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SUMMARY

Orchestrating cell-cycle-dependent mRNA oscillations is critical to cell proliferation in 

multicellular organisms. Even though our understanding of cell-cycle-regulated transcription has 

improved significantly over the last three decades, the mechanisms remain untested in vivo. 

Unbiased transcriptomic profiling of G0, G1-S, and S-G2-M sorted cells from FUCCI mouse 

embryos suggested a central role for E2Fs in the control of cell-cycle-dependent gene expression. 

The analysis of gene expression and E2F-tagged knockin mice with tissue imaging and deep-

learning tools suggested that post-transcriptional mechanisms universally coordinate the nuclear 
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accumulation of E2F activators (E2F3A) and canonical (E2F4) and atypical (E2F8) repressors 

during the cell cycle in vivo. In summary, we mapped the spatiotemporal expression of sentinel 

E2F activators and canonical and atypical repressors at the single-cell level in vivo and propose 

that two distinct E2F modules relay the control of gene expression in cells actively cycling 

(E2F3A-8–4) and exiting the cycle (E2F3A-4) during mammalian development.

Graphical Abstract

In Brief

The study of E2Fs in vivo has been challenging. Cuitiño et al. reconstruct the spatiotemporal 

expression of E2F activators (E2F3A) and canonical (E2F4) and atypical (E2F8) repressors during 

the mammalian cell cycle and propose that orchestrated accumulation of different E2F 

combinations control gene expression in proliferating (E2F3A-8–4) and differentiating (E2F3A-4) 

cells.

INTRODUCTION

Cell proliferation and cell differentiation are precisely coordinated during organogenesis, 

tissue homeostasis, and tissue repair in worms, flies, and other multicellular organisms. 

Alterations of cell-cycle regulatory components can lead to disease syndromes, including 

cancer (Cordon-Cardo, 1995; Otto and Sicinski, 2017; Sherr, 1996; Viatour and Sage, 2011). 

Studies in C. elegans, Drosophila, Xenopus, and a variety of mammalian cell culture 
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systems identified evolutionary conserved signaling pathways that control cell-cycle 

transitions (Cross et al., 2011). Growth-factor-mediated engagement of cognate receptors 

invariably culminates in activation of a signaling cascade involving the CDK-RB axis and 

downstream family of E2F transcription factors (Harbour and Dean, 2000; Korenjak et al., 

2004; Nevins et al., 1997). The role of E2F in regulating G1/S cell-cycle transcription and 

growth-factor-dependent commitment of cells to enter the cell cycle is well established. 

Studies using model organisms and cell lines have yielded a detailed understanding of the 

role of the various E2F family members in regulating E2F-dependent transcription (Bertoli 

et al., 2013; Chen et al., 2009; Henley and Dick, 2012; Sadasivam and DeCaprio, 2013). 

However, much less is known about how E2F-dependent transcription is regulated in vivo, 

where a wide range of different cell types and states of differentiation exist.

Whereas flies and worms have either two or three E2Fs, respectively, mammals have eight 

distinct genes that give rise to at least nine different E2F proteins with transcriptional 

activation and repression function. Based on structure and function, mammalian E2Fs are 

further categorized into three subclasses: canonical activators (E2F1–3A/B), canonical 

repressors (E2F4–6), and atypical repressors (E2F7–8) (Chen et al., 2009; Iaquinta and Lees, 

2007; Lammens et al., 2009; Logan et al., 2005). Canonical activators associate with 

coactivator proteins to robustly induce RNA-polymerase-II-dependent gene expression 

(Danielian et al., 2008; Trimarchi and Lees, 2002). Canonical repressors respond to CDK 

signaling and recruit histone deacetylases (HDACs), polycomb group proteins, Mga, and 

Max to E2F target promoters (Attwooll et al., 2004). Canonical activators and repressors 

bind target promoter sequences through a single DNA-binding domain, require physical 

association with dimerization partner (DP) proteins (Chen et al., 2009; DeGregori and 

Johnson, 2006; Magae et al., 1996), and physically associate with RB and related pocket 

proteins (Ginsberg et al., 1994; Lees et al., 1993; Leone et al., 1998). Atypical repressors 

bind DNA target sequences through two DNA-binding domains and function independent of 

DP and pocket protein physical interactions (Christensen et al., 2005; Di Stefano et al., 

2003; Logan et al., 2005; Maiti et al., 2005).

Why mammals evolved to have multiple E2F activator and repressor proteins remains a 

mystery. Collectively, all E2Fs share the ability to bind and control the same regulatory 

sequences on target promoters, yet single E2F knockout mice manifest pathological 

phenotypes in distinct organs and at different developmental stages, suggesting that each 

E2F may have unique roles and functions during development (Field et al., 1996; Humbert et 

al., 2000a, 2000b; Lindeman et al., 1998; Murga et al., 2001; Rempel et al., 2000). 

Combinatory knockout mice lacking multiple E2Fs within each subclass, however, generally 

have distinct or more pronounced phenotypes in a broader set of organs and earlier in 

development, suggesting significant functional redundancy (Chen et al., 2009; DeGregori 

and Johnson, 2006). Understanding how E2F activator and repressor functions are 

coordinated to regulate a wide spectrum of cellular processes in vivo has been hampered by 

a paucity of fundamental information relating to “when and where” each E2F is expressed. 

We employed fluorescent ubiquitination-based cell-cycle indicator (FUCCI) mice and flow 

cytometry cell sorting coupled to RNA sequencing and generated tagged E2F knockin mice 

as well as imaging and deep learning quantification tools to comprehensively map the 

temporal and spatial expression of representative activator (E2F3A) and canonical (E2F4) 

Cuitiño et al. Page 3

Cell Rep. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and atypical repressor (E2F8) E2F proteins during embryonic and adult development. These 

three sentinel E2Fs have been shown to play particularly important roles in mouse 

development (Humbert et al., 2000a; Li et al., 2008; Rempel et al., 2000; Tsai et al., 2008). 

Our observations expose two distinct exquisitely regulated E2F transcriptional modules that 

differ by the repressor proteins utilized. One module (E2F3A-8–4) controls cell-cycle-

dependent gene expression in actively cycling cells, and the other module (E2F3A-4) 

controls gene expression in cells programmed to exit the cell cycle. Remarkably, these two 

transcriptional modules operate similarly in all tissues of the mouse, exposing a universal 

mechanism for mitotic cell cycle regulation in mammals.

RESULTS

FUCCI Embryos Identify E2Fs as Key Drivers of Cell-Cycle-Dependent Transcriptomic 
Profiles

We used FUCCI bi-transgenic mice (mKO2-hCDT1;mAG-hGEM) (Sakaue-Sawano et al., 

2008) to isolate embryonic cells at different stages of the cell cycle and gain insight into 

cell-cycle-regulated transcription in vivo. Expression of Kusabira-orange-tagged CDT1 

(mKO2-hCDT1) and Azami-green-tagged GEMININ (mAG-hGEM) proteins allow different 

phases of the cell cycle to be identified in vivo by virtue of their distinct cell-cycle-

dependent protein stabilities and fluorescent properties. Accumulation of mKO2-hCDT1 

protein is maximum in G0 (bright red), intermediate in G1 and early-mid S phase (dim red), 

and not detectable in late S and G2-M. In contrast, mAG-hGEM (green) accumulates 

throughout S-G2-M, with no detectable protein in G0 and G1. The concomitant accumulation 

of both reporter proteins in early-mid S phase endows cells with yellow fluorescence. With 

these genetic tools on hand, timed pregnancies were set and bi-transgenic mKO2-
hCDT1;mAG-hGEM embryos were collected at embryonic days 10.5 (E10.5), E11.5, and 

E13.5 post-coitus. Embryos were dissociated into single cells and separated by fluorescence-

activated cell sorting (FACS). Using wild-type and single transgenic mice to accurately 

calibrate sorting of cells based on their fluorescence spectrum, G0 (bright red),G1 (dim red), 

G1-S (yellow), and S-G2-M (green) cell populations were collected (Figures S1A and S1B). 

