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E2F family of transcription factors

In mid 1980s, a cellular factor involved in transcriptional activation of the 
adenoviral E2 gene promoter has been identified, and termed E2 factor 
(E2F) [1]. Since then, eight E2F family members (E2F1-8) have been 
discovered and characterized in mammals [1-3]. E2F3 has two isoforms, 
E2F3a and E2F3b, that are transcribed from the same gene through the 
use of alternate promoters [4]. Similarly, E2F7 has also two isoforms, 
E2F7a and E2F7b, through alternative splicing of the primary transcript [5]. 

On the basis of structural analysis, E2Fs have been divided into typical 
or classical E2Fs (E2F1-6) and atypical E2Fs (E2F7-8) [1-4]. Typical E2Fs 
possess one conserved DNA binding domain (DBD) at the N-terminus 
followed by a dimerization domain (DD) composed of a leucine zipper (LZ) 
and a marked box (MB) domain. E2F1-6 use this DD to heterodimerize 
with one of the dimerization partner (DP) proteins, DP1, DP2 or DP3, 
which enables them to form a functional transcriptional complex at the 
promoter of target genes. E2F7 and 8, on the other hand, lacks DD and 
instead possess two DBDs to associate with promoters of target genes 
in a DP-independent manner, hence called as atypical E2Fs [2, 3, 6, 
7]. Interestingly, E2F7 and 8 form homodimers and heterodimers with 
themselves, whereby E2F7 homodimers are preferred over E2F7-E2F8 
heterodimers and E2F8 homodimers being the least preferred one [8].

Transcriptional activity of the typical E2Fs is determined through their 
interaction with Retinoblastoma (RB) or its related pocket proteins 
p107 and p130 [1-4]. Among classical E2Fs, E2F1-3 interact primarily 
with Rb in its hypophosphorylated state, E2F4 can bind to any of the 
three pocket proteins, and E2F5 associates predominantly with p130. 
Hypophosphorylated forms of the pocket proteins can bind to E2Fs via the 
Rb binding domain within the transactivation domain at C-terminus thereby 
inhibiting their transcriptional activity. Moreover, Rb proteins can also block 
the activity of these E2Fs by recruiting chromatin-modifying enzymes such 
as histone deacetylases, histone methyltransferase, DNA methyltransferase 
to the target promoters. In contrast, E2F6 does not bind to Rb family 
members and has been shown to cooperate with polycomb group (PcG) 
of proteins. Like E2F6, atypical E2Fs lack transactivating and Rb binding 
domains, and are believed to operate independent of Rb family proteins. 
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E2Fs control the cell cycle
Based on functional in vitro studies, E2F family members are categorized into 
two groups: activator E2Fs (E2F1-E2F3a) and repressor E2Fs (E2F3b-E2F8) 
[1-4]. Activator E2Fs (E2F1-3a) are expressed in a cell cycle dependent 
manner with the highest expression at G1-S phase transition [4]. Consistent 
with their timing of expression, these E2Fs initiate a transcriptional 
program, including the  expression of DNA replication genes, required 
for driving cells through G1-S phase [2, 9]. However, this observation 
is based mainly on in vitro experiments and does not seem to hold true 
for all conditions. In vivo, E2F1-3 display dual functions in transcriptional 
activation and repression [10]. In dividing intestinal progenitor cells, free 
E2F1-3 function as transcriptional activators to optimally induce expression 
of cell cycle genes. However, in differentiating intestinal cells, E2F1-
3 form a complex with hypophosphorylated Rb and act as repressor to 
downregulate E2F target genes and facilitate cell cycle exit [10]. Inactivation 
of Rb in differentiating cells resulted in a switch from a E2F repressor 
to an E2F activator function thereby leading to cell cycle progression. 

E2F3b-5 are constitutively expressed and function as transcriptional 
repressors of E2F-responsive genes when associated with pocket 
proteins and other co-repressors during quiescence and early G1 
phase [2, 4].  During progression of cells through G1-S transition, 
complexes of E2F4/5 with p107/p130 on silenced gene promoters 
are replaced by activator E2Fs leading to transcriptional induction of 
cell cycle genes. E2F6 exerts its transcriptional repressor function by 
recruiting polycomb group of proteins as well as transcription factors 
Mga and Max, and act independent of Rb family members [11, 12]. 
E2F6 is mainly involved in repression of E2F target genes in G2 [2].

Atypical E2Fs are expressed in a cell cycle dependent manner with 
peak levels observed during S-G2 phase [2, 3, 6, 7, 13]. Accordingly, 
they directly bind and repress E2F target genes in S-G2 phase thereby 
ensuring optimal activity of these genes in order to control cell cycle 
progression [2, 8, 14]. In addition, E2F7/8 form a cell cycle dependent 
feedback loop by repressing the typical E2Fs, such as E2F1. [2, 8]. 
This is important since high levels of E2F1 can result in the activation 
of genes that induce apoptosis [15-17]. Interestingly, on exposure to 
DNA damaging agents, E2F7 and 8 levels were increased and found to 
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be bound to the promoters of genes involved in DNA repair and DNA 
replication, indicating a crucial function of atypical E2Fs in the DNA-
damage response [18]. Consistent with its transcriptional repressor 
function, E2F7 is directly induced by p53 in response to oncogene-induced 
senescence [19]. In this condition, E2F7 cooperates with Rb to promote 
cell cycle arrest and inhibit oncogenic transformation. These observation 
suggest that atypical E2Fs play an important role in repressing cell 
cycle genes and have the potential to function as tumor suppressors.

Figure 1. The mammalian E2F family of transcription factors. Based mainly on in vitro studies, 
the E2F family has been divided into activator (E2F1-E2F3) and repressor (E2F4-8) subclasses. 
E2Fs are characterized by their shared conserved DNA binding domain (DBD) that bind to 
overlapping sets of target promoters. Classical E2F1-6 possess one DBD and  require binding 
with dimerization partner (DP) proteins to be able to bind target DNA. On the other hand, 
E2F7-8 harbor two DBDs and lack DP dimerization domain. NLS, nuclear localization signal; LZ, 
leuzine zipper; MB, marked box; NES, nuclear export signal. Adapted from Chen et al. 2009 [2].

E2Fs regulate atypical cell cycles

E2Fs not only regulate normal cell cycle, but also have been shown 
to regulate atypical or abortive cell cycles that lead to duplication of 
complete sets of chromosomes, called polyploidization. For example, 
overexpression of E2F1 in mice led to reduced polyploidization of 
hepatocytes [20], while loss of E2F1 enhanced polyploidization [21, 
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22]. Interestingly, single inactivation of E2f2 or E2f3 did not alter 
ploidy levels, although loss of E2f1 in combination with E2f2 and E2f3 
resulted in a dose dependent increase in hepatocyte ploidy [21, 22]. 
Furthermore, combined loss of activator E2Fs enhanced polyploidization 
not only in hepatocytes but also in trophoblast giant cells (TGC) of the 
mouse placenta [21]. In contrast, both E2f7/8 double knockout (DKO) 
and E2f8-deficient livers showed dramatic reduction in binucleation and 
polyploidization, whereas loss of E2f7 had no effect on the ploidy status 
of hepatocytes [22]. A potential explanation why E2F7 is not required for 
regulating polyploidization in the liver might be due to the extreme low 
expression levels of E2F7 in the murine liver. Interestingly, Chen et al 
showed that E2F7 and E2F8 (E2F7/8) are also required for polyploidization 
of TGCs, as demonstrated by reduced polyploidization of TGCs in E2f7/8 
deficient placenta. Furthermore, inactivation of E2f4 or E2f5 did not alter 
ploidy levels in liver and placenta [21]. Together, these data provide 
strong evidence that illustrates opposing functions for activator E2Fs 
and atypical E2Fs in regulating polyploidization in TGC and hepatocytes.
 
Polyploidization in the liver is induced during postnatal development and 
its frequency is dependent on age and species. In rodents, the liver is 
composed of diploid hepatocytes in first three weeks after birth. Weaning of 
mice, at the age of three weeks, leads to onset of gradual polyploidization 
of hepatocytes [23, 24]. Incomplete cytokinesis is the predominant 
mechanism generating polyploid hepatocytes in the liver [23]. In normal 
cycling cells, cytokinesis can be divided into following interdependent 
steps: central spindle assembly, division plane specification, actomyosin 
ring assembly and contraction, and abscission [25-28]. The incomplete 
cytokinesis ensues following multiple deviations in cytokinetic processes. 
The division plane is not specified in hepatocytes undergoing binucleation 
[24]. Such cells present with defects in astral and spindle microtubules 
organization, and the  reduced astral microtubules failed to contact and 
send signal to the equatorial cortex. At the central spindle, localization 
of PRC1, AuroraB, and key centralspindlin component MgcRacGAP is not 
optimal. As a result, RhoA is not concentrated at the equatorial cortex 
and there is a deficiency in actin and myosin II cytoskeleton organization 
at the division plane. Consequently, the actomyosin contractile ring 
assembly and contraction, and subsequent ingression of cytokinetic 
furrow never occurred in these cells thereby leading to failed cytokinesis.  
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Interestingly, the onset of hepatocyte polyploidization is coincided with 
induction of atypical E2Fs, E2F7/8 [22]. Differential gene expression 
analysis in E2f7/8-deficient livers revealed increased expression of cell 
cycle regulated E2F target genes including those involved in mitosis e.g. 
Ccna2, CcnB1, Cdk1, and cytokinesis such as ECT2, MKLP1 and RacGAP [21, 
22]. Inactivation of E2f1 resulted in decreased expression of these mitotic 
and cytokinetic genes and partially rescued the polyploidization defect of 
hepatocytes knocked out for E2f7/8. Similarly, loss of Ccna1/a2 in E2f7/8-
deficient liver restored the ploidy level close to wild type level, and loss in 
wild type liver resulted in dramatic increase in ploidy level [21]. Moreover, 
loss of Cdk1 specifically in hepatocytes has also been shown to sharply 
enhance ploidy level [29]. These data demonstrate that E2Fs directly 
regulate expression of genes involved in mitosis and cytokinesis, thereby 
regulating incomplete cytokinesis and polyploidization. Furthermore, 
defects in mitosis, especially during spindle assembly and chromosome 
segregation, may result in segregation error leading to lagging chromosome, 
which in turn induces abortion of cytokinesis and polyploidy [30].

In addition to E2Fs, Insulin/Akt pathway has been shown to regulate 
incomplete cytokinesis and binucleation of hepatocytes in rats [31]. When 
rats were treated before weaning with streptozotocin (STZ), a drug that 
destroys pancreatic β cells, circulating insulin levels were reduced and 
the livers had decreased numbers of binucleated tetraploid hepatocytes. 
Inhibition of PI3K and Akt, downstream of insulin, in isolated primary 
hepatocytes resulted in the same phenotype: hepatocytes progressed 
through complete cytokinesis and generated diploid hepatocytes. 
Conversely, injecting insulin during weaning resulted in increase in 
the number of binucleated hepatocytes. Thus, Insulin/Akt pathway 
regulates polyploidization of hepatocytes  through unknown mechanism.

E2Fs and liver cancer

Polyploidization is a rare event in mammalian cells and is restricted to a few 
specific cell types, but polyploidization is frequently observed in different 
cancer cell type. Multiple studies provide evidence that polyploidzation 
leads to aneuploidization, the gain or loss of single chromosomes, 
resulting in chromosomal instability [30]. Furthermore, genetic alterations 
involving activation of oncogene and/or inactivation of tumor suppressor 
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is a common phenomenon during tumorigenesis, including tumors that 
arise in the liver [32-35]. Among these, inactivation of members of the 
Rb tumor suppressor pathway is a frequent event in many hepatocellular 
carcinomas (HCC) through genetic, epigenetic and/or viral mechanisms 
[32, 33, 36]. Moreover genetic alterations of E2F family members have 
been shown as well in a wide variety of human cancer [2, 37]. Interestingly, 
amplification of activator E2f, E2f1 or E2f3, genes has been observed 
as a genetic lesion in many tumor types including HCCs [2]. Moreover, 
deletion of E2f4 or microsatellite instability leading to its mutation were 
found in HCCs [2, 38]. E2F8 was found to be strongly upregulated in 
human HCCs [39]. Although deregulation of E2F family members is seen 
in many cases of HCCs, detailed analysis using mouse models would be 
required to establish their tumor suppressor or oncogenic roles in HCCs.

In mouse models, deletion of Rb specifically in liver failed to produce 
spontaneous tumor, indicating that Rb loss is not sufficient to induce 
tumorigenesis in liver [40]. However,  inactivation of all Rb family 
members, Rb, p107 and p130, in liver resulted in the formation of 
liver cancer with gene profiles similar to human HCCs [36]. These data 
suggests a compensatory roles among Rb family members in HCCs. 
Moreover, in hepatocarcinogen DEN-induced tumorigenesis model, loss of 
Rb resulted in enhanced liver tumor formation with increased hepatocyte 
proliferation and upregulation of E2F target genes [40]. These tumors also 
showed increased level of  a gene expression signature associated with 
chromosomal instability and accumulation of tetraploid cells indicating 
that loss of Rb leads to impaired genetic stability [40]. In a similar 
DEN-induced tumor model, combined loss of Rb and p53 led to more 
aggressive liver tumor formation than loss of Rb or p53 alone, with double 
knock out tumors displaying chromosomal aberrations and deregulation 
of genes similar to advanced stage human HCCs [41]. These genetic 
mouse studies provide strong evidence that Rb and p53 function as 
tumor suppressor, most likely through regulating E2F activity in the liver.

