomerase activity 

is compromised [24] or when DNA precursor pools are reduced [26]. In all of these 

situations, the intra S phase checkpoint acts as a sensor that triggers a molecular response 

aimed at delaying cell cycle progression and entrance into mitosis, thereby allowing time for 

repair of DNA lesions; a failure to do so would result in mutations, genome instability, or 

cell death [27].

B-Myb Regulates c-myc and FoxM1 Expression

Our data reveal a defect in the dynamics of replication in ESCs in the absence of B-Myb. To 

identify potential causative B-Myb targets, we quantified the expression of selected genes 

known to be involved in S phase progression or G2/M transition, in particular focusing on 

those previously shown to be regulated by B-Myb in other cell types [20, 28, 29]. RNAs 

encoding two multifunctional proteins implicated in cell cycle regulation, namely c-Myc 

(MGI:97250) and FoxM1 (MGI:1347487), were dramatically downregulated in B-mybF/Δ 

ESCs 48 hours after transfection with Cre recombinase (Fig. 4A). This result fits with the 

replication phenotype observed in B-mybΔ/Δ ESCs. Hence, c-Myc has a direct role in the 

control of DNA replication, interacts with the prereplicative complex and localizes to early 

sites of DNA synthesis [30], while FoxM1 is a proliferation-associated transcription factor 

regulating S phase progression [31]. Moreover, a novel function for FoxM1 has recently 

been reported with respect to the transcriptional response during DNA damage/checkpoint 

signaling, whereby cells treated with siRNA for FoxM1 displayed an increase in DNA 

breaks [32]. The association between low levels of FoxM1 and an increase in DSB is 

consistent with our results as we observed an increase in the number of DSB measured by 

H2AXγ staining when B-Myb is ablated.
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Both c-Myc and FoxM1 are known to regulate a plethora of cell cycle-associated genes and, 

because of their functional relevance, we chose to assess the effect of B-Myb ablation on the 

expression of the FoxM1-regulated genes AurkB (MGI:107168), Cenpf (MGI:1313302), 

Cenpe (MGI:1098230), Survivin (also known as Birc5) (MGI:1203517), Ccnb1 (MGI:

88302), and Cdc25b (MGI:99701), and of the c-Myc-regulated genes Plk1 (MGI:97621), 

Cdc2a (also known as Cdk1) (MGI:88351), and Ccna2 (MGI:108069) (Fig. 4A). 

Interestingly, these genes exhibited distinct responses on ablation of B-Myb (Fig. 4A); the 

genes for the S phase-associated proteins Cdc25b, necessary for the activation of cyclin-cdk 

[33, 34] and Plk1, which interacts with prereplicative complex proteins such as Mcm2 

(MGI:105380) and Orc2 (MGI:1328306) [35, 36], being rapidly downregulated, whereas the 

expression of Ccnb1, Ccna2, Cdc2a, Cenpf, AurkB, and Survivin, which encode proteins 

involved in the G2/M transition and M phase progression, were not altered 48 hours after 

transfection of B-mybF/Δ cells with Cre recombinase, although a decline in expression was 

detectable at 11 days (Supporting Information Fig. S4). These findings indicate that genes 

encoding proteins involved in the prereplicative complex and S phase progression are likely 

primary targets of B-Myb, whereas genes previously implicated as direct B-Myb targets that 

encode for proteins related to the G2/M transition, appear in this system to be affected as an 

indirect consequence of B-Myb ablation.

Next, we investigated whether the decreased expression of c-myc and FoxM1 was the result 

of direct gene-transcriptional regulation following deletion of B-Myb. The activation of the 

c-myc gene by B-Myb has been a subject of study for many years, although results so far 

have been inconclusive. This may in part be the consequence of the experimental 

approaches utilized so far, which have been based on transient cotransfection/reporter assays 

that render no information regarding the true in vivo transcriptional regulation of 

endogenous genes. For instance, transcriptional activation of the human c-myc gene by both 

human c-Myb and B-Myb were shown to activate the human c-myc gene [37], whereas 

using the same experimental approach, the murine c-myc promoter was transactivated by 

murine c-Myb but not murine B-Myb [38].