All sorted samples, along with unsorted (US) control cells, were subjected to whole-

transcriptome gene profiling by RNA sequencing (RNA-seq). After mapping reads to the 

genome using an adapted standard pipeline (see STAR Methods), RNA profiles were 

compared. Correlation analysis showed that cell-cycle phase-specific profiles from different 

same-age embryos were nearly identical (R = 0.998; Figure S1C), whereas principal-

component analysis illustrated significant differences in gene expression between them 

(Figure 1A). The cell-cycle-dependent expression of a well-characterized set of genes 

confirmed the cell-cycle phase assignment based on mKO2-hCDT1 and mAG-hGEM 

protein accumulation and FACS (Figure 1B). Real-time qPCR analysis of the same gene set 

confirmed the impressive log-fold gene expression changes among cell-cycle fractions 

measured by RNA-seq (Figure 1B). Together, these analyses validated the robustness of 

combining the FUCCI system with FACS to assess cell-cycle phase-specific global gene 

expression profiles in vivo.
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We next compared expression profiles derived from cycling cells (G1, G1-S and S-G2-M) 

relative to quiescent cells (G0) (Figures 1C and S1D; Table S1). Genes consistently 

expressed >2 log-fold higher (with an adjusted p value < 0.05) in G1, G1-S or S-G2-M 

samples than in G0 samples across all three embryonic ages were denoted proliferation 

related. Of these 258 proliferation-related genes, 86 were previously reported as periodically 

expressed during the cell cycle (Figure S1F) (Santos et al., 2015). The majority of genes 

expressed higher in G0 samples than in G1, G1-S, or S-G2-M samples (267 genes) were 

related to cell differentiation and nonproliferative processes and denoted as quiescence 

related. Analysis of these two gene classes revealed a remarkable enrichment of E2F-binding 

consensus sequences near the transcriptional start site of proliferation-related promoters, 

with seven of the top ten transcription factors predicted to bind to promoter regions of 

proliferation-related genes having E2F-binding consensus sites and enrichment of a variety 

of other transcription factor binding sequences in quiescent-related promoters (Figure 1D). 

Integration of our RNA-seq results with previously published chromatin 

immunoprecipitation (ChIP) experiments indicated the recruitment of E2F family members 

to the vast majority (75%) of proliferation-related promoters (Figures 1C and S1D) (Kent et 

al., 2016, 2017; Oki et al., 2018; Santos et al., 2015; Westendorp et al., 2012). Together, 

these unbiased transcriptomic analyses of “cell-cycle-phase-specific” sorted embryonic cells 

suggested a central involvement for E2F family members in the control of cell-cycle-

dependent gene expression in vivo.

Development of Specific Reagents to Measure E2F3A, E2F4, and E2F8 Proteins In vivo

The oscillatory nature of cell-cycle-regulated gene expression has been proposed to result, at 

least in part, from sequential waves of E2F mediated transcriptional activation and 

repression (Giangrande et al., 2004; Li et al., 2008). In agreement with measurements made 

in cell culture systems, E2f1–3a and E2f7–8 mRNA levels increased in G1 cells when 

compared to cells in G0, with maximum levels found in S and G2, and the mRNA levels of 

E2f3b, E2f4, E2f5, and E2f6 remained relatively unchanged across all cell-cycle phases 

(Figures 1E and S1E). These observations suggest that transcriptional regulation might be 

important for the timely induction of E2f1–3a and E2f7–8 mRNA levels in vivo. However, 

the simultaneous accumulation of these activator and repressor E2F mRNAs suggests that 

additional post-transcriptional mechanisms are likely involved in regulating sequential 

waves of coordinated E2F-mediated activation and repression during the cell cycle.

Because transcript levels may not reflect protein levels, we proceeded to examine the spatial 

and temporal distribution of representative E2F activator (E2F3A), canonical repressor 

(E2F4), and atypical repressor (E2F8) proteins in vivo. These three sentinel E2Fs, where 

E2F3A is similar to E2F1 and E2F2, E2F4 is similar to E2F5, and E2F8 is similar to E2F6 

and E2F7, play particularly important roles in mouse development (Hum-bert et al., 2000a; 

Li et al., 2008; Rempel et al., 2000; Tsai et al., 2008). To this end, we used tissues from 

wild-type and E2f3a−/− knockout mice to first validate the specificity of a commercially 

available monoclonal antibody developed against the E2F3A activator, which has a distinct 

121 N-terminal amino acids from the closely related E2F3B isoform (Figures S2A and S2B) 

(Adams et al., 2000; Leone et al., 2000). Because high-quality specific antibodies against 

canonical and atypical E2F repressors suitable for immunohistochemistry (IHC) are 
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unavailable, we used homologous recombination in mice to target the expression of a 5×-

MYC (human) tag fused to the N termini of canonical (E2F4) and atypical (E2F8) repressor 

proteins, from their respective endogenous loci (Figures S2C and S2D). Southern blot and 

PCR genotyping confirmed correct targeting of mouse ESCs, generation of chimeric 

offspring, and germline transmission of the targeted E2f4myc and E2f8myc alleles (Figures 

S2E–S2H). Western blotting of protein lysates from E2f4myc/+ and E2f8myc/+ embryos using 

MYC tag and E2F-specific antibodies confirmed equivalent levels of MYC-tagged E2F4 and 

E2F8 proteins relative to their non-tagged counterparts (Figures S2I and S2J). Moreover, 

IHC analysis of tissue sections from wild-type, E2F4myc/myc, and E2f8myc/myc mice 

confirmed robust and specific detection of MYC-tagged E2F4 and E2F8 proteins using anti-

human MYC antibodies (Figures S2K and S2L). Finally, we assessed whether the MYC tag 

might interfere with normal functions of these two E2Fs. Previous work showed that 

ablation of E2f4 in mice results in perinatal lethality (Humbert et al., 2000a; Rempel et al., 

2000) and that the combined loss of E2f7 and E2f8, but not loss of either atypical repressor 

alone, results in embryonic lethality (Li et al., 2008). Interbreeding E2f4myc/+ mice yielded 

Mendelian ratios of viable, healthy, and fertile E2f4myc/myc mice (Figures S2M and S2N). 

Similarly, inter-breeding E2f8myc/+ and E2f7−/− mice yielded Mendelian ratios of viable and 

healthy E2f7−/−;E2f8myc/myc mice (Figures S2O and S2P). These results suggested that 

MYC-tagged E2F4 and E2F8 function normally during development. In summary, we 

developed highly specific reagents to assess E2F protein expression in vivo under 

physiological conditions at the single-cell level.

E2F3A and E2F8 Accumulate in Proliferating Cells

With these reagents in hand, endodermal, ectodermal, and mesodermal derived tissues from 

embryonic, neonatal, juvenile, and adult wild-type and E2f8myc/myc mice were evaluated for 

the expression of E2F3A and E2F8. When viewed under low magnification, the overall 

expression of E2F3A and E2F8 was higher in E13.5 embryos than in E18.5 embryos or adult 

tissues (Figures 2A, 2B, S3A, and S3B). Moreover, their expression was essentially absent 

in adult tissues where quiescent cells predominate, including the brain and intestinal villi. 

Inspection of immuno-stained tissue sections at higher magnification revealed robust 

periodic nuclear E2F3A and E2F8 expression in proliferative zones, as demarcated by Ki67 

positivity (Figure S4A), of all three germ layers of embryonic and adult tissues, including 

brain, intestine, tooth, stomach, and every other embryonic and adult tissue examined 

(Figures 2A, 2B, S3A, and S3B). Endocycling cell types, such as developing 

cardiomyocytes, urothelial cells, and splenic megakaryocytes, were also strongly stained for 

E2F3A and E2F8 (Figures S3A and S3B). We also explored undifferentiated and 

differentiated cell lineages further in the small intestine of mice. Using standard histological 

analysis and the stem-cell reporter LGR5 mouse, we found that E2F3A and E2F8 are 

expressed in intestinal stem cells, but not in differentiated Paneth cells (Figures S4A–S4C). 

While other organ-specific lineages remain to be thoroughly analyzed, these observations 

suggest E2F3A and E2F8 are also expressed in tissue progenitor cells. In summary, these 

analyses revealed that nuclear E2F3A and E2F8 accumulate in all proliferating cells, 

regardless of their differentiation status, throughout embryonic development and adulthood.
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Nuclear E2F4 Accumulation Is Periodic in Proliferating Cells and Permanent in Quiescent 
Cells

A similar analysis of E2f4myc/myc embryonic and adult tissues showed that E2F4 protein was 

uniformly detected throughout embryonic and adult development, with some consistent 

differences in expression levels between organs (Figures 2C and S5B) and in intracellular 

localization depending on the proliferative status of cells. E2F4 was uniformly detected in 

the cytoplasm of cycling cells within highly proliferative tissues, such as in neuronal 

progenitors in the ventricular zone of E13.5 brains, intestinal epithelium of E13.5 embryos, 

intestinal intervillus regions of E18.5 embryos, and intestinal crypts of adult mice (Figures 

2C and S5B). Within these proliferative tissues, there were also some interspersed 

proliferating cells displaying nuclear staining. In nonproliferating well-differentiated cells, 

such as neurons, enterocytes lining intestinal villi, and Paneth cells, E2F4 protein was 

predominantly nuclear, with little or no detectable protein in the cytoplasm (Figures 2C, 

S5B, and S4A). Intestinal stem cells displayed either predominantly cytoplasmic or nuclear 

E2F4 staining (Figure S4A). In summary, these findings suggest that E2F4 is ubiquitously 

expressed throughout development, but its nuclear localization is periodic in proliferating 

cells and permanent in quiescent cells.