OuTliNE OF ThESiS

This thesis is focused mainly on understanding the roles of atypical E2F 
family, E2F7 and E2F8, in liver polyploidization and cancer. In chapter 2, 
we demonstrate that atypical E2Fs, especially E2F8, is crucial for liver 
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cell polyploidization. We identify a transcriptional network of genes that 
are regulated by E2F8 as a repressor and E2F1 as an activator to control 
polyploidization. Moreover, our results indicate that polyploidization is not 
required for liver differentiation, zonation and regeneration. In chapter 3, 
we review physiological significance of polyploidization in mammalian cells, 
particularly in hepatocytes, trophoblast giant cells, megakaryocyte, and 
cardiomyocyte. In addition, a brief account of cellular as well as molecular 
mechanisms involved in polyploidization of these cells is presented. In 
chapter 4, E2F7/8 have been shown to play synergistic and essential 
function in mouse embryonic development. Embryos deficient for E2f7/8 die 
around embryonic day E11.5 and exhibit extensive apoptosis and vascular 
defects. In chapter 5, using liver specific knockout mice, we uncover that 
E2F7 and E2F8 act as novel tumor suppressors in liver and cooperate with 
the known tumor suppressor such as Rb. Our findings show deregulated 
expression of E2f target genes and enhanced proliferation upon loss of 
E2F7/8 and Rb. In chapter 6, we present evidence that surgical resection 
or radio frequency ablation (RFA), common therapeutic options in human 
liver cancer,  in Rb/p53 deficient livers results in highly aggressive and 
undifferentiated carcinomas. Detailed analysis of cell lineage markers using 
immunohistochemical and immunofluorescence techniques revealed that 
bile duct cells are the cell of origin in these tumors. Finally, findings reported 
in this thesis are discussed in chapter 7. A generalized view about novel 
functions of atypical E2Fs in liver development and cancer is presented.
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ABSTRACT
Polyploidization is observed in all mammalian species and is a characteristic 
feature of hepatocytes, but its molecular mechanism and biological 
significance are unknown. Hepatocyte polyploidization in rodents occurs 
through incomplete cytokinesis, starts after weaning and increases with 
age. Here, we show in mice that atypical E2F8 is induced after weaning 
and required for hepatocyte binucleation and polyploidization. A deficiency 
in E2f8 led to increase in E2F-target genes promoting cytokinesis and 
thereby preventing polyploidization. In contrast, loss of E2f1 enhanced 
polyploidization and suppressed the polyploidization defect of hepatocytes 
deficient for atypical E2Fs. In addition, E2F8 and E2F1 were found on the 
same subset of target promoters. Contrary to the long-standing hypothesis 
that polyploidization indicates terminal differentiation and senescence, 
we show that prevention of polyploidzation through inactivation of 
atypical E2Fs has surprisingly no impact on liver differentiation, zonation, 
metabolism, and regeneration. Together, these results identify E2F8 as a 
repressor and E2F1 as an activator of a transcriptional network controlling 
polyploidization in mammalian cells. 

iNTRODuCTiON

Polyploidization, the addition of one or multiple complete sets of 
chromosomes, represents one of the most dramatic changes known 
to occur within the genome, but surprisingly it is well tolerated and a 
common phenomenon in nature, particularly in fungi and plants1-3. In 
mammals, polyploidy often occurs in specific tissues such as the liver, but 
the biological significance is unknown4, 5. Oxidative damage to the liver 
and regeneration after partial hepatectomy are both associated with a 
pronounced increase in the population of polyploid cells6, 7. There is also a 
correlation between polyploidy and the process of ageing and senescence. 
In the liver, polyploidy generally increases with age and injury-induced 
polyploidization is accompanied by attenuated hepatocyte replication 
and other cell ageing events7, 8. Furthermore, previous studies in mice 
demonstrated that hepatocyte polyploidization is accelerated when the 
growth rate increases during postnatal development or is stimulated by 
treating mice with triiodthyronine, growth hormone or insulin9, 10.

Guidotti et al. demonstrated in rodents that liver cell polyploidization is a 
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physiological process passing through a binucleation step11. Proliferating 
hepatocytes can engage an abortive cell cycle with incomplete cytokinesis 
and give rise to binucleated hepatocytes. When a binucleated cell proceeds 
through another cell cycle and its centrosomes cluster to establish a single 
bipolar spindle, mononucleated tetraploid hepatocytes are formed. During 
postnatal growth, progressive polyploidization continues and tetraploid 
as well as octoploid hepatocytes with one or two nuclei are generated. 
Remarkably, the opposite event can also occur: octoploid hepatocytes 
divide into diploid and tetraploid daughters through formation of multipolar 
mitotic spindles – a phenomenon called ploidy reversal12. Previous studies 
showed that abortive cell cycles can arise from variety of defects in 
different aspects of cell division such as DNA replication, dissolving sister 
chromatid cohesion, mitotic spindle function and cytokinesis13. Several 
studies demonstrated that E2F transcription factors coordinate expression 
of genes involved in these cell cycle processes14, 15. In mammalian cells, 
the E2F family has been traditionally divided into activator (E2F1-3) and 
repressor (E2F4-8) subclasses16, 17. The classic E2Fs (E2F1-6) contain one 
DNA binding domain, whereas the atypical family members, E2F7 and 
E2F8, contain two DNA binding domains18-23.Mice deficient in E2f7 or E2f8 
are viable and lived to old age.  E2f7/E2f8 double knockout mice died at 
embryonic day 11.5 revealing that the two proteins perform overlapping 
functions during embryonic development17, however their postnatal 
functions are unknown. Here, we demonstrate in postnatal mice that E2F8 
controls a transcriptional network that needs to be repressed to induce liver 
cell polyploidzation. This physiological process is essential for controlling 
cell size, but is unexpectedly not relevant for liver differentiation or liver 
regeneration.

RESulTS
E2f7 and E2f8 are induced during onset of hepatocyte 
polyploidization

To determine E2F expression levels in postnatal liver development, we 
harvested murine livers during the first 9 weeks after birth and analyzed 
the mRNA and protein levels by quantitative PCR (qPCR) and Western blot 
analysis, respectively. Antibody specificity was verified using livers of E2F 
knockout mice (Supplementary Fig. S1a-d). Expression of E2f1-6 were 
strongly induced in one week old livers and decreased from three weeks 
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after birth. In contrast, mRNA levels of E2f7 and E2f8 were low in one 
week old livers and were strongly induced at three to five weeks (Fig. 1a). 
Importantly, the induction of these atypical E2Fs coincided with the onset 
of hepatocyte polyploidization (Fig. 1c). Atypical E2F protein expression 
during postnatal development was not detectable, which is most likely 
related to the low sensitivity of the antibodies (Supplementary Fig. S1d, 
data not shown). However, E2F8 protein was detected in regenerating 
livers, at a time when many hepatocytes proliferate in a synchronized 
manner, and atypical E2Fs accumulate maximally (Supplementary Fig. 
S1d). 

Figure 1. Atypical E2Fs are induced during onset of hepatocyte polyploidization
(a) Expression of E2f1-8 was measured by qPCR in wild-type livers. One week samples 
were normalized to 1. Data presented as average ± SEM of fold induction [n= 4 mice (1 
wk), n=3 (3 wk), n=5 (4 wk), n=4 (5 wk), n=5 (7wk) and n=3 (9 wk)]. (b) Expression of 
E2F proteins was measured by Western blot analysis in wild-type livers. (c) Representative 
FACS histograms showing DNA content of propidium iodide (PI)-stained nuclei from wild-
type livers at indicated ages.
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used homologous recombination techniques and Cre-loxP technology to 
disrupt E2F7 and E2F8 function in mice. Mice transgenic for Cre under the 
control of the hepatocyte-specific albumin promoter (Alb-Cre) were crossed 
to E2f7loxP/loxPE2f8loxP/loxP mice that harbor loxP sites flanking sequences that 
are required for DNA binding17. We confirmed hepatocyte-specific Cre 
activity by interbreeding the Alb-cre+/-E2f7loxP/loxPE2f8loxP/loxP mice with the 
Cre reporter mice (R26R-LacZloxP/loxP), in which loxP sites flanking a stop 
cassette were placed upstream of the LacZ gene. LacZ expression was 
detected in all examined hepatocytes of adult Alb-cre+/-E2f7loxP/loxPE2f8loxP/

loxPR26R-LacZloxP/loxP mice (Supplementary Fig. S1e). Similar to previous 
studies24, E2f7 and E2f8 recombination was incomplete in three and four 
week old livers (Supplementary Fig. S1f), but qPCR showed a marked 
decrease of E2f7 and E2f8 mRNA levels in adult livers of Alb-cre+/-E2f7loxP/

loxPE2f8loxP/loxP mice (Supplementary Fig. S1g). E2F8 protein expression was 
not detectable in adult livers of Alb-cre+/-E2f7loxP/loxPE2f8loxP/loxP mice that 
underwent partial hepatectomy, compared to wild type littermates that 
underwent the same procedure, demonstrating efficient ablation of E2F8 
(Supplementary Fig. S1d).

Analysis of livers at different stages of postnatal development revealed 
that E2f7-/- and E2f8-/- single knockout mice as well as hepatocyte-specific 
double knockout mice showed no significant changes in gross morphology 
(data not shown). However histological analysis of liver sections reflected 
that hepatocytes of E2f8-/- and Alb-cre+/-E2f7loxP/loxPE2f8loxP/loxP mice 
(referred as E2f7-/-E2f8-/-) were smaller in size and were less frequently 
binucleated compared to wild type and E2f7-/- animals. To determine 
the number of nuclei per cell, we performed simultaneous nuclear (TO-
PRO-3) and plasma membrane (β-catenin) immunofluorescence labeling 
of liver sections at different stages of postnatal liver development (Fig. 
2a). From week three onwards the proportion of binucleated hepatocytes 
increased continuously with age. This physiological binucleation process 
was markedly reduced in E2f8-/- livers at three and four weeks of age (Fig. 
2a and 2b). Combined deletion of E2f7 and E2f8 in hepatocytes resulted in 
stronger inhibition of binucleation compared to E2f8-/- livers. E2f7-/- livers 
showed a minor decrease in binucleation at 4 weeks.

Flow cytometry analysis on isolated nuclei stained with propidium 
iodide revealed that E2f8-/- and E2f7-/-E2f8-/- livers were composed of 
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predominantly diploid and some tetraploid hepatocytes, whereas wild-type 
and E2f7-/- livers contained large populations of tetraploid and octaploid 
hepatocytes (Fig. 3a-d). 

To determine whether inhibition of liver cell polyploidization resulted in 
cell size changes, we measured cell density from liver sections labeled 
with TO-PRO-3 and β-catenin. As shown in Fig. 2a, hepatocytes of four 
week old E2f8-/- and E2f7-/-E2f8-/- animals were smaller in size resulting 
in a higher cell density (Fig. 2c). These findings demonstrate that the 
physiological hypertrophy of polyploid hepatocytes in wild-type and 
E2f7-/- animals is compensated by increased numbers of smaller diploid 
hepatocytes in E2f8-/- and E2f7-/-E2f8-/- animals.

Figure 2. E2F8 is essential for hepatocyte binucleation 
(a) Immunofluorescence staining for β-catenin and TO-PRO-3 of liver sections at 4 weeks 
of age. Scale bars indicate 5 μm. (b) Quantification of binucleated hepatocytes at 3 and 4 
weeks of age. Data presented as mean ± SD (n=3 mice/genotype, 500-1000 cells/mouse). 
(c) Quantification of hepatocyte density from liver sections as shown in a at 3 and 4 weeks 
of age. Data presented as mean ± SD  (n=3 mice/genotype). *P<0.05 versus wild-type.
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Figure 3. E2F8 is essential for hepatocyte polyploidization 
(a) Representative FACS histograms showing DNA content of liver nuclei at 4 weeks of age. 
(b-d) Quantification of DNA content in liver nuclei from (b) E2f7-/-E2f8-/-, (c) E2f7-/-, and 
(d) E2f8-/- mice, and their respective wild-type littermates at 3, 4, and 5 weeks of age. The 
percentage of nuclei with indicated DNA content (2C, 4C, 8C) was calculated scoring the 
number of events at each ploidy level and presented as mean ± SEM percentage PI stained 
nuclei (n=3 mice/genotype). (e) Expression of E2f7 and E2f8 measured by qPCR in livers of 
wild-type , E2f7-/-, and E2f8-/- mice. Data represent average ± SEM (n=5 mice/genotype). 
(f) Quantification of E2f7 and E2f8 copy numbers per ng RNA in 4 weeks old wild-type livers. 
Data represent average ± SEM (n=5 mice/genotype). *P<0.05 versus wild-type.
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Given the polyploidization defect was more severe in E2f7-/-E2f8-/- livers 
compared to individual knockout livers, we measured the expression levels 
of atypical E2Fs in livers of individual E2f7-/- and E2f8-/- mice by qPCR. This 
analysis showed that E2f7 mRNA levels increased in E2f8-/- livers, whereas 
E2f8 mRNA levels did not change in E2f7-/- livers (Fig. 3e), supporting the 
above observation that E2F7 could partially compensate for the loss of 
E2F8 function (Fig. 2a-c). Furthermore, we discovered that E2f7 mRNA 
levels in postnatal wild type livers are extremely low compared to E2f8 
mRNA levels (Fig. 3f), consistent with our previous Northern blot analysis 
demonstrating that E2f7 expression is almost not detectable in adult 
livers, whereas E2f8 is highly expressed18, 19. These gene expression data 
suggest that the observed differences in liver polyploidization phenotypes 
between atypical E2F knockout mice is related to their expression levels 
in the liver.  