We looked for direct links between B-Myb and gene regulation using chromatin 

immunoprecipitation (ChIP) with an anti-B-Myb antibody, enabling detection of in vivo 

binding of B-Myb to potentially functional Myb recognition elements (MREs). We 

identified three putative MREs in the FoxM1 gene at −3.5, −2.7 and −2.1 kbp from the ATG 

(Supporting Information Fig. S5A). We also identified 10 putative B-Myb binding sites 

within a region of two kbp surrounding the first exon of c-myc. Four of these sites, located 

at approximately −1.7, −1.2, −0.78, and +.028 kbp relative to the ATG, showed some degree 

of conservation as judged by multispecies alignments of the syngenic genomic regions 

(Supporting Information Fig. S5B). We performed ChIP on cross-linked chromatin from two 

different ESC lines, enrichment of specific DNA segments containing the aforementioned 

consensus B-Myb binding sequences within the FoxM1 and c-myc genes being assessed by 

quantitative PCR using specific primers. Specific enrichment indicative of in vivo binding of 

B-Myb was observed at the FoxM1 locus in the binding site 2 region (BS2), which also 

displays the highest sequence conservation between species (Supporting Information Fig. 

S5A). The level of enrichment was consistently reproducible among chromatin preparations 

(Fig. 4B, upper panel). Even though putative B-Myb binding sites in the FoxM1 promoter 
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have been suggested from comparative genomics analysis [39], this is the first 

demonstration of in vivo binding of B-Myb to a specific site within the FoxM1 gene, 

confirming that FoxM1 is a direct target gene for regulation by B-Myb. Specific enrichment 

was also observed at the BS3 region of the c-myc gene (located at 0.78 kbp), although this 

level of enrichment was more variable compared with that seen on FoxM1 (Fig. 4B, lower 

panel), which could be due to weaker binding of B-Myb to the c-myc promoter or perhaps to 

technical limitations, such as the B-Myb epitope being partially masked when the 

transcription factor is bound to DNA in the context of the c-myc promoter.

c-myc Null ESCs Exhibit Defects on DNA Replication at the Level of Single DNA Fiber

Deletion of the B-myb gene leads to a replication phenotype characterized by a drastic 

reduction in replication fork velocity. Our combined real-time PCR and X-ChIP data suggest 

that this effect could be the result of B-Myb regulating important cell cycle genes such as c-
myc and FoxM1. We reasoned that if a reduction in c-myc and FoxM1 expression was 

responsible for the observed phenotype, c-myc−/− and FoxM1−/− ESCs should also display 

such impairment on replication-fork elongation.

Constitutive and conditional knockout FoxM1 mouse lines have both been described [40, 

41] but no FoxM1−/− ESCs are presently available, preventing us from an equivalent 

investigation of the effect of FoxM1 on replication fork elongation in ESCs. However, we 

were able to obtain c-myc−/− ESCs [42], which we used to perform the same type of 

replication studies as those described for B-myb+/Δ and B-mybΔ/Δ ESCs. c-myc−/− ESCs, 

which grow with a reduced duplication time (data not shown), were subjected to a short 

pulse of BrdU, and spread DNA fibers were analyzed for single active replicons by 

measuring the average length of BrdU-labeled replication forks, as well as their elongation 

rate. As expected, c-myc−/− ESCs displayed considerably shorter active replication forks 

relative to those observed in B-myb+/Δ, with a majority of the forks (76%) ranging from 15 

to 35 kbp. On average, the rate of fork elongation was 1.0 ± 0.47 kbp/minute (Fig. 5A). This 

data is in agreement with our hypothesis that the DNA replication phenotype observed in the 

absence of B-Myb can be the consequence of c-Myc downregulation. The reduction in 

replication fork progression in B-mybΔ/Δ ESCs is greater than that observed for c-myc−/− 

ESCs, indicating that c-myc is probably not the only B-Myb target gene product responsible 

for the B-mybΔ/Δ ESCs replication phenotype.