E2F8 Is Restricted to Proliferating Cells, whereas E2F3A Extends to Cells Exiting the Cell 
Cycle

The in vivo analysis of E2F activators and repressors described above provided a general 

view of their spatiotemporal patterning, but the complex architectural organization of most 

tissues precludes the careful evaluation of E2Fs in the context of proliferation and 

differentiation. Thus, we selected two tissues with unique spatial compartmentalization of 

cell proliferation and differentiation for further in vivo analysis: the lens and epidermis. The 

neonatal lens is composed of four zones based on their proliferation status as visualized by 

Ki67 IHC (Figure 3A). Slow-dividing epithelial cells are located within the anterior zone, 

and rapidly dividing progenitor cells are located in the adjacent germinative zone. In the 

transition zone, just beyond the lens equator, progenitor cells receive signals to exit the cell 

cycle and migrate toward the center of the lens (lens cortex), where they become fully 

differentiated anucleated lens fibers (Mochizuki and Masai, 2014). IHC staining of wild-type 

neonate lenses showed nuclear E2F3A in alternating cells located within the anterior and 

germinative zones (Figure 3B). E2F3A was also detected in the transition zone but was 

absent in fiber precursor cells undergoing terminal differentiation. Nuclear E2F8 expression 

in E2f8myc/myc lenses was restricted to the anterior and germinative zones, with no 

detectable expression in the transition or cortex zones (Figure 3B). Cytoplasmic E2F4 

staining was robust in all epithelial cells within the anterior and germinative zones of 

E2f4myc/myc lenses, decreased in the transition zone, and was undetectable in mature fibers 

within the cortex (Figure 3B). However, nuclear E2F4 was detected in alternating cells 

within the anterior, germinative, and transition zones and uniformly detected in 

differentiating lens fibers prior to becoming anucleated (Figure 3B).

The innermost basal layer of the epidermis is composed of proliferative keratinocytes, which 

then exit the cell cycle, differentiate, and migrate outwardly to form the spinous, granular, 

and cornified layers (Figure 3A) (Blanpain and Fuchs, 2006; Byrne and Hard-man, 2002). In 
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1-day-old pups, nuclear E2F3A expression extended from the basal proliferating 

keratinocytes into the differentiating spinous layer before disappearing in the granular and 

cornified layers (Figure 3C). Nuclear E2F8 expression was restricted to basal keratinocytes, 

with no expression in the spinous layer (Figure 3C). Cytoplasmic E2F4 was detected 

throughout the stratified epithelium, whereas nuclear E2F4 staining was fainter in basal 

proliferative keratinocytes than in differentiating spinous and granular cell layers (Figure 

3C). A similar spatial pattern of E2F3A, E2F8, and E2F4 expression was observed in other 

stratified squamous epithelia, including the adult non-glandular stomach and small intestine 

(data not shown). In summary, E2F3A, E2F8, and E2F4 nuclear protein levels oscillate in 

zones of cell proliferation but have a different pattern of accumulation in differentiating 

cells. Atypical repressor E2F8 is absent in differentiating cells, whereas E2F3A transiently 

peaks in cells exiting the cell cycle prior to terminally differentiating, and canonical 

repressor E2F4 permanently accumulates in the nucleus of differentiating and differentiated 

cells. Together, these observations expose an E2F expression landscape that is highly 

coordinated with respect to cell proliferation and differentiation.

Nuclear Accumulation of E2F3A, E2F4, and E2F8 Is Temporally Phased

To determine the temporal expression of E2Fs relative to each other, we used dual 

immunofluorescence and developed deep learning tools that allow the systematic, unbiased, 

and reproducible quantification of multiple E2F proteins in complex proliferating tissues 

(Figures S6A and S6B). Application of these methods to the intestinal epithelium of E13.5 

embryos showed a significant number of E2F3A- and E2F8-negative, single- and double-

positive cells in E2f8myc/myc stained sections as well as E2F3A- and E2F4-negative, single- 

and double-positive cells in E2f4myc/myc stained sections (Figures 4A, 4B, 4D, and 4E; Table 

S2). Normalized E2F3A, E2F8, and E2F4 fluorescent intensities were then arbitrarily 

divided into quartiles and plotted as intensity histograms (Figures 4C and 4F; Table S3). 

This analysis showed that the nuclear accumulation of E2F3A and E2F8 was partly 

overlapping, whereas the accumulation of E2F3A and E2F4 was more distantly phased 

relative to each other.

The ventricular zone of E2f8myc/myc embryonic brain sections contained E2F3A- and E2F8-

negative, single-positive cells as well as an abundance of double-positive cells displaying a 

spectrum of orange-yellow fluorescent nuclei that reflected their relative amounts (Figure 

5A). In contrast, the analysis of E2f4myc/myc embryonic brains revealed nuclei that were 

mainly red or green, with few strongly double-stained E2F3A and E2F4 nuclei (Figure 5B). 

These patterns of E2F3A-8 and E2F3A-4 expression were remarkably similar across all 

other embryonic and adult tissues examined (Figures S6C–S6F). Together, the evaluation of 

proliferating tissues at the single-cell level suggested that nuclear accumulation of E2F3A, 

E2F8, and E2F4 is temporally phased, and while partially overlapping, their peak 

accumulation is temporally distinct.

Peak Expression of E2F3A in G1-S, E2F8 in S, and E2F4 in Both G1 and S-G2

A key feature of E2F3A, E2F4, and E2F8 nuclear accumulation in proliferating tissues is the 

remarkable periodicity, suggesting an E2F expression landscape that is cell-cycle regulated. 

To determine the timing of E2F3A, E2F4, and E2F8 expression relative to specific cell-cycle 
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phases, we evaluated the accumulation of each E2F family member in conjunction with two 

cell-cycle markers that identify discrete events in S, G2, and M phases: 5-ethynyl-2′-

deoxyuridine (EdU) incorporation into DNA and his-tone H3 S10 phosphorylation (pH3). 

Examination of developing wild-type tissues for EdU incorporation and pH3 

immunostaining confirmed their predicted cell-cycle-dependent patterns. Two patterns of 

EdU fluorescent staining distinguished early from late S phase: diffuse nuclear staining 

(EdU-Di) in early to mid S phase and variably sized spots juxtaposed to the nuclear 

membrane (EdU-Pu) in mid-late S phase (Figure 6A) (O’Keefe et al., 1992; Yamada et al., 

2005). Two patterns of pH3 immunostaining distinguished S-G2 and mitosis (Figure 6A); 

fluorescent puncta in late S and in G2 (pH3-Pu), and diffuse nuclear staining in mitotic cells 

(pH3-Di) (Barber et al., 2004). Integrating the staining patterns for these two markers allow 

events between S phase and mitosis to be placed in a precise sequence as illustrated in 

Figure 6B.

Immunostaining of wild-type embryos with E2F3A and either EdU or pH3 revealed a partial 

overlap between E2F3A expression and EdU-Di, EdU-Pu, and pH3-Pu labeling (Figure 6C). 

Quantification of fluorescent images using our developed deep learning methods showed 

that 75% of intestinal epithelial cells had some detectable level of E2F3A expression, with a 

half of the E2F3A-positive cells being negative for EdU (Figure 6D; Table S2). All EdU-Di-

positive cells and most, but not all, EdUPu-positive cells were stained for E2F3A. These 

assays indicated that E2F3A expression does not extend into late S phase but instead is 

limited to early-mid S phase. The large number of singly stained E2F3A-positive cells is 

thus presumed to be in G1. Consistent with this interpretation, double staining with E2F3A 

and pH3 showed that one-third of E2F3A-positive cells were pH3-Pu positive but none were 

pH3-Di positive (Figures 6C and 6D; Table S2). These findings suggested that E2F3A 

expression spans G1 to mid S phase. Immunostaining of additional wild-type embryonic and 

adult tissues with either EdU or pH3 confirmed a similar cell-cycle pattern of E2F3A 

expression (Figures S7A–S7C).