Expression of cytokinetic genes is up-regulated in E2f7-/-E2f8-/- 
livers 

Since atypical E2Fs function as transcriptional repressors17, 25, we wanted 
to identify gene products that were altered in postnatal livers deficient for 
these E2F family members. Because inhibition of hepatocyte binucleation 
was more pronounced in E2f7-/-E2f8-/- than E2F8-/- livers (Fig. 2a,b), we 
performed cDNA microarray analysis on 3, 4 and 16 week old wild type 
and E2f7-/-E2f8-/- livers. This global analysis of gene expression showed 
that 2-3 times more transcripts were upregulated than down-regulated 
in E2f7-/-E2f8-/- livers relative to wild type (Fig. 4a, b), underscoring that 
E2F7 and E2F8 act as transcriptional repressors. Functional annotation 
of upregulated genes in 4 week old livers revealed a bias for cell cycle 
gene products known to be involved in DNA replication (e.g. E2f1, Cdc6, 
Ccna2, Pcna), DNA repair (e.g. Brca2, Rad51), mitosis (e.g. Aurka/b, 
Ccnb1, Plk1) and cytokinesis (e.g. Ect2, Mklp1, Racgap, Prc1) (Fig. 4c and 
Supplementary Table S2-4). Interestingly, previous studies demonstrated 
that a subset of these up-regulated transcripts including Racgap, Aurkb, 
Prc1 and Plk1 showed altered expression and localization during hepatocyte 
binucleation26. Remarkably the majority of the cell cycle transcripts were 
up-regulated exclusively at 4 weeks coinciding with the time when liver 
cell polyploidization starts (Fig. 4c). A small subset of these cell cycle 
transcripts involved in DNA replication (e.g. E2f1, Cdc6, Mcm2,3,6) were 
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already up-regulated at 3 weeks, but not at 16 weeks (Fig. 4a, c and 
Supplementary Table S2-4). qPCR and Western blot analysis confirmed 
the altered expression of many of the genes in 4 week old E2f7-/-E2f8-/- 
livers (Fig. 5 and Supplementary Fig. S2). E2f8-/- livers showed a similar 
but less pronounced up-regulation of gene products involved in DNA 
replication, mitosis and cytokinesis, whereas deletion of E2f7 does not 
alter their expression.

Figure 4. inactivation of atypical E2Fs increases E2F-target gene expression 
(a, b) Venn diagrams of up- and down-regulated transcripts, respectively. Gene names 
per category are shown in Supplementary Table S4. (c,d) Heat maps of significantly 
enriched PANTHER gene ontology clusters of up- and down-regulated transcripts from 
microarray analysis on E2f7-/-E2f8-/- versus wild-type livers at 3, 4, and 16 weeks of age. 
Fold enrichments over background were calculated using DAVID. Detailed ontology results 
are listed in Supplementary Table S3. (e) E2F binding sites near transcription start sites of 
transcripts analyzed using Pscan. Bars indicate matching scores of putative binding sites 
relative to the positional sequence frequency matrix of the consensus E2F motif TTTSSCGC. 
Average scores per condition were compared with a random background score (bg; red line).  
*P=0.01 versus background; ***P=1.9x 10-24 versus background, Bonferroni-corrected. 
Sequences, scores and location of E2F binding site are listed in Table S2. 
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overrepresented transcription factor binding sites27, revealed that the 
majority of up-regulated gene products in 4 and 16 week old E2f7-/-

E2f8-/- livers contain consensus E2F binding sites in their promoter (Fig. 
4e). Many genes with high matching scores are known E2F target genes 
(Supplementary Table S2), confirming that high scores correspond with 
a high likelihood of the sequences to represent a true E2F binding site. 
In contrast, down-regulated transcripts do not show E2F motif matching 
scores above background levels and are involved for example in lipid and 
steroid metabolism (Fig. 4d, e, Supplementary Fig. S2b and Table S2-
4).  Together, these data suggest an important role for E2F8-mediated 
repression of cell cycle regulated E2F-target genes during the onset of 
liver cell polyploidization, coinciding with the time when atypical E2F 
transcription is induced.
  

Figure 5. inactivation of atypical E2Fs increases cytokinetic gene expression
(a) Expression of cell cycle genes was measured by qPCR in livers at 4 weeks of age. Data 
presented as average ± SEM (n=3 mice/genotype). *P<0.05 versus wild-type. (b) Western 
blot analysis of cell cycle genes in livers at 4 weeks of age. Arrows indicate specific bands, 
whereas asterisk indicates unspecific bands.

Cytokinetic genes are direct targets of atypical E2Fs and E2F1

We then performed chromatin immunoprecipitation (ChIP) assays to 
assess the ability of E2F7 and E2F8 to bind to promoters that were up-
regulated in 4 week old E2f7-/-E2f8-/- livers. ChIP assays were performed 
in HepG2 cells, a human liver cancer cell line, since ChIP- grade antibodies 
are currently only available for human, but not for murine E2F7 and E2F8. 
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qPCR assays showed that endogenous E2F7 and E2F8 were recruited to 
promoters of genes involved in DNA replication, mitosis, and cytokinesis 
(Fig. 6a). Remarkably, E2F8 was more enriched on these promoters than 
E2F7. To exclude that differences in antibody affinity are responsible for 
the enhanced recruitment of E2F8 to target promoters, we overexpressed 
flag-tagged versions of E2F7 and E2F8 (Supplementary Fig. S3a) and 
confirmed the enhanced enrichment of E2F8 on promoters utilizing an 
antibody against the Flag-epitope (Fig. 6b). A mutant form of E2F8 that 
is incapable of binding DNA failed to immunoprecipitate target promoters.

Next, we investigated whether promoters of E2F7/8 target genes also 
recruit E2F1 in hepatocytes. To this end, we performed ChIP assays in 
HepG2 cells with an anti-E2F1 antibody. These experiments showed that 
E2F1 protein is enriched on the same promoters as the atypical E2Fs 
(Fig. 6c). These findings suggest that genes involved in DNA replication, 
mitosis and cytokinesis are regulated by the atypical E2F repressors, in 
particular E2F8, as well as by the classical E2F1 activator.   

loss of E2f1 rescued polyploidization defects in E2f7-/-E2f8-/- livers 

Given that E2F8 and E2F1 bind to common targets, we hypothesized 
that E2F1 could participate in regulating the same genes as the atypical 
E2Fs, particularly in the absence of E2F7 and E2F8 function. To test this 
possibility, Alb-cre+/-E2f7loxP/loxPE2f8loxP/loxP mice were bred with E2f1+/- mice 
to generate Alb-cre+/-E2f7loxP/loxPE2f8loxP/loxPE2F1-/- mice with combined 
deletion of E2f7, E2f8 and E2f1 in the liver (referred as E2f7-/-E2f8-/-E2f1-/-). 
Immunofluoresence and flow cytometry analyses performed on three and 
four week old E2f7-/-E2f8-/-E2f1-/- livers showed that loss of E2F1 reduced 
the defect in hepatocyte binucleation, density and polyploidization caused 
by a deficiency in E2f7 and E2f8 (Fig. 7a-e). E2f8-/-E2f1-/- mice showed 
a similar rescue of the polyploidization defect (Supplementary Fig. S3b). 
In addition, qPCR analysis demonstrated that inactivation of E2F1 also 
suppressed the up-regulation of cell cycle genes in E2f7-/-E2f8-/- livers, as 
shown here for Racgap, Mklp1, Ect2, and Cdc6 at different time points 
post weaning (Fig. 7f and Supplementary Fig. S3c). We interpret these 
results to mean that high levels of E2F target genes observed in E2f7-

/-E2f8-/- livers is due to the additive effective of both derepression and 
E2F1-mediated activation. Consistent with this view, we found that E2f1-/- 
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Figure 6.  E2F8 and E2F1 bind to the same promoters of cytokinetic genes
(a) ChIP-qPCR on a panel of E2F target genes in HepG2 cells. ChIP assays were performed 
with antibodies against E2F7, E2F8 or non-immune IgG. A non-specific region 700bp 
upstream of E2F binding sites of the E2F1 promoter (control) served as negative control for 
unspecific binding. (b) ChIP-qPCR performed on HepG2 cells overexpressing flag-tagged 
E2F7 (7-flag), E2F8 (8-flag), or E2F8-DNA binding domain mutant (8m-flag). (c) ChIP-qPCR 
assays with an antibody against E2F1 or IgG in HepG2 cells. Graphs represent average ± 
SEM (n=3).
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livers showed enhanced hepatocyte polyploidization (Fig 7a,d,e) 
accompanied with reduced cell cycle gene expression relative to wild type 
livers two days after weaning (Fig. 7f and Supplementary Fig. S3c). These 
data are supported by the observation that transgenic overexpression 
of E2F1 in mice inhibits hepatocytes polyploidization28. Livers of E2f2-

/- and E2f3-/- mice showed no differences in hepatocyte polyploidization 
compared to wild-type littermates (data not shown). In summary, we 
conclude that E2F1 is a key modulator that antagonizes E2F8-mediated 
repression through activation of the same target genes which are critical 
for controlling hepatocyte polyploidization.

Polyploidization has no impact on liver differentiation and 

regeneration

We first tested whether E2f7-/-E2f8-/- livers show normal liver zonation 
by analyzing the expression of differentiation markers utilizing 
immunohistochemistry. Hepatocytes express location-dependent enzymes 
to facilitate detoxification29. Therefore periportal and pericentral hepatocytes 
can be identified by their specific content of specific enzymes. Here, two 
zonally expressed proteins and key enzymes in ammonia metabolism, 
glutamine synthetase (GS; pericentral) and carbamoylphosphate 
synthetase I (CPS; periportal) were tested for their expression as markers 
for fully differentiated hepatocytes29. Furthermore, we investigated the 
expression of Alpha-fetoprotein (AFP, immature hepatocyte), Cytokeratin 
19 (CK19, bile ducts and oval cells), and TdT-mediated dUTP nick end 
labeling (TUNEL, apoptotic cells). These experiments showed equal 
expression patterns of tested markers between wild type and E2f7-/-E2f8-/- 
livers at different stages of postnatal development (Fig. 8a and data not 
shown). 

Liver weight analysis revealed that livers of weaned E2f8-/- and E2f7-/-

E2f8-/- mice were slightly heavier compared to wild type and E2f7-/- livers 
(Supplementary Fig. S4). These observations prompted us to examine 
proliferation in E2f7-/-E2f8-/- livers more closely. When assessed by 
immunohistochemistry and flow cytometry using Ki67(G1-M), PH3(G2-M) 
and BrdU(S)-specific antibodies, we observed no significant differences 
in the percentage positively stained nuclei between wild-type and E2f7-/-

E2f8-/- livers at different time points after weaning (Fig. 8b and data not 
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Figure 7. loss of E2f1 restores polyploidization in E2f7-/-E2f8-/- livers
(a) Immunofluorescence staining for β-catenin and TO-PRO-3 of liver sections of indicated 
genotypes at 4 weeks of age. Scale bars indicate 5 μm. (b) Quantification of binucleated 
hepatocytes in TO-PRO-3 / β-Catenin-stained liver sections at 4 weeks of age. Data 
presented as mean ± SD of (n=4 mice/genotype, 500-1000 cells/mouse). (c) Quantification 
of hepatocyte density in liver sections at 4 weeks of age. Data represented as mean ± SD 
(n=4 mice/genotype). (d) Representative FACS histograms showing DNA content of PI-
stained liver nuclei at 4 weeks of age. (e) Flow cytometric quantification of hepatocyte 
nuclei from livers at 21, 23 and 28 days of age. Results are expressed as mean ± SEM (n=4 
mice/genotype). (f) Expression of Ect2, Mklp1, and Racgap measured by qPCR in livers 
at 21, 23 and 28 days of age. Data presented as average ± SEM (n=3 mice/genotype). 
*P<0.05 versus wild-type; #P<0.05 versus E2f7-/- E2f8-/-.
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Figure 8. Polyploidization has no impact on hepatic differentiation or regeneration.
(a) Immunohistochemical analysis for glutamine synthetase (GS), carbamoylphosphate 
synthetase (CPS), alpha-fetoprotein (AFP), cytokeratin 19 (CK19), or TdT-mediated dUTP
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shown). These findings suggest that the minor increase in liver weight is 
not related to enhanced proliferation. 

Given that decreased regenerative capacity of the liver in older animals 
coincides with greater proportions of polyploid hepatocytes, we wanted to 
determine whether loss of polyploidization had any functional consequences 
on liver regeneration.  We performed partial hepatectomies in wild-
type and E2f7-/-E2f8-/- mice at the age of 4 months and 18 months and 
analyzed liver weight and BrdU incorporation at different time points post 
hepatectomy. These analyses failed to reveal any significant differences 
in the regenerative capacity of E2f7-/-E2f8-/- and wild-type livers (Fig. 8c). 

To assess whether inhibition of polyploidization had an effect on detoxifying 
activity of liver cells, we treated wild type and E2f7-/-E2f8-/- mice with the 
hepatotoxin 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) for 3 weeks. 
The xenobiotic drug DDC causes severe liver damage with biliary porphyrin 
accumulation, inflammation, fibrosis and continuous proliferation of 
hepatocytes, bile duct cells and oval cells. Histological analysis of the liver 
sections revealed no obvious differences in the overall toxic response to 
DDC (Fig. 8d). Furthermore, we observed no detectable differences in liver 
weight, PH3-stained liver nuclei, serum levels of alanine aminotransferase 
(ALT, liver injury test) and porphyrin accumulation. 

DiSCuSSiON

In contrast to many previous studies stating that liver cell polyploidy 
is generally considered to indicate terminal differentiation and cellular 
senescence4-7, 30, the data presented here suggest that polyploidization is 

nick end labeling (TUNEL) on liver  sections from 4 week old mice. (b) Quantification of Ki67 
or phopho-histone 3 (PH3) positive hepatocyte nuclei in wild-type (WT) and E2f7-/-E2f8-/- 
(78-/-) livers at indicated age. Data represent average ± SEM (n=3 mice/genotype). (c) 
Liver/body weight (LW/BW) ratio in E2f7-/-E2f8-/- and wild-type livers of young (4 months) 
and old (18 months) mice at different time points after two-thirds partial hepatectomy. 
BrdU incorporation was measured by flow cytometry after staining hepatocyte nuclei with 
anti-BrdU FITC antibody and PI. (d) Representative HE stained liver sections from 14 weeks 
old mice fed 0.1% 5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) containing diet for 3 
weeks (far left panel). Quantification of liver/body weight ratio, PH3, porphyrin, and alanin 
transaminase (ALT) serum levels. Data represent average ± SD (n=3 mice/genotype).
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not required for hepatocyte differentiation or zonation and does not 
impair liver cell proliferation. We show that changing the ploidy status 
of hepatocytes does not alter its physiology at least for the physiological 
parameters we have investigated, but seems to create a similar cell 
of a different size. Recent studies by Duncan et al. are consistent with 
our data showing that diploid and octoploid hepatocytes proliferated at 
equivalent rates12. The appearance of polyploid cells has been noticed 
commonly after cellular stress, ageing, and in various diseases, perhaps 
because polyploidy confers a metabolic benefit13. Remarkably, our data 
demonstrate that livers composed of predominately polyploid hepatocytes 
have no advantage in metabolizing for example xenobiotic drugs compared 
to livers composed of diploid cells. However this observation does not 
rule out the possibility that a polyploid hepatocyte is still more metabolic 
active than a diploid hepatocyte, because diploid cells in E2f7-/-E2f8-/- 
livers might compensate through their increased cellular density. 