Overexpression of c-myc and FoxM1 Rescues the B-MybΔ/Δ ESC Replication Phenotype

The aforementioned results persuaded us to attempt to rescue the B-mybΔ/Δ ESCs replication 

phenotype by ectopic expression of c-Myc and FoxM1. c-myc and FoxM1 cDNAs were 

subcloned into the pIRESdsRedExpress2 vector (referred to as c-myc/dsRED and FoxM1/

dsRED, respectively), and in each set of experiments, B-mybΔ/Δ ESCs were transfected 

either with c-myc/dsRED, FoxM1/dsRED, or empty vector (control/dsRED). Transfected 

cells were sorted on the basis of red fluorescent protein expression and subjected to a short 

pulse of BrdU. Spread DNA fibers from the labeled cells were used to analyze single active 

replicons by measuring the average length of BrdU-labeled replication forks, as well as their 

elongation rate. B-mybΔ/Δ ESCs transfected with control/dsRED exhibited similar 

replication kinetics to B-mybΔ/Δ ESCs, with a majority of the forks (78%) ranging from 10 
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to 25 kbp, and an average fork elongation rate of 0.7 ± 0.45 kbp/minute (Fig. 5B). B-mybΔ/Δ 

ESCs transfected with FoxM1/dsRED, on the other hand, showed a mild recovery, with an 

average fork elongation rate of 1.0 ± 0.64 kbp/minute (1.4-fold increase compared with 

vector alone). Overall, the expression of FoxM1 gave rise to a modest increase on the 

average active replication fork length (25.2 ± 15 kbp compared with 18.7 ± 11.2 kbp), with 

86% of the forks ranging from 10 to 40 kbp (Fig. 3B, lower panel). In contrast, B-mybΔ/Δ 

ESC transfected with the c-myc/dsRED plasmid exhibited an increase in the rate of fork 

elongation by approximately twofold compared with the B-mybΔ/Δ ESC control (1.5 ± 0.76 

compared with 0.7 ± 0.45 kbp/minute), with the majority of the forks (66%) ranging from 20 

to 50 kbp, with an average active replication fork length of 37.6 ± 19.1 kbp (Fig. 5B, upper 

panel). Altogether, these data show a partial rescue of the B-mybΔ/Δ replication phenotype. 

Although fork velocity is not completely recovered by c-Myc, an average fork elongation 

rate of 1.5 kbp/minute is considered normal in mammalian cells [18, 43].

Overall, we present compelling evidence showing that the replication phenotype observed in 

ESC on deletion of B-myb is due to aberrant transcriptional regulation of the cell cycle 

proliferation factors, c-Myc and FoxM1. This adds to previous reports showing that c-Myc 

can bind to the promoters of FoxM1 and B-myb, and also that the c-myc gene is a direct 

target of FoxM1, suggesting that a crossregulation between c-Myc and FoxM1 takes place 

during cell replication events [31, 44]. Our results broaden these observations by introducing 

B-Myb into the picture, whereby direct transcriptional regulation of FoxM1 by B-Myb, and 

a feedback loop between the latter and c-Myc, may be governing the replication machinery 

in ESCs, as depicted in the model proposed in Figure 6.

Summary

We have demonstrated that the loss of B-Myb in ESCs in the absence of DNA damage or 

replication stress has multiple consequences that profoundly impact the ability of the cells to 

proliferate and maintain their genome stability, including (a) a significant slowdown in their 

proliferation rate, (b) disturbance of S phase progression, (c) a superactivation of active 

replication foci, (d) an effect on the elongation rate of replication forks, and (e) impaired 

maintenance of replication fork stability leading to an increase in DSB. We propose that the 

effect of B-Myb deletion on genome stability is a consequence of two consecutive events, 

that is, improper S phase progression followed by a failure of the G2/M-phase progression, 

ultimately affecting genome integrity [9, 12, 20]. Moreover, B-Myb seems to act as a key 

component of the cellular machinery that dictates normal S phase progression through the 

regulation of c-myc and FoxM1, thus placing B-Myb at the heart of cell cycle gene 

regulation in ESCs.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of B-mybF/Δ ESCs, B-mybΔ/Δ ESCs and B-mybnull blastocysts.
B-mybF/Δ ESCs stained with (A) alkaline phosphatase (red, ×5 objective) and (B) Oct-4 