Immunostaining of E2f8myc/myc embryos for E2F8 and either EdU or pH3 revealed a 

prominent overlap between E2F8 expression and EdU-Di, EdU-Pu, and pH3-Pu labeling 

(Figure 6E). Quantification of the fluorescent staining in the intestinal epithelium showed 

that 50% of cells expressed some level of E2F8 (Figure 6F; Table S2). Approximately 20% 

of E2F8 positive cells were negative for EdU, whereas essentially all EdU-Di- and EdU-Pu-

positive cells were E2F8 positive. Double staining for E2F8 and pH3 showed the vast 

majority of pH3-Pu-positive cells but none of pH3-Di-positive cells expressed E2F8 (Figures 

6E and 6F; Table S2). These observations suggested that E2F8 expression starts in S phase 

and disappears in late G2 or early M phase (Figure 6F). Immunostaining of additional 

E2f8myc/myc embryonic and adult tissues with either EdU or pH3 confirmed a similar cell 

cycle pattern of E2F8 expression (Figures S7D–S7F). FOXM1 protein stability is tightly 

cell-cycle regulated, accumulating from mid S phase to mitosis (Laoukili et al., 2005), and 

was thus used as an additional cell-cycle-specific marker to validate E2F3A’s G1-S-specific 

expression and E2F8’s S-G2-specific expression (Figure S7G–S7J).

Quantification of dual-fluorescent staining of E2f4myc/myc embryos with E2F4 and either 

EdU or pH3 showed that approximately half of the cells in the intestinal epithelium 
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exhibited some level of nuclear E2F4 expression and were mostly singly stained (Figures 6G 

and 6H; Table S2). All EdU-Di and pH3-Di cells were negative for nuclear E2F4, and close 

to a half of either EdU-Pu or pH3-Pu cells expressed nuclear E2F4. These analyses revealed 

that nuclear E2F4 accumulates in a biphasic pattern that includes a period in G1 and another 

period in late S-G2 (Figure 6H; Table S2). Immunostaining of additional E2f4myc/myc 

embryonic and adult tissues with either EdU or pH3 confirmed a similar cell-cycle pattern of 

E2F4 expression (Figures S7K–S7M).

Lastly, we estimated the temporal evolution of E2F3A, E2F8, and E2F4’s nuclear 

accumulation in relationship to the cell cycle (Figures 4, 6, S5G, and S5H). With the 

assumption that expression levels (fluorescent intensities) follow a concave parabolic pattern 

and that time is proportional to the number of cells observed, the temporal dynamics of 

E2F3A, E2F8, and E2F4 in the cell cycle were estimated (Figure 7A). This analysis 

suggested that E2F3A, E2F8, and E2F4 are sequentially expressed in proliferating cells, 

with E2F3A peaking in G1-S, E2F8 in mid to late S, and E2F4 peaking in both G1 and G2 

(Figure 7B). Together, our findings provide a remarkably uniform spatiotemporal landscape 

of how E2F activators and repressors sequentially accumulate in living organisms to support 

orchestrated waves of activation and repression that underlie cell-cycle-dependent 

oscillations in gene expression.

DISCUSSION

Orchestrating cell-cycle-dependent mRNA oscillations is critical to cell proliferation and 

development in multicellular organisms. Unbiased transcriptomic profiling of G0, G1-S, and 

S-G2-M sorted cells from mouse embryos suggested a central role for E2Fs in the control of 

cell-cycle-dependent gene expression. The CDK-RB-E2F pathway is believed to coordinate 

cell proliferation and differentiation by regulating cell-cycle-dependent gene expression 

programs (Bertoli et al., 2013; Malumbres and Barbacid, 2009). A large body of research in 

a variety of organisms and mammalian cell lines suggests that oscillations in cell-cycle-

regulated gene expression result, at least in part, from sequential waves of E2F-mediated 

transcriptional activation and repression (Giangrande et al., 2004; Li et al., 2008). However, 

the variety of specialized cell types in mammalian tissues and the complexity of the E2F 

family have made understanding how E2F activities are coordinated in vivo a real challenge. 

Using tagged-E2F knockin mice, imaging, and deep-learning tools, we mapped the spatial 

and temporal expression of E2F activators, canonical repressors, and atypical repressors 

during embryonic and adult development. This identified two exquisitely regulated E2F 

transcriptional modules, one composed of E2F3A-8–4 and a second composed of E2F3A-4. 

Based on the analysis of a broad set of tissues during embryonic and adult development of 

mice, we propose that two distinct E2F modules coordinate mitotic cell-cycle-dependent 

gene expression in proliferating and differentiating mammalian cells.

E2F or E2F-like proteins regulate cell-cycle-dependent transcription in all eukaryotic 

organisms, from yeast to mammals. While some functions are shared among E2F family 

members, other functions are unique and critical for development and a cancer-free lifespan 

(Attwooll et al., 2004; DeGregori and Johnson, 2006; Kent et al., 2017; Tsai et al., 2008). 

Consistent with E2Fs having specific physiological functions, genetic and imaging tools 
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described here reveal that activator and repressor E2Fs accumulate and disappear at different 

phases of the cell cycle (Figure 7B). We show E2F3A levels peak in G1-S, E2F8 levels peak 

in mid-late S phase, and nuclear E2F4 levels peak at two distinct phases of the cell cycle, in 

G1 and S-G2. This pattern of E2F regulation is apparent in cells of all organs and at all 

developmental stages analyzed. These findings are in basic agreement with the existing 

model of E2F function derived from the bulk analysis of mRNA, protein, and DNA-binding 

activity in selected cell lines grown in vitro. The present single-cell-level in vivo analysis 

suggests that E2F protein levels oscillate in proliferating cells of all mitotic mouse tissues 

analyzed, including tissue specific progenitors of embryonic and adult organs, establishing a 

refined, universal, and physiologically relevant model of how E2Fs are expressed and, 

presumably, function in mammals.

Besides transcriptional mechanisms, post-transcriptional regulation is known to play an 

important role in the temporal control of E2F-dependent transcription. Ubiquitin-mediated 

protein degradation has been proposed to regulate the activity of several E2Fs in vitro 
(Boekhout et al., 2016; Marti et al., 1999; Ping et al., 2012). Whereas mRNA levels of E2F 

activators and atypical repressors increased similarly as cells moved from G0 to G1, S-G2, 

and M, peak protein levels of E2F3A and E2F8 were clearly temporally distinct during the 

cell cycle, with only a partial overlap during S phase. This might indicate that transcriptional 

regulation of these E2F family members is only important for their accumulation but that 

targeted protein degradation may be required to confine their protein accumulation to 

specific phases of the cell cycle (Clijsters et al., 2019). A major mechanism regarding the 

functional regulation of E2F4 involves nuclear-cytoplasmic shuttling (Gaubatz et al., 2000; 

2001; Leone et al., 1998; Lindeman et al., 1997; Puri et al., 1998). Our analysis revealed that 

even though E2F4 is mostly cytoplasmic in cycling cells, the protein transiently accumulates 

in the nucleus twice during the cell cycle, first in early G1 and then again in S-G2. Overall, 

our observations show that cell-cycle-dependent gene expression is under constant control 

by either E2F repressors or activators. We suggest that the sequential nuclear accumulation 

and disappearance of E2F3A, E2F8, and E2F4 form an E2F module used to drive waves of 

activation and repression that support cell-cycle-dependent oscillations in gene expression 

necessary for cell divisions.

Our results also identified a second E2F module composed of E2F3A and E2F4 used to 

extinguish cell-cycle-dependent gene expression in cells programmed to exit the cell cycle 

and differentiate (Figure 7B). Analysis of the lens, epidermis, and other stratified epithelia 

revealed that as cells transit through mitosis and reenter G1 for the last time before exiting 

the cell cycle, E2F3A protein temporarily accumulates prior to permanently disappearing. 

Thus, in differentiating cells, E2F3A transiently accumulates before prolonged E2F4 

accumulation and terminal differentiation. This is interesting because based on in vitro work, 

it was always assumed that the accumulation of activating E2Fs (such as E2F3A) following 

mitosis would lead to a new cell cycle while those mitotic cells destined to exit the cell cycle 

would only accumulate E2F4. The in vivo data here suggest that cells differentiate not by 

exiting the cell cycle with accumulation of E2F4 after mitosis but more likely in late G1, 

with accumulation of activating E2Fs, allowing the choice between entering (initiating DNA 

replication) or exiting (differentiating) the cell cycle.
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At least in the small intestine of mice, the accumulation of E2F3A in the last G1 coincides 

with the physical association of hypo-phosphorylated RB (Burkhart and Sage, 2008; Lees et 

al., 1993; Morris and Dyson, 2001). The subsequent disappearance of E2F3A protein at the 

crypt-villus junctional zone is tightly coordinated with the nuclear appearance and 

maintenance of the canonical E2F4 repressor along the entire villus, permanent repression of 

cell-cycle-regulated genes, and terminal differentiation of enterocytes. Indeed, previous 

genetic experiments showed that genetic ablation of E2F3A in the small intestine results in 

derepression of E2F target genes in enterocytes exiting the cell cycle (Chong et al., 2009; 

Liu et al., 2015) and, importantly, elevated target gene expression is maintained throughout 

the length of the villus, even though E2F3A is not normally expressed beyond the crypt-

villus junctional zone. Together with the restricted transient expression of E2F3A along the 

proliferation-differentiation axis of the small intestine described here, these observations are 

consistent with E2F3A and RB forming a transcriptionally repressive complex that is 

necessary for extinguishing cell-cycle-dependent gene expression during the last G1 before 

cells exit the cell cycle and establishing an E2F4-mediated repressive state as enterocytes 

fully differentiate and migrate into the villus (Chong et al., 2009; Liu et al., 2015).