In vitro and in vivo experiments presented here provide a mechanism for 
controlling hepatocyte polyploidization, where E2F8 and E2F1 regulate a 
transcriptional program through repression and activation, respectively. 
Genetic inactivation of E2f8 resulted in increased expression of cell cycle 
regulated E2f- target genes including Ect2, Mklp1, and Racgap, which 
are essential regulators of cytokinesis31. Ablation of E2f1 reduced the 
expression of these cytokinetic genes and rescued the polyploidization 
defect of hepatocytes deficient for atypical E2Fs. Consistent with a direct 
role in transcriptional regulation, ChIP experiments show that E2F8 and 
E2F1 are recruited to the same promoters of cytokinetic genes and that 
this requires intact DNA-binding activity.
 
Previous studies showed that Ect2, Mklp1, and Racgap are impaired in 
relaying information from the spindle to the cortex during hepatocyte 
binucleation, thereby preventing the formation of a functional contractile 
actomyosin ring and thus cytokinesis26. In addition, expression of a 
dominant negative mutant of Ect2 increased the number of binucleated 
hepatocytes32, supporting the concept that inhibition of cytokinetic gene 
expression through E2F8 transcriptional repressor activity promotes 
binucleation and consequently polyploidization. 

A substantial portion of the deregulated transcripts identified in E2f7-



39

C
hapter 2

/-E2f8-/- livers are not only involved in cytokinesis but are also in DNA 
replication, DNA repair and chromosome segregation. Previous studies 
showed that DNA replication and DNA repair factors such as ORC6 
and BRCA2 can localize to the cleavage furrow and are required for 
cytokinesis33, 34. Moreover, replication or repair defects can lead to aberrant 
chromosomes, segregation errors, and chromatin trapped at the division 
site blocking cytokinesis13. These studies show that disturbance in DNA 
replication or repair can have consequences on the cytokinesis process, 
suggesting that E2F8 mediated repression of DNA replication/repair gene 
expression could possibly also contribute to cytokinesis failures and 
generate polyploid cells. 
  
Studies in Drosophila and Arabidopsis discovered an important role for 
E2Fs in the control of endocycles2, 35, 36. Such cell cycles consist of S and 
G phase without mitosis and result in the formation of polyploid cells35, 

37. Although atypical E2Fs have not been identified in flies, plants express 
three different atypical E2Fs (E2Fd,e,f)16. In contrast to our observation 
and a recent study where loss of atypical E2Fs prevents hepatocyte 
polyploidization and trophoblast endocycles38, atypical E2feKO knockout 
plants displayed enhanced endocycles39. E2Fe represses the anaphase-
promoting complex/cyclosome (APC/C) activator gene Cdh1, which 
triggers the destruction of mitotic cyclins39. Similar observations have 
been made in flies and mice, where inhibition of CDK1 blocks mitotic 
progression and thereby promotes endocycles40, 41.

However, there are some interesting parallels between our work and studies 
performed in non-mammalian species that supports the hypothesis that 
E2Fs are essential for polyploidzation and require the downregulation of 
E2F target genes. For example gene expression analysis in flies revealed 
that E2F target genes are less expressed in endocycling than in mitotic 
cells42. We show that E2F8 is critical to repress E2F target genes to abort 
cell cycle progression and to allow polyploidization in hepatocytes. Loss 
of E2F repressors in Drosophila (dE2f2) and Arabidopsis (E2Fc), as well 
as expression of a stabilized variant of the E2F activator (dE2F1PIP3a) 
prevented endocycles43-46, supporting the concept that continuously 
high expression levels of E2F target genes during cell cycle progression 
prevents polyploidization. Concurrent with this concept, we have shown 
that E2F target genes are continuously up-regulated during S-G2/M in 
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mammalian cells deficient for atypical E2Fs17, 25. 

In summary, we show that regulation of E2F target genes through E2F8 
repression and E2F1 activation controls polyploidzation in mammalian 
cells. Concurrent with this work, studies in mice demonstrated antagonistic 
roles for E2F7/8 and E2F3a in coordinating a transcriptional network 
essential for placental development47, providing evidence that atypical 
E2F repressors and classical E2F activators control not only hepatocyte 
polyploidization but also other developmental processes.

METhODS

Animals. All experiments were approved by the Utrecht University Animal 
Ethics Committee and performed according to institutional and national 
guidelines. E2f7 and E2f8 knockout mice (conditional and conventional) 
were generated as described previously17. Albumin-cre and R26R-LacZloxP/

loxP mice were derived from Jackson laboratory48, 49. E2f1 mice were provided 
by Dr. M. Greenberg (Duke University Medical Center, North Carolina). All 
mice were bred into FVB background for at least 5 generations.  Partial 
hepatectomy on mice were performed as described previously50.

Immunofluorescence and Immunohistochemistry. Formalin-fixed 
liver tissues were embedded in paraffin, and cut into 4 μm sections. After 
deparaffinization and dehydration, antigen retrieval was done by boiling 
sections in 10 mM citrate buffer for 15 min, followed by cooling at room 
temperature for 30 min). Immunofluorescent cell membrane staining 
was done using rabbit anti-β-catenin (Abcam, ab2982; diluted 1:100 in 
PBS) and anti-rabbit Alexa Fluor 488 (Invitrogen, A-11008; 1:200 in PBS) 
antibodies. TO-PRO-3 (Invitrogen, T3605; 1:200 in PBS) was used to stain 
nuclei. Images were taken using a Leica DMRE fluorescence microscope 
with 40x objective (IP Lab software) and analyzed for hepatocyte nuclei 
numbers using ImageJ software.For Ki67 immunohistochemical staining, 
sections were stained with rabbit anti-Ki67 antibody (Biogenex, MU297-UC; 
1:75 in PBS) and biotinylated secondary antibody (Vector Labs, BA2000; 
1:250 in PBS). Vectastain Elite ABC reagents (Vector Labs) were used 
according to the manufacturer’s instructions. Slides were counterstained 
with hematoxylin. Similar staining were done using following antibodies for 
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phospho-Histone H3 (Millipore, 06-570; 1:600 in PBS), alpha-fetoprotein 
(Santa Cruz, sc8108; 1:50 in PBS), cytokeratin 19 (Abcam, ab15436; 1:50 
in PBS), carbamoylphosphate synthetase (generated by W. Lamers51; 
1:1000), glutamine synthetase (BD Transduction Laboratories, 610518, 
clone 6/Glutamine Synthetase; 1:1000). TUNEL positivity was analyzed 
using Millipore ApopTag® peroxidase in situ apoptosis detection kit 
(S7100). For porphyrin measurements, liver sections were stained with 
H&E and analyzed using ImageJ software. 

β-galactosidase staining. Liver tissues were incubated in a fixative (2% 
paraformaldehyde, 0.2% glutaraldehyde in a 100 mM sodium phosphate 
buffer, pH 7.4) for 2 h at 4°C, then washed for 10 min twice in PBS, 
and finally stained in β-galactosidase staining solution (4 mM potassium 
ferricyanide, 4 mM potassium ferrocyanide, 2 mM MgCl2, O.2% NP-40, 
0.1% sodium deoxycholic acid and 1mg/ml X-gal (Sigma, B4252) in PBS). 
X-gal-stained tissues were washed for 10 min twice with PBS and postfixed 
in 10% neutral-buffered formalin for 48 hr at 4°C. Samples were paraffin 
embedded, and 5 μm sections were counterstained with nuclear fast red.

Flow cytometry. Freshly prepared liver cell suspensions were fixed in 
70% ethanol overnight at 4°C. Cells were washed in PBS and then treated 
with pepsin (0.5 mg/ml 0.1N in HCl) to isolate hepatocyte nuclei. The 
nuclei were stained with anti-BrdU-FITC (Becton Dickinson; 347583), 
and/or PI (propidium iodide; 5 μg/ml PI and 250 μg/ml RNAse in PBS), 
and analyzed with a FACS Calibur flow cytometer (Becton Dickinson) and 
BD CellQuest Pro software.

RNA isolation, cDNA synthesis and quantitative PCR. Total RNA was 
isolated from pieces of snap-frozen liver using the Qiagen RNeasy kit as 
described by the manufacturer, which included the optional DNase treatment 
before elution from columns. Subsequently, cDNA was synthesized with 
random hexamer primers according to the manufacturers’ protocol. 
(Fermentas, K1622). Quantitative PCR was performed on a BioRad MyiQ 
Cycler using SYBRgreen Supermix (BioRad). Reactions were performed 
in duplo, and relative amounts of cDNA were normalized to GAPDH using 
the ∆∆Ct method. Primer sequences for the indicated genes are included 
in Supplementary Table S1.
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Gene expression microarrays. Microarrays were performed on E2f7-/-

E2f8-/-   versus wild-type livers at 3, 4 and 16 weeks of age. Total RNA was 
isolated from livers using the RNeasy kit (Qiagen). Subsequently, cDNA 
was synthesized and Cy-3/Cy-5 labeled cRNA was generated by using a 
Low RNA Input Fluorescent Linear Amplification Kit (Agilent Technologies, 
Santa Clara, CA). The labeled cRNA was purified using a Qiagen RNeasy 
kit and hybridized on 4X44K Agilent Whole Mouse Genome Dual Color 
Microarrays (G4122F). A duplicated dye swap experiment was performed 
in each case. Microarrays were scanned on an Agilent scanner at 5 μm 
resolution. Microarray signal and background information were retrieved 
with Feature Extraction (V9.5.3, Agilent technologies). Statistical analysis 
of expression changes was performed by using Gene Spring GX (Agilent). 
Only features with a fold change higher than 1.5 and a corrected P value 
below 0.05 were further analyzed. Lists of up- or downregulated transcripts 
were analyzed using the DAVID and PANTHER gene ontology tools52,53.  
Enrichment of PANTHER Biological Pathway terms was determined, and 
P-values and Benjamini corrected P-values were calculated using DAVID. 
A Benjamini value below 0.05 was considered statistically significant. 

E2F binding sites analysis. The Pscan algorithm54 was used to detect 
overrepresentation of E2F binding motifs in promoter regions between 
-450 and +50 base pairs from the transcription start site. Briefly, for each 
promoter in a list, the short sequence most closely matching the position 
weight matrix of the classic E2F motif (TTTSSCGC, where S is either a C or 
a G) within the indicated promoter region of each gene was identified, and 
a matching score was calculated, where 0 means no match at all, and 1 is 
a perfect match. Average matching scores were then tested for significant 
changes compared to the background score of the whole mouse genome, 
using a z-test with Bonferroni correction for multiple testing. 

Concentration E2f7 and E2f8 mRNA in mouse livers. A dilution series 
for qPCR (10ng to 0.0001ng) was prepared using plasmids containing 
E2f7 or E2f8 cDNA (pcDNA3-mE2f7-HA, pcDNA3-his-myc-mE2f8 flag) 
and mixed with cDNA from livers of E2f7-/- or E2f8-/- mice, respectively. 
Quantitative PCR was performed on the dilution series and wild-type liver 
samples (n=5) from 4 week old mice. With the Bio-Rad IQ5 2.0 standard 
edition the relative quantity ∆CT was calculated for E2f7 and E2f8 samples 
using IQ5 2.0 (Bio-Rad). Copy numbers of the template in 10 ng plasmid 
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DNA was then calculated using the formula: number of copies = (amount 
* 6.022 x 1023) / (length * 1x109 * 650).) Ten nanograms of plasmid DNA 
contained for E2f7 1.12x 109 copies and for E2f8 1.19 x 109. This was used 
to calculate the number of copies in the wild-type liver samples. 

Western blot analysis. Liver nuclear extracts were prepared using 
Qproteome Cell Compartment Kit from Qiagen (37502) according to 
manufacturer’s instructions. Liver and HepG2 whole cell lysates were 
prepared using a lysis buffer containing 150 mM NaCl, 1.0% NP40, 
0.5% deoxycholate, 0.1% SDS, 50 mM Tris (pH 8.0), supplemented 
with Protease Inhibitor Cocktail (Roche).  Protein lysates were separated 
by SDS-polyacrilamide gel electrophoresis (PAGE) and transferred 
to nitrocellulose membrane. Membranes were probed with following 
antibodies: anti-E2F1 (Santa Cruz, sc-193; diluted 1:1000), anti-E2F2 
(Santa Cruz, sc-633; 1:500), anti-E2F3 (Santa Cruz, sc-878; 1:500), 
anti-E2F4 (Santa Cruz, sc-1082; 1:500), anti-E2F8 (abcam, ab109596; 
1:1000), anti-Cyclin A (Santa Cruz, sc-596; 1:1000), anti-Aurora A (Cell 
Signaling, 3092; 1:1000), anti-ECT2 (Santa Cruz, sc-1005; 1:500), anti-γ-
Tubulin (Sigma, T6557, clone GTU-88; 1:2000), anti-HDAC1 (Santa Cruz, 
sc-7872; 1:500), and anti-flag (Sigma Aldrich, F3165, clone M2; 1:2000). 
As secondary antibodies, anti-rabbit-HRP (Amersham Biosciences, NA934; 
1:5000)  and anti-mouse-HRP (Amersham Biosciences, NA931; 1:5000) 
were used. All antibodies were diluted in 4% non-fat milk in TBST.