(green, scale bar = 10 μm). (C): Adult chimera generated by injection of 129/Sv B-mybF/Δ 

ESCs into FVB/N blastocysts. Here is shown a mouse with 70% chimerism. Similar results 

were obtained for B-myb+/Δ ESCs (data not shown). (D): Western blots of B-Myb, Oct-4, 

and Sox-2 proteins in B-myb+/Δ and B-mybΔ/Δ ESCs. Histone deacetylase 1 (HDAC1) was 

used as a control. (E): Representative confocal images (middle slice) of B-myb+/+ and B-
mybnull blastocyst outgrowths cultured for 72 hours stained with TROMA-1 (green) and 

Oct-4 (red) antibodies. Scale bar = 5 μm. Abbreviations: DAPI, 4′,6-diamidino-2-

phenylindole; TROMA, cytokeratin-endoA.
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Figure 2. Replication studies in whole B-myb+/Δ and B-mybΔ/Δ ESCs, 96 hours after transfection 
with Cre recombinase.
(A): Three-dimensional (3D) rendering images of BrdU-labeled replication foci (green) in 

ESC nuclei in early S phase: B-myb+/Δ nucleus (top, 418 foci) and B-mybΔ/Δ nucleus 

(bottom, 767 foci). Scale bar = 5 μm. (B): Distribution of BrdU-labeled replication foci per 

cell in early S phase. Means ± SD are indicated (medians, n = 16/17, α = 0.05, p = .044, 

two-tailed Mann-Whitney test). (C): Colocalization analysis of replication factories in early 

S phase nuclei in B-myb+/Δ and B-mybΔ/Δ ESCs pulse labeled for 20 minutes with BrdU 

(green) and then for 25 minutes with IdU (red). The colocalization function of Imaris was 

used to generate a colocalization channel. 3D spots were created and depicted as white 

colocalized foci: B-myb+/Δ nucleus (top, r2 = .57) and B-mybΔ/Δ nucleus (bottom, r2 = .54). 

Scale bar = 5 μm. 3D image visualization (top left) and 3D image rendering (bottom left) of 

z-stack images from confocal microscope using Imaris software. The colocalization function 

of Imaris was used to generate a colocalization channel. 3D spots were created and depicted 

as white colocalized foci. (D): Average of square root of the Pearson’s correlation 

coefficient (r2) in early S phase of B-myb +/Δ and B-mybΔ/Δ ESCs 96 hours after 

transfection with Cre. Pearson’s correlation coefficients were generated using the 

colocalization function of Imaris. Means ± SD are indicated (medians, n = 16/17, α = 0.05, p 
= .3973, Mann-Whitney test).
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Figure 3. Replication studies on single DNA fibers comparing B-myb+/Δ and B-mybΔ/Δ ESCs 96 
hours after transfection.
(A): B-myb+/Δ and B-mybΔ/Δ ESCs were pulse labeled for 20 minutes prior DNA fiber 

spread. Pictures show BrdU-labeled DNA fibers (green). Scale bar = 10 μm. (B): Frequency 

histogram of replication fork length. Means ± SD are indicated (means, n = 294/322, α = 

0.05, p = 1.2 e −69, two-tailed unequal variance Student’s t-test). Rates of fork elongation 

for B-myb+/Δ and B-mybΔ/Δ ESCs are 1.7 ± 0.73 and 0.7 ± 0.48 kbp/minute, respectively. 