Why might transcriptional repression in cells actively cycling versus those exiting the cell 

cycle require two different flavors of E2F repressors? We propose that transcriptional 

repression relayed by the E2F8-E2F4 axis in mid S-G2 of cycling cells imposes a temporary 

repressive state that permits the next wave of cell-cycle-dependent gene expression to be 

reactivated during the next cell cycle. Transcriptional repression relayed by the E2F3A-E2F4 

axis during the last G1 prior to exiting the cell cycle would instead impose a permanent 

repressive state that facilitates terminal differentiation programs to be effectively executed 

and, in the case of epithelial cells, the integrity of cell barriers to be maintained. Presumably, 

E2F8 in late S phase of cycling cells and E2F3A in the last G1 prior to exiting the cell cycle 

are used to recruit different chromatin remodeling machinery that impart distinct histone 

modifications, setting up different chromatin platforms for E2F4-mediated repression to act 

on. Indeed, E2F8 lacks the ability to form a repressive complex with RB (Christensen et al., 

2005; Maiti et al., 2005) and, presumably, other RB associated proteins. Thus, E2F8 and 

E2F3A may be viewed to differentially prime chromatin for the subsequent repressive 

actions of E2F4, and thus support additional cell divisions in the case of E2F8–4 or support 

quiescence in the case of E2F3A-4. The specific chromatin modifications resulting from the 

accumulation and recruitment of these two E2F repressive modules (E2F8–4 and E2F3A-4) 

to target genes have yet to be elucidated. Regardless of the biochemical details, our results 

identify the critical modular arrangement of E2Fs and the spatial and temporal context in 

which the two E2F modules are used to coordinate cell-cycle-dependent gene expression 

during mammalian development.

STAR★METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Gustavo Leone (leoneg@musc.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models and care—FUCCI mice were purchased from RIKEN BioResource 

Research Center (Sakaue-Sawano et al., 2008). The E2f4myc/myc and E2f8myc/myc were 

generated using standard homologous recombination cloning techniques. Briefly, E2f4 and 

E2f8 specific probes were used to screen CHORI-29 NOD/LtJ and 129Sv/Ev bacterial 

artificial chromosome library, respectively. A 10.2 kb fragment of E2f4 spanning exon 1–7 

was isolated from CH29–532D08, and a 12.8 kb fragment of E2f8 containing exon 1–6 was 

isolated from RPCI-22–539-P23. In-Fusion cloning kit (Clontech Company) was used to 

generate E2f4- and E2f8-targeting vectors, and confirmed by direct sequencing. Targeting 

vectors were linearized with NotI and purified by Phenol–chloroform extraction. Standard 

homologous recombination techniques were used to introduce the targeted allele into mouse 

embryonic stem cells (ESCs) and generate chimeric mice by the Genetically Engineered 

Mouse Modeling Core Shared Resources at Ohio State University Comprehensive Cancer 

Center (OSUCCC). Correct recombination was screened and confirmed by Southern blots 

using the indicated restriction enzymes and probes in Figure S2C–F. The wild-type and 

transgenic band are also noted. ESCs with transgene were expanded and then injected into 

donor blastocysts that were then implanted into pseudopregnant females. Offspring from 

chimeric mice were bred to Sox2-Cre (Hayashi et al., 2002) (purchased from Jackson 

Laboratory) or ACT-FLPe (Rodríguez et al., 2000) (purchased form Jackson Laboratory) 

mice to produce progeny with Myc-tagged alleles as illustrated in Figures S2C and S2D, 

respectively. Genotypic analysis of offspring was performed on tail DNA by standard PCR 

techniques using allele-specific primers listed in Table S4. FUCCI mice, E2f4myc/myc, 

E2F8myc/myc and wild-type controls were maintained on a mixed background (FVB/NT, 

129v/Sv, C57BL/6NT). The Lgr5-EGFP-IRES-creERT2 were purchased from The Jackson 

Laboratories (Barker et al., 2007). Mouse usage was approved by the Institutional Animal 

Care and Use Committee at the Ohio State University and Medical University of South 

Carolina. Mice were housed under normal husbandry conditions (five or less animals per 

cage) in a vivarium with a 12-hour light/dark cycle. Adult tissues were collected from mice 

at 6–16 weeks of age. To obtain embryos, female mice were cohabitated with male mice and 

checked daily for copulatory plugs. The presence of a copulatory plug was deemed 

embryonic day 0.5 (E0.5). We collected adult and embryonic tissues from both male and 

female randomly to eliminate sex differences, except for reproductive organs.

Cell culture—All cell lines were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) (Invitrogen; 11995–073) supplemented with 10% Fetal Bovine Serum (Sigma; 

12103C-100ML) and 1% Penicillin/Streptomycin (ThermoFisher; 15140122) in a 

humidified incubator at 37°C and 5% CO2. Mouse embryonic fibroblasts (MEFs) were 

isolated from E13.5 embryos from corresponding genetic groups and immortalized using the 

3T3 method (Xu, 2005). E2F3A and E2F3B were overexpressed in NIH 3T3 mouse cell line 

by transduction in retroviral vector pBABE-Hygro (Addgene; 1765) containing the sequence 

for murine E2f3a or E2f3b. Information about the sex of the NIH 3T3 cells was not available 

as cells were purchased from ATCC (see KRT).
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METHOD DETAILS

5–ethynyl–2′–deoxyuridine (EdU) injection—Five mg/kg body weight of EdU (Life 

Technologies; C10337) dissolved in sterile phosphate-buffered saline (PBS) was 

intraperitone-ally injected 30 min or 60 min before the mice were euthanized, for embryonic 

and adult mice respectively.

Tissue preparation and histology—Tissue used for histology was collected from 

corresponding genetic groups and fixed with 10% pH-buffered formalin (Fisher Scientific; 

23-245-685) for 48 h at room temperature, embedded in paraffin and cut into 4 μm sections 

for histological staining.

Immunostaining—Immunostaining was performed on a Bond Rx (Leica) or Ventana 

discovery ultra (Roche) autostainer as per manufacturer’s instructions as previously 

described (Campton et al., 2015; Pitarresi et al., 2016). Primary antibodies and dilutions 

used in this study were as follows: Ki-67 (Abcam; ab16667, 1:200), pH3-S10 (Millipore; 

06–570, 1:250), FoxM1 (Santa Cruz; sc-502, 1:800), E2f3a (Millipore; 05–551, 1:100) and 

Myc-tag (Cell Signaling Technology; 2278, 1:100). EdU staining was performed following 

the manufacturer’s protocol (Life Technologies; C10337).

Image acquisition and processing—Wide-field micrographs were collected using a 

Nikon Eclipse Ni-U microscope with a DS-Ri2 (immunohistochemistry) or a DS-Qi2 

(immunofluorescence) camera and NIS-Elements Advanced Research software. Confocal 

micrographs were collected using the Olympus FV 1000 Filter Confocal system in Campus 

Microscopy & Imaging Facility (CMIF) at the Ohio State University. Images were processed 

for presentation using Olympus FV10-ASW software (Ver. 4.02). For visualization purposes 

only, background auto-fluorescence and non-specific staining were corrected by adjusting 

the intensity range using Look-Up Tables (non-destructive modifications) so to primarily 

display pixels representing specific signal. Tissues of E2f3a−/− and wild-type mice were 

used to aid in these corrections in the case of E2F3A and MYC-tag immunostaining, 

respectively. ImageJ (https://imagej.net/Welcome) was used for manual quantification of 

immunostaining on multichannel fluorescent images.