Cell culture and transfections. HepG2 cells, a well differentiated 
human hepatocellular carcinoma cell line (ATCC HB-8065), were cultured 
in DMEM (Invitrogen, 41966-052) supplemented with 10% FBS (Lonza, 
DE14-802F). For transfections with flag-tagged versions of E2F7 and -8, 
2.5 million cells were plated in 100 mm2 cell culture dishes. The next day, 
transfections were done using 50 μL Dharmafect4 (Dharmacon) and 35 μg 
of pcDNA3 plasmid DNA containing cDNA encoding flag-tagged versions 
of E2F7, E2F8, or N-terminally deleted E2F8 lacking the first 1145 base 
pairs, which contain the DNA binding domains of E2F8. After 24 hours, 
the medium was replaced, and 48 hours after transfections, cells were 
processed for ChIP and immunoblotting.

Chromatin immunoprecipitation. ChIP was performed according the 
Millipore’s EZ ChIP protocol, with the following specifications: cells were 
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crosslinked for 10 minutes using 1% freshly prepared paraformaldehyde. 
Crosslinking was then stopped by adding 100 mM glycine for 5 minutes. 
After washing twice with PBS, cells were scraped in 1 ml of ChIP lysis 
buffer. Immunoprecipitations on sonicated chromatin were performed 
using BSA-blocked Fast Flow Agarose G beads (Millipore, 16-266). For 
E2F1 and flag immunoprecipiations (IPs), 2 million cells were used in 
each reaction. For detection of endogenous E2F7 and E2F8 enrichment on 
target promoters, a double IP protocol was used, as previously described, 
with an input of 20 million cells per IP25. In regular IPs, 2 μg of one 
of the following antibodies was used: anti-E2F1 (sc-193), or anti-flag 
(F3165). Equal amounts of rabbit and mouse normal IgG (DAKO X0931 
and Cell Signalling #27295) were used as negative controls. Double IPs 
were performed with 10 μg and 5 μg of antibody for first and second 
IP reactions, respectively. The following antibodies were used: anti-E2F7 
(Santa Cruz, sc-66870), anti-E2F8 (Abcam, ab109596), or rabbit IgG.

Serum analysis. Alanine transaminase (ALT) activity in serum was 
measured using the UniCel DxC Synchrome (Beckman Coulter).

Statistical methods. Data are presented as means ± SEM, unless 
indicated otherwise. Differences between two groups were compared 
using a t-test in normally distributed groups. When data were not 
normally distributed, differences were compared with a Mann-Whitney 
test. For the results involving more than two groups, one-way ANOVA 
followed by Tukey’s correction was used. When not normally distributed, 
multiple groups were tested by Kruskal-Wallis tests with Dunn’s post hoc 
correction. Differences were considered significant at the level of P<0.05.

Accession number. The gene expression microarray data used in this 
study may be viewed under ArrayExpress accession: E-MEXP-3384 at  
http://www.ebi.ac.uk/arrayexpress/
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Supplemental Figure S1 (a-c) Confirmation of E2F antibody specificity in mouse liver 
protein lysates. (a) E2F1 immunoblot of liver nuclear protein extracts from 4 week old wild-
type and E2f1-/- mice. HDAC1 was used as loading control. (b) E2F2 immunoblot of liver 
protein lysates from 4 week old wild-type and E2f2-/- mice. Gamma-tubulin was used as 
loading control. (c) Immunoblot on liver protein lysates using antibody detecting E2F3a and 
E2F3b isoforms. (d-g) Liver specific deletion of E2f7 and E2f8 in mice. (d) Immunoblot with 
E2F8-specific antibody on liver protein lysates from liver of 5 weeks old wild-type mouse, 
adult wild-type and liver-specific E2f7-/-E2f8-/- mice 40 hours after partial hepatectomy (pHx). 
(e) Macroscopic pictures of livers with indicated genotypes stained in situ with 5-bromo-4-
chloro-3-indolyl-D-galacto-pyramoside (X-gal). Lower panel shows microscopic pictures of 
X-gal and nuclear fast red stained liver sections. (f) Genotyping PCRs for Cre, E2f7, and 
E2f8 on livers from mice with the indicated genotypes at 3 and 4 weeks of age. ∆ stands 
for deleted allele. (g) Expression of E2f7 and E2f8 in adult livers of the indicated genotype 
measured by qPCR.
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Supplemental Figure S2. Gene expression analysis in livers deficient for atypical E2fs (a) 
Confirmation of microarray data of significantly upregulated cell cycle transcripts in E2f7-/-

E2f8-/- livers at 4 weeks of age by qPCR analysis. Wild-type samples were normalized to 1. 
Data presented as average ± SEM of fold induction (n=4 mice/genotype). (b) Verification 
of decreased transcripts analyzed and presented as in a. (c) Expression of other cell cycle 
transcripts analyzed and presented as in a.
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Supplemental Figure S3. (a) Flag-immunoblots showing expression of flag-tagged E2F7, 
E2F8, an N-terminally deleted version of E2F8 lacking both DNA binding domains (8m), or 
empty vector (e.v.) in HepG2 cells, 48 hours after transfection. Arrows indicate the different 
constructs, asterisks indicate non-specific bands. Gamma-tubulin was used as loading con-
trol. (b-c)  Loss of E2f1 in E2f8-/- livers rescues the polyploidization defect, and restores E2F 
target gene expression. (b) Flow cytometric quantification of hepatocyte nuclei from livers 
at 4 weeks of age. Results are expressed as mean ± SD (n=2-6 mice/genotype). *P<0.05 
versus wild-type; # P<0.05 versus E2f8-/-. (c) Expression of Cdc6 transcripts measured by 
qPCR in the livers of mice with indicated genotypes at 21, 23, and 28 days of age. Wild-type 
samples were normalized to 1. Data presented as average ± SEM of fold induction (n=3 
mice/genotype). *P<0.05 versus wild-type; #, P<0.05 versus E2f7-/-E2f8-/-.

Supplemental Figure S4. Liver weight analysis of atypical E2f-deficient mice. Liver/body 
weight ratios in wild-type versus E2f7-/-, E2f8-/- or E2f7-/-E2f8-/- livers at indicated ages. Bars 
represent mean ± SEM of 2-5 mice per genotype.
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Supplemental Figure S5. Full immunoblot scans. Figure S1b are lanes 3 and 7 of the E2F2 
and tubulin blots of Figure 1b.

Supplemental tables are available in the online version of this paper.
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ABSTRACT 

Programmed polyploidization occurs in all mammalian species during 
development and aging in selected tissues, but the biological properties 
of polyploid cells remains obscure. Spontaneous polyploidization arises 
during stress and has been observed in a variety of pathological conditions, 
such as cancer and degenerative diseases. A major challenge in the field 
is to test the predicted functions of polyploidization in vivo. However, 
recent genetic mouse models with diminished polyploidization phenotypes 
represent novel, powerful tools to unravel the biological function of 
polyploidization. Contrary to the long-standing hypothesis, polyploidization 
appears to not be required for differentiation and has no obvious impact 
on proliferation. Instead, polyploidization leads to increased cell size and 
genetic diversity, which could promote better adaptation to chronic injury 
or stress. We discuss here the consequences of reducing polyploidization 
in mice and review which stress responses and molecular signals trigger 
polyploidization during development and disease. 

Biological function of polyploidization

Polyploidization, the addition of one or multiple complete sets of 
chromosomes, is one of the most dramatic changes known to occur in the 
genome. Surprisingly this fascinating phenomenon is well tolerated and 
common in nature, especially in plants, flies and fungi [1]. In mammals, 
polyploidy occurs in specific tissues, such as the placenta, bone marrow, 
heart, and the liver [2]. Given that cellular stress promotes polyploidization 
and many diseased organs contain polyploid cells, it is also assumed 
that polyploidization represents a pathological lesion that influences 
cellular function such as proliferation or metabolism. However to define 
the physiological role of polyploidization, it will be critical to determine 
the consequences of reducing polyploidization in vivo. Recently, multiple 
mouse studies provided surprising new insights into the physiological 
function of polyploidization and refuted some of the main postulated 
function for polyploidization. Here, we will discuss the different postulated 
functions for polyploidization, which have been based on when and where 
polyploidization occurs and circumstances that trigger polyploidization.
 

Polyploidization increases cell size 
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Does polyploidization of a cell really have physiological consequences, 
or does it just create a similar cell of a larger size? Previous studies 
demonstrated that doubling in ploidy is accompanied by an approximately 
twofold increase in cell volume in human and mouse liver cells [3]. However, 
when cell volume increases twofold, surface area only increases 1.4-fold, 
resulting in a subsequent change in spatial relationships between different 
components within the cell. Hence, interactions between subcellular 
structures, such as transport between nucleus and cytoplasm might be less 
efficient. In addition, the different scales within a polyploid nucleus could 
have effects on spindle geometry, and might result in genomic instability 
[4]. Interestingly, a genome-wide screen in yeast to identify ploidy-specific 
lethality genes revealed that of the genes required for growth of polyploid 
cells, but not diploid cells, the majority affects genomic stability [5]. These 
findings suggest that one important consequence of polyploidization could 
be reduced genomic stability, possibly due to altered spatial relationships 
within the nucleus after polyploidization. 

Polyploidization creates genetic diversity

Recent elegant work by Duncan et al. showed that polyploid liver cells 
can not only increase their DNA content, but can also reduce their 
DNA content by a process called ploidy reversal [6]. Since polyploid 
hepatocytes contain increased numbers of centrosomes, they can form 
either bipolar spindles or multipolar spindles during mitotic division. 
Bipolar spindles are established through centrosomal clustering, while 
centrosomes in multipolar spindles are oriented on more than two distinct 
poles.  During mitosis, the multipolar spindles can generate progeny 
with reduced ploidy: for example one octoploid cell can generate four 
diploid cells. Importantly during this reductive ploidization process, 
frequent chromosome missegregation leads to structural rearrangements 
of chromosomes and the formation of aneuploid hepatocytes (Figure 1). 
Although the mechanisms for inducing ploidy reversal are unknown, it 
appears to be a frequent event, because the majority of hepatocytes in 
human (30-90%) and mice (60%) are aneuploidy [7]. 

Is there any advantage for a normal mammalian cell to develop aneuploidy, 
or is it just a sequel of the polyploidization process? Recent studies suggest 
a model in which random aneuploidy can promote adaptation to hepatic 
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Figure 1. Genetic diversity in hepatocytes through polyploidzation 
Gradual polyploidization occurs in the rodent liver during postnatal development. During 
this process a proportion of diploid (2C) hepatocytes undergo incomplete cytokinesis and 
generate binucleated tetraploid (4C) hepatocytes (2x2C). Binucleated cells progressing 
through the next cell cycle with normal cytokinesis form two mononucled tetraploid cells. This 
continued process leads to formation of mono- or bi-nucleated tetraploid and octoploid (8C) 
hepatocytes and so on (the broken arrow indicates several ways leading to polyploidization). 
Interestingly, polyploid cells can also reduce ploidy through multipolar spindle formation, a 
process called ploidy reversal. During this ploidy reversal process chromosome segregation 
errors are common resulting in the formation of aneuploid daughter cells [gain (+) or loss 
(-) of one or more individual chromosomes]. Genetic diversity in the liver could be beneficial 
as well as detrimental. The liver responds to injury or stress by expanding its injury-resistant 
aneuploid cells. By contrast, genetic diversity can also lead to genomic instability and 
tumorigenesis.
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injury by increasing genetic diversity [8]. In this model, toxic injury 
leads to the selection of hepatocytes with a specific aneuploid karyotype, 
rendering them differentially resistant to chronic liver injury. A similar 
mechanism might also be valid for the adaptation of tumor cells, where 
loss or gain of chromosomes provides them with a growth advantage 
(Figure 1). 

Polyploidization as a stress response

Polyploidization appears in some cells as a normal developmental 
process, whereas in others it occurs as a result of stress. This appears to 
be especially relevant for hepatocytes given their role in detoxification. 
There is an extensive correlation between the generation of polyploid cells 
and a variety of cellular stressors. Oxidative damage or telomere damage 
as well as regeneration after partial hepatectomy are associated with a 
pronounced increase in the population of polyploid cells within the liver 
and heart [2, 9]. Furthermore, liver cell polyploidization occurs under 
conditions when resources are limited, such as during the high postnatal 
growth phase directly after weaning. These observations indicate that 
polyploidization might be a mechanism to channel the energy into 
production of proteins to maintain or increase the metabolic activity, 
instead of investing it into cell division. Under metabolic stress conditions, 
polyploidization might therefore be important to enhance the production 
of proteins and promote metabolic activity. Indeed, studies have shown 
that polyploid vascular smooth muscle cells and megakaryocytes increase 
the overall production of mRNA and proteins to be roughly proportional 
to DNA content [10, 11]. Surprisingly, multiple studies comparing the 
genome-wide expression patterns between isolated polyploid and diploid 
mammalian cells found very few differentially expressed genes (Box1), 
suggesting that polyploidization does not induce specific transcriptional 
reprogramming events, but rather increases the transcriptional and 
translational output of the same set of gene products required for a cell 
type-specific function. 

Remarkably, hepatocytes undergo polyploidization in response to DNA 
damage [12], while most other mammalian cell types would respond with 
apoptosis [13], indicating that polyploidization might be an alternative 
route to respond to genotoxic stress (Figure 2). In the liver, apoptosis-
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inducing p53 target genes are silenced during whole-body γ-irradiation, 
whereas other tissues including intestine and spleen strongly activate the 
apoptosis marker caspase-3 [13]. Suppression of apoptosis in polyploid 
cells has also been described in flies and other mammalian cell types such 
as trophoblast giant cells [14]. Although the mechanism for suppressing 
apoptosis in polyploid cells remains elusive, there is some evidence that

Figure 2. Polyploidization as an adaptation to stress 
(a) Diploid cells respond to genotoxic stress by activating the DNA damage response, and 
induction of apoptosis in case of severe stress.  However, some diploid cell types- notably 
hepatocytes- can escape cell death by undergoing polyploidization in response to stress.  
(b) Polyploid cells can suppress pro-apoptotic pathways in response to genotoxic stress. 
Another possible advantage of polyploidy is the presence of a gene backup in a situation 
where stress leads to mutation of tumor suppressor genes. Whereas the loss of one or 
two alleles could lead to transformation of a diploid cell (a), a polyploid cell could maintain 
sufficient tumor suppressor function via its spare copies (b).