(C): Representative images of replication structures (1–5) scored after Bromodeoxyuridine 

(green) and Iododeoxyuridine (red) labeling. Scale bar = 10 μm. (D): Relative frequency of 

occurrence of the different replication structures (n = 300/312, α = 0.05, p = 3.19 e −22, 

two-tailed χ2 contingency test). (E): Bivariant flow cytometric analysis of H2AXγ and DNA 

content. Cells negative for H2AXγ are represented in red within the ellipse and H2AXγ 

means intensity are indicated (left). Mean percentages of H2AXγ positive cells ± SD are 

indicated in the histogram (right; n = 3, α = 0.05, p = .021, two-tailed unequal variance 

Student’s t-test). Abbreviation: FITC, Fluorescein Isothiocyanate.
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Figure 4. B-Myb regulates c-Myc and FoxM1 expression in ESCs.
(A): Gene expression changes consequent to the ablation of B-Myb measured by 

Quantitative Reverse Transcriptase-PCR (qRT-PCR) of cell cycle genes in B-myb+/Δ and B-
mybΔ/Δ ESCs, 48 hours after transfection with Cre recombinase. (B): Representative X-ChIP 

on TL1 ESCs using B-Myb antibody. Enrichment fold was determined against negative 

control region. Graphs illustrate level of enrichment for each binding site identified for 

FoxM1 gene (upper) and c-myc gene (lower). p values obtained by two-tailed equal variance 

Student’s t-test were calculated for enriched binding sites FoxM1 BS2 (n = 5, α = 0.05, p = 

6.5 e −3) and c-Myc BS3 (n = 5, α = 0.05, p = .06).
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Figure 5. Replication studies on single DNA fibers of c-myc−/− ESCs and of B-mybΔ/Δ ESCs 
rescued with c-Myc/dsRed or FoxM1/dsRed.
(A): c-myc−/− ESCs were pulse labeled for 25 minutes prior DNA fiber spread. Frequency 

histogram of replication fork length. Means ± SD are indicated (means, n = 294/234/322, α 

= 0.05, p = 2.15 e −35 between B-myb+/Δ and c-myc−/− and p = 1.34 e −15 between B-
mybΔ/Δ and c-myc−/−, two-tailed unequal variance Student’s t-test). Rates of fork elongation 

for B-myb+/Δ, B-mybΔ/Δ, and c-myc−/− ESCs are 1.7 ± 0.73, 0.7 ± 0.48, and 1.0 ± 0.47 kbp/

minute, respectively. (B): B-mybΔ/Δ ESCs 72 hours after transfection with control/dsRED, 

c-Myc/dsRED, or FoxM1/dsRED were pulse labeled for 25 minutes prior DNA fiber spread. 

Frequency histograms of replication fork length for B-mybΔ/Δ + c-Myc/dsRED (lower 

graph) and for B-mybΔ/Δ ± FoxM1/dsRED (upper graph). Means ± SD are indicated (means, 

n = 246/316/265, α = 0.05, p = 5.74 e −41 between control/dsRED and c-Myc/dsRED and p 
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= 2.46 e −9 between control/dsRED and FoxM1/dsRED, two-tailed unequal variance 

Student’s t-test). Rates of fork elongation for B-mybΔ/Δ ESCs plus control/dsRED, c-Myc/

dsRED, or FoxM1/dsRED are 0.7 ± 0.45, 1.5 ± 0.76, and 1.0 ± 0.64 kbp/minute, 

respectively.
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Figure 6. Model illustrating the role of B-Myb in cell cycle gene regulation.
We propose that B-Myb regulates c-Myc and FoxM1, which in turn regulate genes involved 

at different stages of the cell cycle. Established interactions are shown with full arrows, 

whereas hypothetical ones are depicted as dashed arrows. It is indicated if specific gene 

expression was downregulated 48 hours after transfection with Cre (underlined), 11 days 

after transfection (dashed underlined) and not affected (not underlined) on B-Myb ablation.
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