Flow cytometry—Fucci embryos from each time point were collected and minced using 

scissors in ice-cold disassociation solution (0.1 mg/ml DNase I (Sigma; 4716728001), 

0.25% trypsin (ThermoFisher; 25200056)). After brief pipetting, the cell suspension was 

incubated at 37°C for 20 min and then transferred to a new dish with disassociation solution 

for another 15 min. Cells were transferred to Dulbecco’s Modified Eagle Medium (DMEM) 

(Invitrogen; 11995–073) with 10% FBS (Sigma; 12103C-100ML) and then centrifuged for 

10 min at 1200 RPM. The pellet was resuspended in 1X phosphate buffered saline Calcium/

Magnesium free sorting buffer with 0.1mg/ml DNase I, and finally transferred to a 5 mL BD 

Falcon tube with cell strainer cap (35 um). The filtered suspension was diluted to a final 

concentration of 10 million cells/ml. The diluted suspension was then sorted using a Becton 

Dickinson FACS Aria III instrument equipped with FACSDiva software version 6.1.3 at the 

Analytical Cytometry Shared Resource Facility at The Ohio State University. Flow-sorted 

cells were immediately spun down at 4°C and resuspended in Buffer RL (Norgen; 48500).
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RNA-sequencing—Total RNA was purified using the Norgen Bioteck Total RNA 

Purification Plus Micro Kit (Norgen; 48500) and concentrations were measured using the 

Qubit RNA HS assay kit (ThermoFisher; Q32852). An average of 200–600 ng of total RNA 

was obtained per sample. RNA quality was assessed using an Agilent Bioanalyzer RNA 

6000 Nano chip (Agilent; 5067–1511) and RIN numbers ranged from 6–10 except for the P4 

population which was consistently lower (3–5). rRNA was removed from purified total RNA 

using Ribo-Zero Gold rRNA Removal kit (Illumina; MRZG12324). 200 ng of rRNA-

depleted RNA was used for the construction of the library using the SureSelect Strand 

Specific RNA library prep kit (Agilent; G9691A) according to the manufacturer’s 

instruction, except for omitting the purification step before fragmentation. Barcoded libraries 

were pooled and sequenced using an Illumina HiSeq4000, producing paired-end 150 bp 

reads. RNA-seq paired-end reads were aligned to the mm10 mouse reference genome 

(GRCm38 release 89) using the ultrafast universal RNA-seq aligner (STAR v2.5.3)(Dobin et 

al., 2013). Genewise counts were assessed with HTSeq-countv.0.8.0(Anders et al., 2015). 

DESeq2 v1.16.1(Love et al., 2014) was used to compute regularized log-2 levels of gene 

expression and estimate differentially expressed genes. Distant regulatory elements (DiRE) 

analysis was conducted using the DiRE website (https://dire.dcode.org) (Gotea and 

Ovcharenko, 2008) searching evolutionary conserved 5′ untranslated regions (5′UTR) and 

promoter regions for genes on the mouse (mm9) genome.

Chromatin Immunoprecipitation Sequencing (ChIP-seq) hits—The ChIP-seq hits 

shown in the heatmaps in Figure 1 and Figure S1 were identified in previous publications 

(Kent et al., 2017; Kent et al., 2016; Oki et al., 2018; Santos et al., 2015; Westendorp et al., 

2012). E2f1, E2f3a and E2f3b hits (Kent et al., 2017) were found ± 2kb distance from the 

transcription starting site (TSS) in mouse embryonic fibroblasts (MEFs). E2f4 hits (Oki et 

al., 2018) were found ± 1kb distance from the TSS in MEFs. E2f7 (Westendorp et al., 2012) 

and E2f8 (Kent et al., 2016) hits were found in a region defined as 5kb upstream and 2kb 

downstream of the TSS in HeLa cells.

Real-time PCR (RT-PCR)—One hundred ng total RNA prepared from flow sorted cells as 

described above was used for first strand cDNA synthesis with Superscript III Reverse 

Transcriptase Kit (Invitrogen; 18080–044) following the manufacturer’s protocol. 

Quantitative PCR (qPCR) was performed using SYBR Green master mix (Bio-Rad; 170–

8884) with Applied Biosystems StepOnePlus Real-Time PCR System. Samples were 

analyzed in triplicate and the relative expression levels of genes were calculated with the 2 − 

ΔΔCt method. Gapdh mRNA level was used for normalization. Primers used for qPCR are 

listed in Table S4.

Western blot—Protein was isolated from NIH 3T3 cells, MEFs or Embryos using 

Radioimmunoprecipitation assay buffer (RIPA buffer). Equal amount of protein from each 

genetic group was loaded in SDS-PAGE and transferred to PVDF membrane (Millipore). 

Membranes were blocked using 5% fat-free milk in TBS and incubated in primary antibody 

diluted in 5% fat-free milk-TBS containing 0.1% Tween-20: rabbit polyclonal E2F3 (Santa 

Cruz; sc-878, 1:2000), mouse monoclonal E2F3 (Millipore; 05–551, 1:2000), rabbit 

monoclonal MYC (Cell Signaling Technology; 2278, 1:1000), mouse monoclonal E2F8 
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(Santa Cruz; sc-514064, 1:500), mouse monoclonal E2F4 (Milli-pore; MABE160, 1:1000), 

hFAB Rhodamine anti-GAPDH (BIO-RAD; 12004168, 1:3000) and hFAB Rhodamine anti-

β-Actin Primary Antibody (BIO-RAD; 12004164, 1:1000). The membranes were incubated 

in HRP-conjugated anti-rabbit (GE; NA934, 1:2000) or mouse (Jackson ImmunoResearch 

Laboratories; 115-035-174, 115-035-071, 1:2000) secondary antibodies and detected using 

BIO-RAD ChemiDoc Imaging Systems or X-ray film.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical analysis was used to predetermine sample size and the suitability of statistical 

approaches. Quantifications were performed from at least two independent experiments and 

quantified blindly. Sample sizes, statistical tests and p values are indicated in the text, figures 

and figure legends. All the quantitative data are presented in mean ± SD.

Image analysis/Immunostaining quantification—Cell nuclei from E13.5 intestinal 

epithelium were automatically segmented based on DAPI staining using a deep learning 

based approach (Van Valen et al., 2016). Each cell nucleus was then associated to one or 

several markers by using the fluorescence intensity levels (see Figure S6A). For each 

pairwise combination of markers involving E2F4 (E2F4 and EdU, E2F4 and pH3 and 

E2F3A and E2F4), three images for n = 2 mice were analyzed. For any other pairwise 

combination of markers (E2F3A and EdU, E2F3A and pH3, E2F8 and EdU, E2F8 and pH3 

and E2F3A and E2F8), two to four images for n = 3 mice were analyzed.

Nuclear Segmentation: Initially, epithelial cells and their contours from five images were 

manually annotated to build a training dataset. These images were normalized by subtracting 

at each pixel the average intensity measured in a 113×113 window (the size of the imaging 

field) and dividing the intensity at each pixel by the median intensity. The imaging field was 

chosen to be larger than any cell. Five deep learning classifiers were then trained by using 

the convolutional neural network architecture shown in Figure S6B. A first set of 15 images 

were segmented with the trained classifiers. These segmentations were manually corrected 

and added to the previous training dataset to train again five deep-learning classifiers. The 

rest of the images used in the study were segmented with these deep classifiers and manually 

corrected.

Binary identification: Image intensity was first normalized for each image and each 

channel to correct for intensity variations. At each pixel and for each channel independently, 

the average intensity measured in a 113×113 window was subtracted, and the result was 

divided by the median intensity over the channel.

Thresholding strategies were then used to characterize the markers presence. Normalized 

images were preliminary filtered with a Gaussian blurring (radius = 1 pixel) to decrease 

sensitivity to noise. Depending on the modality (confocal or wide-field microscopy) and the 

association between markers in the images, different thresholding methods were applied to 

the images (Table S5), including the Triangle (Zack et al., 1977), Huang (Huang and Wang, 

1995), Li (Li and Tam, 1998) and Mean (Glasbey, 1993) thresholding methods as 

implemented in the Auto Threshold plugin in Fiji (Schindelin et al., 2012).
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Finally, positive cells for each marker were defined according to the proportion between the 

thresholded area and the nuclear area. In order to identify pH3-punctate cells in which only a 

small area of the nucleus corresponding to small dots in the image is above the threshold, 

cell nuclei with more than 5% but less than 90% of their area belonging to the pH3 

thresholded image were considered as pH3-punctate positive. pH3-diffuse positive cells 

show a very clear diffuse pattern over the nucleus. Consequently, cell nuclei with more than 

90% of their area belonging to the pH3 thresholded image were considered as pH3-diffuse. 