2C

diploid 
cell

apoptosis

2C

transformation
mutations in tumor 
suppressor genes

genotoxic/oxidative 
stress

polyploid
cell

“backup” of 
tumor suppressor
genes

cell survival

inhibition of
pro-apoptotic
pathways

(a)

(b)

DNA damage 
response

polyploidization

4C

4C

4C



62

toleration of genotoxic stress appears to be linked to p21, a cyclin dependent 
kinase inhibitor, whose expression increases upon DNA damage [13, 15].  

Box 1. Genome-wide expression profiling on polyploid versus diploid cells.
One strategy to explore how polyploidization affects cellular functions is to compare gene expression 
in cells of different ploidy. FACS-sorted freshly isolated hepatocytes of different ploidy showed that 
4C hepatocytes had only 50 significantly changed transcripts compared to 2C hepatocyte [62]. The 
difference between 8C and 4C hepatocytes was even more modest: only 5 transcripts were reproducibly 
changed. Megakaryocytes of different ploidy were generated by stimulation of CD34+ cells with 
thrombopoietin, FACS-sorted, and analyzed by microarrays [63]. Gene ontology analysis of these 
transcripts revealed enrichments for DNA replication factors among the downregulated genes, and genes 
required for differentiation and platelet function among the upregulated genes. In this experimental 
setting, polyploidization and differentiation of megakaryocytes are intertwined processes, and cannot 
be dissected easily. However, a microarray study on mouse and human heart and liver indicated that 
polyploidy is also associated with increased expression of tissue-specific functions [49].  FACS-sorting 
on freshly isolated rat aortic vascular smooth muscle cells revealed that just 7 mRNAs were decreased 
and none were increased [64]. These studies suggest that under normal unstressed conditions, primary 
polyploid cells show only minor changes in differential gene expression compared to diploid cells. 

Single-cell model systems can be subjected to challenges such as stress in an easy and well-controlled 
manner. Tetraploidization was induced in colon cancer cells using nocodazole or cytochalasin D, and 
transcriptome changes were again very modest: only 29 transcripts were altered [65]. Strikingly, many 
of these transcripts in tetraploid cells were (putative) p53 targets, and these cells showed increased 
resistance to DNA damaging reagents, via p53-dependent activation of RRM2B. Likewise, cultured 
mesenchymal stem cells that underwent spontaneous tetraploidization had relatively small numbers of 
significantly altered transcripts, but showed higher p53 activity as well [66]. Finally, model systems 
like yeast have provided valuable insights into genetic differences associated with polyploidy. In these 
studies, isogenic yeast strains of different ploidy were compared. Again, very low numbers of significantly 
changed genes were observed in three independent studies [5, 67, 68]. Strikingly, the altered genes 
predominantly encoded proteins localizing to the cell surface and proteins which control cell surface 
components, indicating that not polyploidy per se, but rather a polyploidy-associated increase in cell size 
triggers a transcriptional program of cell surface proteins. Indeed cln3∆, a mutant yeast line, which is 
haploid but almost doubled in cell volume, showed highly similar transcriptional changes [68]. Together 
these different expression studies show that under non-stressed conditions, polyploidization does not 
seem to trigger major transcriptional changes in gene networks affecting physiological or metabolic 
processes.

Table i. Transcriptional changes associated with altered ploidy

Cell typea Method Ploidy Changed tran-
scripts (cut-off)

Function of majority changed 
genesb

Refer-
ence

Hepatocytes FACS sorting 2C vs. 4C
4C vs. 8C

8 up 22 down 
4 up 1 down 

Cell cycle (down)
n/a [62]

MKC FACS sorting 2C/4C/8C/16C 248 up 106 down Cell cycle, DNA repair (down), 
Differentiation, cytoskeleton (up) [63]

VSMC FACS sorting 4C vs. 2C 7 down (2-fold) n/a [64]

HCT116/RKO 
colorectal carci-
noma

Cytochalasin D 
or nocodazole 4C vs. 2C 9 up 20 down 

(>20%) P53-targets [65]

Mesenchymal 
stem cells

Spontaneous 
tetraploidization 4C vs. 2C 96 up 40 down 

(2-fold)
Cell cycle (down), 
P53 targets (up) [66]

S. Cerevisae Isogenic strains 1C/2C/3C/4C 10 up 7 down n/a [67]

S. Cerevisae Isogenic strains 4C vs. 2C 2 up 6 down n/a [5]

S. Cerevisae Isogenic strains 
(RNA-seq) 4C vs. 1C 30 up 35 down 

(2-fold)
Cell surface proteins and their 
regulators [68]

 
aMKC, megakaryocytes; VSMC, vascular smooth-muscle cells. bn/a, not applicable.
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p21 can inhibit Chk1, a key component of the DNA damage response 
pathway (ATR-Chk1-cdc25), thereby blocking apoptosis in response to 
DNA damage [15]. In Drosophila, polyploid cells show specific epigenetic 
silencing of proapoptotic gene promoters [16], postulating another 
mechanism by which polyploid cells acquire apoptosis resistance towards 
genotoxic stress.

However, polyploidization might protect cells against genotoxic damage 
by increasing their gene copy numbers. Acquiring multiple sets of 
chromosomes could function as a buffer against gene inactivating mutations 
due to DNA damaging agents (Figure 2). For instance, the loss of a tumor 
suppressor via mutations of one or both alleles in a diploid cell could have 
catastrophic consequences for a cell, such as uncontrolled proliferation. 
Similar mutations in a polyploid cell should result in no consequences, 
because the remaining homologs contain functional gene products that 
should potentially maintain normal function. In this particular scenario, 
polyploidization might have a tumor suppressor function through a gene 
backup system. In line with this hypothesis, early tumor lesions in the 
liver are characterized by the expansion of diploid cells in human patients 
as well as in carcinogen-induced rodent models [2], providing evidence 
that diploid liver cells are less protected against recessive mutations than 
polyploid liver cells. In contrast, it was demonstrated that tetraploid p53 
deficient mammary epithelial cells transformed in vitro after exposure 
to a carcinogen, and gave rise to malignant mammary adenocarcinomas 
in nude mice, whereas diploid p53 deficient mammary epithelial cells 
failed to form tumors [17]. Furthermore, these tetraploid cells showed 
more chromosomal alterations indicating that polyploidization might lead 
to chromosomal instability and thereby promote tumor development. 
Interestingly, high frequencies of chromosomal alterations have also been 
observed in normal polyploid hepatocytes [6], supporting the findings that 
polyploidization is linked to chromosomal instability (Figure 1). However 
these chromosomal aberrations in liver cells are not per se sufficient to 
cause cancer. The low proliferation rate of liver cells potentially reduces the 
risk that cells with an instable genome divide, and might explain the low 
incidence of liver cancer in mice (<4%) [18]. Further studies are required 
to determine whether polyploidization has either tumor suppressor or 
tumor promoting functions, and whether these activities occur in a cell-
type dependent manner.  
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Intriguingly, pharmacologic or spontaneous induction of polyploidization in 
cancer cells leads to an endoplasmic reticulum stress response, resulting in 
immunogenic polyploid cells [19]. This immunogenic response of polyploid 
cancer cells depends on the cell surface expression of calreticulin, which 
facilitates phagocytosis of stressed cells by macrophages and dendritic 
cells leading to selective elimination of polyploid cancer cells [19].  
However, it is still unknown whether this response also occurs in non-
neoplastic polyploid cells; but these findings may provide new treatment 
strategies against cancer.  

Consequences of inhibiting polyploidization in mice

The most optimal experiment to study the physiological function of 
polyploidization in vivo would be to shift an organ composed of polyploid 
cells into an organ of similar size with a pure population of diploid cells. 
We, therefore, selected and discuss multiple mouse studies where gene 
inactivation diminished polyploidization in different mammalian cell types 
(Table 1).  The sections will start with where and when polyploidization 
occurs during embryonic and postnatal development followed by a 
selection of predicted functions for polyploidization for each cell type. 
Subsequently, findings from the studies of transgenic mice with diminished 
polyploidization will be discussed in order to verify or deny postulated 
functions for polyploidization. 

Developmentally programmed polyploidization in mammals is restricted 
to a small number of distinct cell types, including the trophoblast giant 
cells (TGC) in the rodent placenta, and the megakaryocytes (MKC) in 
hematopoietic tissues (Figure 1). Polyploidization in TGC and MKC is 
induced through an atypical cell cycle mechanism. Atypical cell cycles 
arise from a variety of defects in various aspects of cell division, such DNA 
replication, dissolving sister-chromatid cohesion, mitotic spindle function 
and cytokinesis [4]. In addition, polyploidization can also be achieved 
simply through cell fusion creating multinucleated cells, where each 
nucleus contains a diploid genome (Box 2).

Polyploidization in TGC
TGCs are the first polyploid cell type during development and their 
formation occurs during implantation of mouse blastocysts at embryonic 
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day E4.5 (Figure 3) [20]. TGCs differentiate from the trophectoderm 
layer in the blastocyst, are endocrine in nature, and are composed of an 
extremely large cytoplasm and polyploid nuclei. TGCs undergo multiple 
rounds of DNA replication without entering mitosis (endocycle) and 
thereby accumulate DNA up to 1000 sets of chromosomes (C) [21]. These

Table 1. Alteration of polyploidy in genetic mouse models

Gene 
symbol Gene function Genetic 

modification Cell typea Ref

Decreased polyploidy

Thpo Megakaryocytopoietic cytokine Deletion MKC [77]

Scl Hematopoietic transcription factor Deletion MKC [43]

Myc Transcription factor, proto-oncogene Deletion MKC [44]

Ccne1/
Ccne2 Cell cycle, G1/S transition Deletion MKC

TGC [23, 24]

Tfdp1 Cell cycle transcription factor Deletion TGC [26]

Fzr1 Cell cycle, APC/C mediated protein 
degradation Deletion TGC [25]

Uba3 Cell cycle, ubiquitination Deletion TGC [78]

E2f7/8 Cell cycle transcription factor Deletion TGC
Hepatocyte [29, 30]

Ccng1 Cell cycle, G2/M arrest Deletion Cardiomyocyte [48]

E2f1 Cell cycle transcription factor Overexpression Hepatocyte [79]

increased polyploidy

Rb1 Cell cycle, tumor suppressor Deletion Hepatocyte [80]

Trp53 Cell cycle transcription factor, tumor 
suppressor Deletion Hepatocyte [81]

Cdk1 Cell cycle, mitosis Deletion Hepatocyte [82]

Birc5 Cell cycle, mitosis Deletion Hepatocyte [83]

Ercc1 Cell cycle, DNA repair Deletion Hepatocyte [84] 

Terf2 Telomere protection Deletion Hepatocyte [85]

E2f1/2/3 Cell cycle transcription factor Deletion Hepatocyte 
TGC [29, 30]

Gmnn Cell cycle, DNA replication inhibitor Deletion TGC [86]

Ccne1 Cell cycle, G1/S transition Overexpression MKC [87]

Ccnd1/
Ccnd3 Cell cycle, G1/S transition Overexpression MKC [88] 

Ccnd1 Cell cycle, G1/S transition Overexpression Cardiomyocyte [89]

Myc Transcription factor, proto-oncogene Overexpression Hepatocyte 
Cardiomyocyte [79, 90] 

aMKC, Megakaryocytes; TGC, Trophoblast Giant Cells
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endocyles first appear when fibroblast growth factor 4 deprivation induces 
differentiation of trophoblast stem cells into TGC. This switch from mitotic 
cell cycles to endocycle is triggered by p57-mediated inhibition of CDK1 
activity [15]. 

The physiological significance of polyploidization for TGC function is a 
matter of speculation. Since TGC have a relatively short lifespan, it may 
be that polyploidization and the associated hypertrophy allow tissue 
growth with less time and energy expenditure [20]. Another hypothesis 
is that polyploidization is important for the terminal differentiation of 
TGC. Polyploidy may increase their capacity for protein synthesis, since 
TGC secrete a wide array of hormones and paracrine factors, including 
steroid hormones and prolactin-related cytokines [20]. Furthermore, 
polyploidization through increased gene expression may supply the energy 
necessary for aggressive invasion of TGC into maternal tissue [22].

Cyclin E1/E2, Cdh1, or Dp1 deficiency in mice results in embryonic lethality 
at E10.5-11.5 with marked reduction of polyploidization in TGC [23-
26]. Mutant Cyclin E1/E2 TGCs show equal expression of differentiation 
markers compared to wild-type TGCs, indicating that polyploidization 
and TGC differentiation are not causally linked. Interestingly, embryonic 
lethality is rescued by providing cyclin E mutant embryos with a wild-type 
placenta, suggesting that the polyploidization defect in cyclin E mutant 
TGC is the main cause of embryonic lethality [24]. However, TGC-specific 
deletion of cyclin E1/E2 would be required to appropriately address this 
hypothesis. Recent studies discovered that the newly identified atypical 
E2F transcription factors (E2F7 and E2F8) [27, 28] are also essential

Box 2. Polyploidization through cell fusion
In mammals, there are a few cell types that fuse to form multinucleated cells during development, for 
example the fusion of myoblasts for the formation of skeletal muscle cells and the fusion of cells of the 
monocyte/macrophage lineage for the formation of multinucleated osteoclasts and giant cells [69, 70]. 
Fusion of trophoblasts occurs also in human placentas, resulting in the formation of multinucleated 
syncytiotrophoblasts [71]. There is evidence that cell-cell fusion is beneficial for cells by enhancing 
function. For instance, myoblast fusion increases myofiber size and diameter and thereby increases 
contractile strength [72]. Additionally, multinucleated osteoclasts have far more bone resorbing activity 
than their mono-nuclear counterparts [73]. Moreover, multinucleated giant cells are much more efficient 
in phagocytosis than mononucleated macrophages [74].

Pathological polyploidization through multinucleation has been described in age-related macular 
degeneration, a blinding disorder, where the presence of multinucleated giant cells disrupts the retina 
[75]. In Fanconi’s anemia, a disease caused by DNA repair gene mutations, multinucleated bone marrow 
cells form and undergo apoptosis causing depletion of bone marrow cells in Fanconi anemia patients [76].
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for polyploidization in TGC [29, 30]. Similar to cyclin E1/E2 deficiency, 
E2F7/8 deficiency in mice leads to embryonic lethality at E11.5 [31], and 
embryonic lethality can be rescued by providing E2f7/8 mutant embryos 
with wild-type placenta [32]. Surprisingly, TGC-specific ablation of atypical 
E2Fs utilizing the Plf-cre mice did not alter the overall architecture of 
the placenta and resulted in live and phenotypically normal fetuses at 
every embryonic stage analyzed, including at birth, despite the marked 
reduction in TGC polyploidization [30, 32]. These studies suggest that 
polyploidization of TGC is likely not essential for maintenance of placental 
functions that support embryonic development. Intriguingly, inactivation 
of E2F7/8 in the entire placenta utilizing the Cyp19-cre mice including 
trophoblast progenitor cells but not the fetus results in profound placental 
defects and embryonic lethality [32]. These studies point to the conclusion 
that the overall activity of trophoblast progenitor cells and TGCs but not 
the sole reduction in TGC polyploidization determines placental function 
and normal gestation in mice.

Polyploidization in MKC
MKCs are a second example of developmentally regulated polyploidization 
in mammals. The first polyploid MKC in mice appear around embryonic day 
E7.5 in the blood islands of the yolk sac (Figure 3) [33]. MKC differentiate 
from hematopoietic stem cells in response to the cytokine thrombopoeitin 
[14], and at later stages of embryonic development MKC can be found in the 
liver, bone marrow and spleen.  MKC give rise to platelets (thrombocytes), 
which are essential for blood clotting and angiogenesis. Whereas TGC 
skip mitosis altogether, MKC become polyploid through abortive mitosis 
(endomitosis) in which cells enter mitosis but skip anaphase B, telophase 
and cytokinesis [34]. In anaphase, the nuclear envelope reforms around 
the segregated chromosomes [35] leading to the formation of a single 
polylobulated nucleus with a genome content up to 32C, where each lobe 
presumably contains a diploid genome [14]. During this abortive mitosis, 
thrombopoietin (Thpo) induces p21-mediated inhibition of cdk1/cyclinB 
activity, thereby promoting the switch towards polyploidization. [14]. It 
has been suggested that the large size of the MKC and their high ploidy 
are essential for their fragmentation into thousands of enucleated platelets 
[36]. Since the nucleus is not required for platelet function, one could 
assume that it would be quite wasteful to devote energy towards cellular 
division [34]. For example, a single large 32C MKC yields approximately 
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3000 platelets, in contrast several precursor diploid cells would have to be 
generated to produce a similar number of platelets [34]. 

In human patients with thrombocytopenia and thrombocytosis, 
alterations in MKC polyploidization have been detected, indicating that 
MKC polyploidization is important for efficient platelet formation [37, 38]. 
Thpo stimulates MKC polyploidization and differentiation via its receptor 
c-Mpl. Mutation in Thpo [39] or c-Mpl [40-42] in humans or inactivation 
of Tpo/c-Mpl in mice is associated with reduced MKC polyploidization and 
decreased numbers of mature and progenitor MKC resulting in severe 
thrombocytopenia (Table 1). Although these studies provide evidence 
that polyploidization is important for platelet formation, the numerical 
decrease in MKC makes it difficult to determine whether thrombocytopenia 
is a consequence of reduced polyploidization or reduced numbers of MKC 
or the combination of both. Similar observations have been made in mice 
deficient for the hematopoietic transcription factor stem cell leukemia Scl, 
where loss of Scl reduced MKC counts and polyploidization [43]. Cyclin 
E1/E2 function is not only required for TGC polyploidization, but as well 
needed for MKC polyploidization [23]. Furthermore, c-Myc was shown to 
be required for polyploidization, but not for cytoplasmic maturation of MKC 
and release of platelets. MKC from c-myc-/- mice are smaller in size with 
reduced ploidy, but show a dramatic increase in MKC numbers. Although 
less platelets were produced by each MKC, a greater than 3-fold increase in 
platelet numbers was observed in c-myc-/- mice resulting in thrombocytosis 
[44]. These studies strongly suggest that MKC polyploidization influences 
the number of platelets that can be released from a MKC, but it does not 
regulate the differentiation of MKC per se, since the expression of mature 
MKC markers is comparable between MKCs with high or low DNA content.

Polyploidization in cardiomyocytes
The programmed initiation of polyploidization in mammalian cells not only 
occurs during embryonic development, but induction of polyploidization has 
also been observed in cardiomyocytes and hepatocytes during postnatal 
development (Figure 3). The degree and frequency of polyploidization 
differs between age and mammalian species, but up to 70% of human 
adult cardiomyocytes [45] and over 85% of rodent cardiomyocytes [46] 
are polyploid. In rodents, birth triggers a wave of incomplete cytokinesis, 
leading to a dramatic increase in binucleated cardiomyocytes between 
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Figure 3. Cellular mechanism of polyploidization and its regulator identified by 
mouse genetics.  (a) Polyploidization in trophoblast giant cells (TGC) occurs via endocycling 
and starts at E4.5 day. Key regulators involved in this process are proteins involved in cell 
cycle including Cyclin E1/E2, E2f transcription factors, DNA replication inhibitor Geminin, 
Cyclin dependent kinase 1 (Cdk1) and activator of anaphase promoting complex/cyclosome 
(Apc/c) Cdh1. (b) Megakaryocyte (MKC) polyploidization involves endomitosis starts at 
E7.5 day. Cytokine Thrombopoietin (Thpo), cell cycle Cyclins D1, D3, E1, E2, hematopoietic 
transcription factor Scl and Myc have been shown to regulate endomitosis in MKC. (c) In 
cardiomyocytes, polyploidization occurs through incomplete cytokinesis starting at postnatal 
day P4. Only few genes including Cyclin D1, G1 and c-Myc have been shown to regulate 
cardiomyocyte polyploidization. (d) Polyploidization of hepatocytes starts during weaning 
at around age of 21 day. Incomplete cytokinesis and ploidy reversal processes are involved 
in generating binucleated and mononucleated polyploid hepatocytes during aging. Several 
cell cycle genes including Rb, Cdk1 and E2f transcription factors are important for regulating 
hepatocyte polyploidization.
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postnatal days 4 and 21 (Figure 3). After binucleation, cardiomyocytes 
completely lose their capacity to undergo cell division [47]. In addition, 
mononucleated cardiomyocytes with 4C or even 8C DNA content are also 
frequently observed, suggesting that endocyling also occurs during normal 
heart development [45]. Recently, it was shown that cyclin G1 expression 
is induced during the onset of cardiomyocyte polyploidization and that 
overexpression of cyclin G1 in cardiomocytes can trigger polyploidization; 
however, it is not clear how cyclin G1 regulates cytokinesis to induce 
polyploidization [48].

To undergo cytokinesis, cardiomyocytes must temporarily disassemble 
their sarcomeres, which would be energy-consuming and would lead to a 
transient loss of contractile function. Thus hypertrophic growth through 
polyploidization would offer an energy-saving mechanism towards 
increased cardiac mass. In line with this, increased expression of genes 
encoding contractile proteins was found in polyploid myocardial tissues 
[49]. 

In cardiomyocytes, the ablation of Cyclin G1 results in a reduction of 
cardiomyocyte polyploidization and multinucleation (Table 1) [48]. 
Interestingly, Ccng1-/- mouse hearts showed a more severe loss in 
contractile function than wild-type hearts after myocardial infarction, 
providing support that polyploidization is critical for maintaining contractile 
function under cardiac stress. However the causal relation between 
impaired polyploidization and an impaired cardiac stress response has yet 
to be established. 

Polyploidization in hepatocytes
In the liver, up to 50% of human hepatocytes and 90% of mouse 
hepatocytes are polyploid [7]. In rodent livers, polyploidization of 
hepatocytes is initiated during weaning (Figure 3) [2, 50]. Similar to 
cardiomyocytes, hepatocytes enter mitosis and undergo an abortive cell 
cycle with incomplete cytokinesis that gives rise to binucleated hepatocytes 
[51, 52]. In contrast to cardiomyocytes, which generate a contractile 
cytokinetic ring that is not functional to separate daughter cells [53], 
hepatocytes never form an actinomyosin ring during the binucleation 
process [51]. When a binucleated hepatocyte enters another cell cycle 
and its centrosome cluster to establish a bipolar spindle, mononucleated 
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tetraploid hepatocytes are formed. During postnatal growth, progressive 
polyploidization continues and tetraploid as well as octoploid hepatocytes 
with one or two nuclei are generated [2]. The insulin/AKT pathway has 
been shown to play an important role in the physiological generation 
of binucleated tetraploid liver cells [50]. However, the mechanism by 
which insulin signaling regulates cytokinesis is unknown. Recently, it 
was discovered that atypical E2F transcription factors are induced after 
weaning of mice at the onset of liver cell polyploidization, and that their 
functions are essential for generating polyploid liver cells. Atypical E2Fs 
bind directly to promoters of cytokinetic genes, such as Ect2, to inhibit 
their expression, which probably causes incomplete cytokinesis and 
formation of binucleated hepatocytes [29, 30]. 

A long standing hypothesis is that liver cell polyploidization indicates 
terminal differentiation and senescence, since polyploidization increases 
with age and is accompanied by attenuated hepatocyte replication 
capacity [54-56]. Experiments indicate that hepatocyte polyploidization 
is a response to a high postnatal growth rate associated with a high 
metabolic load. For example, hepatocyte polyploidization is increased in 
mice derived from small litters, where pups experience less competition 
and grow faster [57]. Moreover, hepatocyte polyploidization is accelerated 
when the growth rate is stimulated by treating mice with triiodthyronine, 
growth hormone, or insulin [2]. In contrast, the onset of polyploidization 
is delayed in rodents with dietary restrictions resulting in reduced growth 
rate [58]. These studies suggest that polyploidization is stimulated when 
energetic demands for proliferation compete with energetic requirements 
for differentiation. 

Ablation of atypical E2Fs in mice suppressed not only TGC polyploidization, 
but also reduced binucleation and polyploidization of hepatocytes (Table 
1).  When young (4 months) and old (18 months) mice were subjected to 
two-third partial hepatectomy, both predominantly polyploid (wild-type) 
and predominantly diploid (E2f7-/-;E2f8-/-) livers showed an equivalent 
rate of DNA replication and regenerated equally well [29]. Furthermore, 
no difference in regeneration was observed, when wild-type and E2f7-/-

;E2f8-/- livers were treated with hepatotoxins such as carbon tetrachloride 
or DDC [29, 30]. This is in line with the observation that isolated and 
FACS-sorted diploid and polyploid hepatocytes proliferate at a similar rate 
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[6]. In contrast, isolation of rat hepatocytes on the basis of ploidy revealed 
that diploid cells show much greater mitogenic responsiveness to human 
hepatocyte growth factor compared to polyploid hepatocytes [59]. The 
reason for the discrepancy between the mouse and rat studies is not 
clear, but might be related to species differences, in vivo versus in vitro 
studies, and different types of mitogen stimulation or stress conditions. 
Marker analysis revealed comparable expression between diploid and 
polyploid hepatocytes for markers of differentiation and liver zonation 
[29]. Although many previous studies stated that liver cell polyploidization 
is generally considered to indicate terminal differentiation and cellular 
senescence, the data listed above suggest that polyploidization is not 
required for hepatocyte differentiation or zonation and does not impair liver 
cell proliferation in mice [29]. Although there is a dramatic suppression of 
polyploidization observed in E2f7-/-;E2f8-/- livers, it still remains the option 
that the extent of ploidy inhibition is not sufficient enough to influence 
biological functions such as proliferation and differentiation.  

Finally, wild-type livers with predominantly polyploid hepatocytes had 
no advantage in metabolizing xenobiotic drugs when compared to E2f7-/-

;E2f8-/- livers composed of predominantly diploid cells [29]. However, this 
finding does not exclude the possibility that a polyploid hepatocyte is still 
more metabolically active than a diploid hepatocyte, because diploid cells 
in E2f7-/-;E2f8-/- livers might compensate through their increased cellular 
density. 

Polyploidization during disease
In addition to physiological polyploidization events, pathological 
polyploidization has been observed in diseased mammals [36]. 
Polyploidization leads to variation in nuclear sizes of the same cell type, 
which has been defined as anisokaryosis, a pathological lesion frequently 
observed in cancer and different degenerative diseases. The degree of 
anisokaryosis is used as a prognostic marker for multiple cancer cell 
types, since high anisokaryosis scores have been associated with reduced 
survival [60, 61]. High anisokaryosis scores might indicate that cancer cells 
within a neoplasia experience increased chromosomal instability due to 
polyploidization and aneuploidization causing a more malignant  behavior. 
Furthermore in chronic hepatitis, metabolic diseases, and liver cirrhosis, 
hepatocytes also show increased anisokaryosis [54]. A similar increase 
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in nuclear sizes has been observed in cardiomyocytes, vascular smooth 
muscle cells, endothelial cells and fibroblasts during hypertension or tissue 
repair. Moreover, polyploidization occurs in congenital heart disease and 
patients with bronchitis [12]. Finally, pathological conditions have been 
described where polyploidization arises through cell fusion and are outlined 
in Box 2. Overall, the mechanism and consequences of polyploidization in 
pathological settings remain obscure. In degenerative diseases, polyploid 
cells most likely appear in response to stress for example through toxins, 
physical pressure, or inflammation. Polyploidization might, therefore, be a 
stress response to preserve cell function and tissue structures, where acute 
loss would have detrimental effects such as in the liver or heart. In cancer, 
mutations in tumor suppressor genes and oncogenes have been clearly 
associated with polyploidization. Inactivation of the tumor suppressor 
genes, such Rb and p53 as well as overexpression of oncogenes such 
as Myc in mice, leads to enhanced polyploidization and tumor formation 
(Table 1). However, whether polyploidization is an essential step for 
generating tumors is largely unknown. It would be interesting to evaluate 
whether inhibition of polyploidization in mouse models of cancer has any 
consequences for tumor development.