EdU-punctate cells show a larger labeled area than pH3-punctate cells. Therefore, cell nuclei 

with at least 10% but less than 65% (resp. 50%) in confocal images (resp. wide-field 

images) of their area belonging to the EdU thresholded image were considered as EdU-

punctate positive. Cell nuclei with more than 65% in confocal images, or more than 50% in 

wide-field images, of their area belonging to the EdU thresholded image were considered as 

EdU-diffuse. Wide-field images have a lower spatial resolution than confocal images 

because of the out-of-focus light, resulting in blurrier structures observed in the images. For 

this reason, a smaller area is required to identify EdU-diffuse positive cells in wide-field 

images versus in confocal images. E2F3A, E2F8, E2F4 and DAPI channels show regular 

patterns and were considered as positive when the thresholded area was superior to 25% of 

the nuclear area. It has to be noted that E2F3A, E2F8, E2F4, EdU-punctate, EdU-diffuse, 

pH3-punctate and pH3-diffuse positive cells also have to be identified as DAPI positive cells 

to be taken into account in the analysis. The results of the quantification for each individual 

image are shown in Table S2.

The results of this automated quantification were consistent with the results from manual 

quantification of the staining done on the same image sets using the cell counter tool of 

imageJ (https://imagej.nih.gov/ij/plugins/cell-counter.html) (see Table S2).

Temporal expression: From the intensity measured in E2F3A, E2F8 and E2F4 positive 

cells, temporal evolution of protein concentration was estimated for each combination of 

markers based on three fundamental assumptions:

1. temporal evolution of protein concentration is similar in all observed cells,

2. time is proportional to the observed number of cells in the images,

3. E2F3A, E2F8 and E2F4 levels are concave downward parabolas, i.e., they 

increase from 0 to their maximum and then decrease from this maximum to 0.

As proliferation in intestinal epithelium is asynchronous, the first assumption is true. The 

second assumption is verified as the number of images is sufficiently high to observe all cell 

cycle phases. The third assumption originates from the knowledge that cell cycle-regulated 

proteins accumulate over time in specific phases and are then degraded, resulting in a 

downward parabola shape for protein concentration.

Four levels of intensity were considered for E2F3A, E2F8 and E2F4. For each image, levels 

1 through 3 of intensity range from the minimum to the maximum average intensity 

measured in the nuclei of positive cells. The level 0 of intensity corresponds to negative 

cells. The temporal evolution of E2F3A, E2F8 and E2F4 protein concentration is inferred 

from histograms describing the number of cells for each intensity level (see Figure S6G, 
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S6H and Table S3). Let us define h(I1 = x; I2 = y) as the number of cells for which the 

intensity of marker 1 is equal to x and the intensity of marker 2 is equal to y. The time 

period T(I1 = x; I2 = y) for which the intensity of marker 1 is equal to x and the intensity of 

marker 2 is equal to y is defined as:

T l1 = x, l2 = y =
h l1 = x, l2 = y

∑x = 0
3 ∑y = 0

3 h l1 = x, l2 = y
.

The sequence of the time periods h(I1 = x; I2 = y) for the different intensities is defined to 

hold the third assumption true and is illustrated in the histograms as arrows. The circle 

outlined in black corresponds to the sequence’s first step. In addition, some elements of the 

histograms are grouped together (histogram elements circled in Figure S6G) to take into 

account all cells while keeping the third assumption true. As we know that pH3-diffuse cells 

correspond to mitosis, pH3 data were used as cell cycle reference to register the other data 

for each E2F protein concentration. Additionally, the histograms obtained for E2F4 and pH3 

demonstrate that one single parabola for E2F4 concentration over the cell cycle is not 

consistent with the data. Consequently, E2F4 has to be expressed in two distinct waves of 

protein expression over the cell cycle.

The estimated temporal dynamics for E2F3A and E2F8, and E2F3A and E2F4 are shown in 

Figure S6G and S6H. The average temporal dynamics of E2F3A over these two sets of data 

is shown along the temporal dynamics of E2F8 and E2F4 in Figure 7A.
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Highlights

• E2F expression during cell division, differentiation, and quiescence is 

measured in vivo

• E2F3A, E2F8, and E2F4 accumulate sequentially in the nucleus of cycling 

cells

• E2F3A-4 nuclear accumulation controls gene expression during cell-cycle 

exit

• Deep learning tools are applied to nuclear segmentation of complex 

mammalian tissues
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Figure 1. In vivo Analysis of Cell-Cycle-Dependent mRNA Profiles
(A) Principal-component analysis of levels of gene expression, as measured by RNA-seq, of 

two replicates of the G0, G1, G1-S, S-G2-M, and US cell populations from bi-transgenic 

(mKO2-hCDT1;mAG-hGEM) FUCCI embryos at embryonic day 13.5 (E13.5). US, 

unsorted.

(B) Expression analysis of cell cycle genes in the FUCCI cell populations. Fold changes are 

relative to S-G2-M for the G0-G1 genes and G0 for the G1-S and G2-M genes. Top: RNA-

seq. Bottom: real-time qPCR. Each bar represents sorted cells from an E13.5 FUCCI 

embryo from an independent experiment.

(C) Heatmaps of the log2 fold-change values for differentially expressed genes in the 

cycling (G1, G1-S, and S-G2-M) and quiescent (G0) cell populations at E13.5 (n = 2 
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embryos). E2F target genes as identified by chromatin immunoprecipitation (ChIP) 

experiments are indicated on the right of each heatmap.

(D) Top 10 transcription factors estimated to bind to the evolutionary conserved 5′ UTR and 

promoter regions of the proliferation- and quiescence-related genes using distant regulatory 

elements (DiRE; see STAR Methods).

(E) Gene expression analysis of E2F family members in the FUCCI cell populations. Fold 

changes, as measured by RNA-seq, are relative to G0. Each bar represents an E13.5 FUCCI 

embryo from an independent experiment.

See also Figure S1 and Table S1.
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Figure 2. Expression of E2F3A, E2F8, and E2F4 in Proliferative and Quiescent Tissues
(A) E2F3A immunohistochemistry (IHC) on tissues of wild-type mice. E13.5 and adult 

brain (left two panels); E13.5 and adult intestine (right two panels). Note the nonspecific 

cytoplasmic staining of interstitial cells (asterisk).

(B) E2F8 IHC on tissues of E2f8myc/myc mice. E13.5 and adult brain (left two panels); E13.5 

and adult intestine (right two panels).

(C) E2F4 IHC on tissues of E2f4myc/myc mice. E13.5 and adult brain (left two panels); E13.5 

and adult intestine (right two panels).

E2F8 and E2F4 were detected using MYC antibody. Tissues were counterstained with 

hematoxylin. VZ, ventricular zone; E, epithelium. Scale bars, 200 μm.

See also Figures S2–S5.
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Figure 3. Expression of E2F3A, E2F8, and E2F4 in the Lens and Epidermis
(A) Left: diagram of lens architecture. AZ, anterior zone; GZ, germinative zone; TZ, 

transition zone; LC, lens cortex. Right: scheme of the neonatal mouse skin epidermal layers. 

BL, basal layer; SL, spinous layer; GL, granular layer; CL, cornified layer. Proliferation is 

restricted to the basal layer.

(B) E2F3A, E2F8, E2F4, and Ki67 IHC (left to right) on the neonatal lens of mice with 

indicated genotypes. The estimated position of the lens equator is marked by a dashed line.

(C) E2F3A, E2F8, E2F4, and Ki67 IHC (left to right) on the neonatal epidermis of mice 

with indicated genotypes.
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E2F8 and E2F4 were detected using MYC antibody. In (B) and (C), higher magnification of 

the boxed area is shown in the bottom panels. Tissues were counterstained with 

hematoxylin. Scale bars represent 200 μm (B) and 100 μm (C).
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Figure 4. Sequential Expression of E2F3A, E2F4, and E2F8 in Cycling Cells
(A) E2F3A (green) and E2F8 (red) immunofluorescence on the intestine of E13.5 

E2f8myc/myc embryos. E2F8 was detected using MYC antibody (DAPI counterstain [blue]).

(B) Automated quantification of the staining shown in (A). Data are presented as mean ± 

SD; n = 3 mice.

(C) 2D histograms depicting the distribution of E2F3A and E2F8’s normalized nuclear 

intensity. Circle size is proportional to the percentage of nuclei.

(D) E2F3A (green) and E2F4 (red) immunofluorescence on the intestine of E13.5 

E2f4myc/myc embryos. E2F4 was detected using MYC antibody (DAPI counterstain [blue]).

(E) Automated quantification of the staining shown in (D). Data are presented as mean ± 

SD; n = 2 mice.

(F) 2D histograms depicting the distribution of E2F3A and E2F4’s normalized nuclear 

intensity. Circle size is proportional to the percentage of nuclei.
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Images in (A) and (D) are confocal micrographs. Composite and color-split images of the 

boxed area are shown in the right panels; top left, composite; top right, green channel; 

bottom left, red channel; bottom right, blue channel. Scale bars, 20 μm. See also Figure S6 

and Tables S2 and S3.
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Figure 5. Distinct Temporal Expression of E2F3A, E2F4, and E2F8
(A) E2F3A (green) and E2F8 (red) immunofluorescence on the brain (ventricular zone) of 

E2f8myc/myc E13.5 embryos. E2F8 was detected using MYC antibody (DAPI counterstain 

[blue]).

(B) E2F3A (green) and E2F4 (red) immunofluorescence on the brain (ventricular zone) of 

E2f4myc/myc E13.5 embryos. E2F4 was detected using MYC antibody (DAPI counterstain 

[blue]).

In (A) and (B), higher magnification of the boxed area is shown in the bottom panels. Color-

split images (green and red channels only) are shown in the right panels. Scale bars, 20 μm. 

See also Figure S6.
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Figure 6. Peak Expression of E2F3A in G1-S, E2F8 in S, and E2F4 in G1 and S-G2
(A) Immunofluorescence of EdU (red) and pH3 (green) in the ventricular zone of the brain 

of E13.5 wild-type embryos (DAPI counterstain [blue]). Left, composite image; middle left, 

green and red channels; middle right, red and blue channels; right, green and blue channels.

(B) Schematic of the proposed distinct temporal patterns of EdU and pH3 displayed in (A).

(C) Immunofluorescence of EdU (red) and E2F3A (green) (top), and pH3 (red) and E2F3A 

(green) (bottom), on the intestine of E13.5 wild-type embryos (DAPI counterstain [blue]).
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(D) Automated quantification of E2F3A and EdU (top) and E2F3A and pH3 (bottom) in the 

intestinal epithelium of E13.5 wild-type embryos. Data are presented as mean ± SD; n = 3 

mice.

(E) Immunofluorescence of EdU (red) and E2F8 (green) (top), and pH3 (red) and E2F8 

(green) (bottom), on the intestine of E2f8myc/myc E13.5 embryos. E2F8 was detected using 

MYC antibody (DAPI counterstain [blue]).

(F) Automated quantification of E2F8 and EdU (top), and E2F8 and pH3 (bottom) in the 

intestinal epithelium of E2f8myc/myc E13.5 embryos. Data are presented as mean ± SD; n = 3 

mice.

(G) Immunofluorescence of EdU (red) and E2F4 (green) (top), and pH3 (red) and E2F4 

(green) (bottom) on the intestine of E2f4myc/myc E13.5 embryos. E2F4 was detected using 

MYC antibody (DAPI counterstain [blue]).

(H) Automated quantification of E2F4 and EdU (top) and E2F4 and pH3 (bottom) in the 

intestinal epithelium of E2f4myc/myc E13.5 embryos. Data are presented as mean ± SD; n = 2 

mice.

Images in (C), (E), and (G) are confocal micrographs. Composite and color-split images of 

the boxed area are shown on right panels; top left, green and red channels; top right, green 

channel; bottom left, red channel; bottom right, blue channel. Solid arrowhead, EdU diffuse 

(EdU-Di); open arrowhead, EdU punctate (EdU-Pu); arrow, pH3 punctate (pH3-Pu); 

asterisk, pH3 diffuse (pH3-Di). Scale bars, 20 μm. See also Figure S7 and Table S2.
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Figure 7. Integrative Analysis of Cell-Cycle-Dependent Nuclear Accumulation of E2Fs
(A) Estimated temporal dynamics of E2F3A, E2F8, and E2F4 expression (see STAR 

Methods for details).

(B) Diagram of the proposed cell-cycle-dependent expression of E2Fs.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-Ki1267 
(clone SP6) Abeam Cat# ab16667; RRID: AB_302459

Rabbit polyclonal Anti-pH3-S10 Millipore Cat# 06–570; RRID: AB_310177

Rabbit polyclonal anti-FoxM1 Santa Cruz Cat# sc-502; RRID: AB_631523

Mouse monoclonal anti-E2F3a Millipore Cat# 05–551; RRID: AB_11211950

Rabbit monoclonal anti-Myc-tag Cell Signaling Technology Cat# 2278; RRID: AB_490778

Rabbit polyclonal anti-E2F3 Santa Cruz Cat# sc-878; RRID: AB_2096807

Mouse monoclonal anti-E2F8 Santa Cruz Cat# sc-514064

Mouse monoclonal anti-E2F4 Millipore Cat# MABE160; RRID: AB_10845939

hFAB Rhodamine anti-GAPDH BIO-RAD Cat# 12004168

hFAB Rhodamine anti-β-Actin BIO-RAD Cat# 12004164

HRP-conjugated anti-rabbit IgG GE healthcare Cat# NA934; RRID: AB_772206

HRP-conjugated anti-mouse IgG Jackson ImmunoResearch Laboratories Cat# 115-035-174, 115-035-071; RRID: AB_2338512

Chemicals, Peptides, and Recombinant Proteins

Formalin ThermoFisher Scientific Cat# 23-245-685

TRIzol reagent ThermoFisher Scientific Cat# 15596018

Protease inhibitor cocktail Sigma Cat# P1860

ECL Western Blotting Substrate Pierce Cat# 32106

FBS Sigma Cat#12103C-100ML

DMEM Invitrogen Cat# 11995–073

Penicillin/Streptomycin ThermoFisher Cat# 15140122

Beta-mercaptoethanol Sigma Cat#M3148

4× Laemmli Sample Buffer Bio-rad Cat# 161077

Critical Commercial Assays

Click-iT EdU Alexa Fluor 488 
Imaging Kit Life Technologies Cat# C10337

Total RNA Purification Plus 
Micro Kit Norgen Cat# 48500

Qubit RNA HS assay kit ThermoFisher Cat# Q32852

Ribo-Zero Gold rRNA Removal 
kit Illumina Cat# MRZG12324

SureSelect Strand Specific RNA 
library prep kit Agilent Cat# G9691A

Superscript III Reverse 
Transcriptase Kit Invitrogen Cat# 18080–044

SYBR Green master mix Bio-Rad Cat# 170–8884

Deposited Data

FUCCI embryos RNA-
sequencing data This paper GEO:GSE118851

Mendeley dataset: E2F- EdU- 
pH3 IHC/IF staining wide-field 
and confocal microscopic images

This paper https://doi.org/10.17632/5r6kf37zd4.1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Cell Lines

Mouse: NIH 3T3 cells ATCC Cat# CRL-1658

Mouse: E2f1−/−;E2f2−/−;E2f3−/− 

(TKO) Mouse embryonic 
fibroblasts

Wu et al., 2001 N/A

Experimental Models: Organisms/Strains

Mouse: E2F4myc/myc, mixed 
background (FVB/NT, 129v/Sv, 
C57BU6NT)

This paper N/A

Mouse: E2F8myc/myc, mixed 
background (FVB/NT, 129v/Sv, 
C57BL/6NT)

This paper N/A

Mouse: Wild type, mixed 
background (FVB/NT, 129v/Sv, 
C57BL/6NT)

This paper N/A

Mouse: FUCCI, mixed 
background (FVB/NT, 129v/Sv, 
C57BL/6NT)

Sakaue-Sawano et al., 2008 N/A

Mouse: Lgr5-EGFP-IRES-
creERT2 (also known as 
B6.129P2-Lgr5tm1(cre/
ERT2)Cle/J)

The Jackson laboratory JAX stock #008875

Oligonucleotides

For primers used for 4myc/myc and 
8myc/myc mouse genotyping, see 
Table S4

This paper N/A

For primers used for RT-qPCR, 
see Table S4 This paper N/A

Recombinant DNA

pBABE-Hygro Morgenstern and Land, 1990 Addgene plasmid #1765

pBABE-Hygro-E2F3a Kent et al., 2017 N/A

pBABE-Hygro-E2F3b Kent et al., 2017 N/A

Software and Algorithms

STAR V2.5.3 Dobin et al., 2013 https://github.com/alexdobin/STAR

Samtools v0.1.18 Li et al., 2009 http://samtools.sourceforge.net/

HTSeq-count v.0.8.0 Anders et al., 2015 https://htseq.readthedocs.io/en/release_0.11.1/

DESeq2 v1.16.1 Love et al., 2014 http://bioconductor.org/packages/release/bioc/html/DESeq2.html

DiRE Gotea and Ovcharenko, 2008 https://dire.dcode.org

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/plugins/cell-counter.html

NIS-Elements Nikon https://www.microscope.healthcare.nikon.com/downloads

Olympus FV10-ASW software 
(Ver. 4.02) OLYMPUS http://www.olympus-lifescience.com/en
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