CONCluDiNG REMARKS

In the past three decades many speculations have been made about the 
physiological function of polyploidization in mammalian cells, however 
recent studies in transgenic mice with diminished polyploidization 
revealed that many predicted functions such as terminal differentiation 
and senescence appear to be not dependent on polyploidization. On 
the other hand, polyploidization has been shown to be critical for the 
efficient production of platelets in MKC, and for the generation of genetic 

Box 3: Outstanding questions
The four most important research questions that need to be addressed are:
•	 Is polyploidization a faster and more efficient way to accelerate cell metabolism under stress 

conditions? What are the long term consequences of switching to the polyploidization mode in 
response to stress? 

•	 Does polyploidization contribute to the generation of aneuploid cells and does inhibition of 
polyploidization have any effects on tumorigenesis? 

•	 Which genes are critical for protecting polyploid cells against apoptosis in response to genotoxic 
stress? How do polyploid cells tolerate the high degree of chromosomal instability? 

•	 Which genes are essential for polyploidization and by which mechanisms do these genes regulate 
polyploidization?
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diversity in hepatocytes. Many questions remain to be unraveled to fully 
understand the biological function of polyploidization in mammalian cells 
(Box 3). Answering these questions will not only provide deeper insights 
into the physiological role of polyploidization during development and 
aging, but will also contribute greatly to the understanding of the role of 
polyploidization in cancer and degenerative diseases.

In addition, future studies should be aimed at understanding the mechanisms 
that enables specific mammalian cell types, such as hepatocytes, to 
acquire the ability to tolerate chromosomal rearrangements and retain 
the ability to undergo mitosis, which might provide new insights into the 
pathogenesis and treatment of cancer, since tumor cells also show a high 
degree of aneuploidy. 
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SuMMARy

The novel E2f7 and E2f8 family members are thought to function as 
transcriptional repressors important for the control of cell proliferation. 
Here we have analyzed the consequences of inactivating E2f7 and E2f8 
in mice and show that their individual loss had no significant effect on 
development. Their combined ablation, however, resulted in massive 
apoptosis and dilation of blood vessels, culminating in lethality by 
embryonic day E11.5. A deficiency in E2f7 and E2f8 led to an increase in 
E2f1 and p53, as well as in many stress-related genes. Homo- and hetero-
dimers of E2F7 and E2F8 were found on target promoters, including E2f1. 
Importantly, loss of either E2f1 or p53 suppressed the massive apoptosis 
in double mutant embryos. These results identify E2F7 and E2F8 as a 
unique repressive arm of the E2F transcriptional network that is critical 
for embryonic development and control of the E2F1-p53 apoptotic axis.

iNTRODuCTiON

A large body of work suggests that E2Fs function to activate and repress 
the transcription of many essential genes involved in cell proliferation, 
apoptosis and differentiation (Dimova and Dyson, 2005). The effects of 
deregulated E2F activity are pleiotropic and vary in different experimental 
settings. A decrease in E2F activity is generally associated with a reduction 
in the proliferation capacity of cells (Leone et al., 1998; Humbert et al., 
2000b; Wu et al., 2001), whereas an increase in E2F activity is often 
associated with inappropriate cell proliferation and/or apoptosis (DeGregori 
et al., 1997). The regulation of E2F activity during the cell cycle is thought 
to be critical for cellular homeostasis. Thus, a significant amount of 
genetic currency has been invested to finely control E2F activity in cells, 
including by direct binding of the Rb tumor suppressor, by transcription, 
by post-transcriptional mechanisms involving miRNAs, and by post-
translational mechanisms involving protein degradation, phosphorylation 
and acetylation (Muller et al., 2000; O’Donnell et al., 2005). 

Further complexity in the regulation of E2F function has been afforded by 
the evolution of numerous family members and isoforms. The mammalian 
E2F proteins are encoded by eight distinct genes (E2F1-8) and specific roles 
for each family member in controlling cell cycle transitions and apoptosis 
have been reported (Bracken et al., 2004; DeGregori and Johnson, 2006). 
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Based on structure-function studies and sequence analysis, the E2F family 
can be conveniently divided into two general subclasses, transcription 
repressors and activators. Members of the activator subclass, consisting 
of E2F1, E2F2 and E2F3a, accumulate late in G1 and are transiently 
recruited to E2Fbinding elements on target promoters and participate in 
their acute activation. Consistent with an important function for activator 
E2Fs in regulating gene expression during G1-S, their overexpression in 
quiescent cells can potently transactivate many E2F-responsive genes 
and drive cells to enter S phase (DeGregori et al., 1997). Conversely, 
the combined loss of the three activators results in a decrease of E2F-
target gene expression and a severe block in cell proliferation (Wu et al., 
2001). The repressor subclass consists of E2F3b, E2F4, E2F5, E2F6, E2F7 
and E2F8. A subset of this group that includes E2F3b, E2F4 and E2F5, 
serves to recruit Rb-related pocket proteins and associated corepressors 
to target promoters during G0 and to repress their expression (Attwooll et 
al., 2004). As cells are stimulated to enter the cell cycle, cyclin dependent 
kinases (CDKs) phosphorylate pocket proteins, resulting in dissociation of 
E2F-pocket protein repressor complexes and derepression of E2F-target 
genes (Muller et al., 2000; Seville et al., 2005). The E2F6 repressor is part 
of a multi-subunit complex that includes polycomb group proteins as well 
as Mga and Max, and appears to act on a different subset of target genes 
than E2F4 (Ogawa et al., 2002; Giangrande et al., 2004). The mechanism 
of how E2F7 and E2F8 repress gene expression is less clear. While the 
molecular basis for how E2F repressors and activators orchestrate the 
acute induction of E2F targets as cells transit through G0-G1-S is fairly 
well understood, how E2F-target genes are subsequently downregulated 
as cells proceed through S-G2 phases of the cell cycle is not known. The 
E2F7 and E2F8 proteins are conserved in mice and humans, and related 
E2Flike proteins exist in Arabidopsis (Kosugi et al., 2002; Mariconti et al., 
2002; de Bruin et al., 2003; Di Stefano et al., 2003; Logan et al., 2004; 
Christensen et al., 2005; Logan et al., 2005; Maiti et al., 2005). These 
two novel factors have several unique features that distinguish them from 
other members in the E2F family. They lack the leucine-zipper domain 
required for dimerization with partner proteins DP1/2 and instead possess 
two DNA binding domains that are predicted to interact with each other 
and foster DPindependent DNA-binding activity. The expression of E2F7 
and E2F8 during the cell cycle is also different from that of other E2Fs, 
with peak levels found later in the cell cycle during S-G2. Moreover, their 
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overexpression in fibroblasts can, unlike that of other E2Fs, repress E2F-
target gene expression and block cell proliferation (de Bruin et al., 2003; 
Di Stefano et al., 2003; Maiti et al., 2005), suggesting a role for these 
two E2Fs in facilitating cell cycle transitions. Here we utilized homologous 
recombination strategies to inactivate E2f7 and E2f8 in mice and rigorously 
investigate their functions in vivo. From these studies we conclude that 
E2f7and E2f8 represent a unique repressive arm of the E2F transcriptional 
network that is critical for embryonic development and cell survival.

RESulTS

E2F7 and E2F8 are essential for embryonic viability

To investigate E2F7 and E2F8 function in vivo, we utilized homologous 
recombination techniques and cre-loxP technology to disrupt E2f7 and 
E2f8 function in mice. Targeting the inactivation of E2f7 and E2f8 was 
achieved by flanking exon 4 of E2f7 and exons 3 and 4 of E2f8 with loxP 
sites (Figure 1A). Cre-mediated recombination of loxP-flanked sequences 
resulted in the ablation of domains required for DNA binding and in a 
shift of the open reading frames, leading to premature termination of 
translation. Pups lacking the neo cassette (conditional knockout allele: 
E2f7loxP or E2f8loxP; Figure 1A) or lacking both the neo cassette and the 
loxP-flanked regions of E2f7 or E2f8 (conventional knockout allele: E2f7- 
or E2f8-; Figure 1A) were identified by Southern blot and PCR genotyping 
analysis (Figure 1B and data not shown). 

To investigate the requirement for these E2Fs in development we 
interbred E2f7+/- or E2f8+/- animals and found that E2f7-/- or E2f8-/- pups 
were born. Mutant pups developed normally through puberty and lived to 
old age (data not shown). Real-time RT-PCR analysis of gene expression 
revealed that E2f7 and E2f8 mRNA levels were unperturbed in E2f8-/- and 
E2f7-/- embryos, respectively (Figure 1C), indicating that the absence of 
abnormalities in single knockout animals is not due to simple compensation 
at the expression level. We then explored functional redundancy between 
E2F7 and E2F8 by examining the biological consequence of ablating both 
simultaneously. To this end, we intercrossed E2f7+/-E2f8+/- animals and 
analyzed the resulting offspring. Whereas E2f7-/-E2f8+/- and E2f7+/-E2f8-/- 
pups were born at the expected Mendelian ratios, no E2f7-/-E2f8-/- double 
knockout (DKO) pups were found in newborn litters (P0) (Table 1). 
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Figure 1. Generation of E2f7 and E2f8 knockout mice. (A) Targeting strategies used 
to inactivate E2f7 (left) and E2f8 (right). Top panels: partial exon/intron structures of the 
E2f7 and E2f8 genes. The black bars indicate the position of probes used for Southern 
analysis. Middle panels (targeting vectors): position of the TK and Neo cassettes, as well 
as loxP sites (filled triangles) are indicated. Bottom two panels (conditional knockout alleles 
and conventional knockout alleles): illustrate the two desired alleles resulting from possible 
recombination events. (B) Top panels: Southern analysis of genomic DNA isolated from 
conventional knockout mice using AseI for E2f7 (left) and EcoRV for E2f8 (right), and 
hybridized using probes A and B, respectively. Bottom panels: genotyping of tail DNA was 
performed using allele-specific PCR primers. (C) Real-time RT-PCR analysis of E2f7 or E2f8 
expression in embryos with the indicated genotypes using primers described in Figure S7. 
(D) Wild-type E9.5 embryos were subjected to whole mount in situ hybridization using 
sense and antisense probes specific to E2f7 (top panels) and E2f8 (bottom panels).
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This demonstrates that at least one allele of E2f7 or E2f8 is required 
for embryonic development and viability. The contribution of E2F7 and 
E2F8 towards postnatal development, however, does not appear to be 
equal. Young and adult E2f7+/-E2f8-/- mice were developmentally normal, 
whereas most E2f7-/-E2f8+/- animals appeared runted (Figure 2A) and died 
within the first three months of life (Figure 2B; P90, p<0.001).

Genetic ablation of E2f7 and E2f8 in vivo induces massive apoptosis 
in embryos

Analysis at earlier stages of embryonic development showed that all DKO 
embryos had a beating heart at embryonic day 9.5 (E9.5). These embryos 
were noticeably smaller than wild-type littermates (Table 1 and Figure 
2C, top panels) but macroscopic inspection did not reveal other obvious 
defects. By E10.5, only 46% of DKO embryos were alive (p=0.0015) and 
by E11.5 all DKO embryos were dead (p<0.0007). Live E10.5 embryos 
often had vascular defects in the yolk sac and in the embryo proper, 
which were characterized by large dilated blood vessels associated with 
multifocal hemorrhages (Figure 2C, bottom panels). Other phenotypes 
were also manifested in tissues distinct from the vasculature. Specifically, 
multiple areas within the head mesenchyme, branchial arch, somites and 
neural tube of DKO fetuses contained cells with pyknotic nuclei surrounded 
by bright eosinophilic cytoplasm (Figure S1A and data not shown). 

These latter observations prompted us to examine proliferation and 
apoptosis in E2f7-/-E2f8-/- embryos more closely. Since a significant

expected             5           28          22                 19           75          56                    13          47           34

expected             7           20          13                 16            43         28                       8         23      14

expected              - 5             5                       3         16         13                       3          10            8

expected          - - 5                         - 4         15                        - 4          10 

expected          8           18          10                      18           39          21             10           21     11

total

E9.5                6        16      29               16        72(2)  53(1)           12        58(1)    33             299

E11.5               - 6     4                 2        15(2)  14(2)            2(1)  8(1) 0(5)b 62

E12.5               - - 3                   - 4      17(2)              - 3     0(9)b 38

E10.5              9        21      13                7(1) 45     28(1)   4(1)   28(1)   6(7)a 172 

P0                   7        22       16      24        45       17               5     18     0b 154

Table 1: Genotypic analysis of embryos during development

E2f8+/+ E2f8-/-E2f8+/-

() number of dead embryos recovered; Exact binomial test:  a significant (p=0.0015), b highly significant (p<0.0007).

E2f8+/+ E2f8-/-E2f8+/- E2f8+/+ E2f8-/-E2f8+/-
E2f7+/+ E2f7+/- E2f7-/-
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Figure 2. Global deletion of E2f7 and E2f8 results in developmental delay, vascular 
defects and widespread apoptosis in vivo. (A) Micrograph of E2f7+/-E2f8+/-, E2f7+/-E2f8-/- 
and E2f7-/-E2f8+/- mice at 21 days of age. (B) Tabulated number of E2f7+/-E2f8-/- and E2f7-/-

E2f8+/- mice that live until 30 (P30) and 90 (P90) days of age. (C) Gross pictures of E2f7 and 
E2f8 double knockout embryos at E9.5 (top panels) and E10.5 (bottom panels). The right 
panel is a higher magnification view of the vascular defects in E10.5 E2f7-/-E2f8-/- embryos. 
(D) E9.5 embryos with the indicated genotypes were analyzed by TUNEL assays. Far left 
panels: low magnification pictures of whole embryos. Right two panels: high magnification 
images of representative areas demarcated by the box in the low magnification images. 
(E) Quantification of TUNEL-positive cells in the indicated tissue areas are presented as the 
average ± SD percentage of cells that are TUNELpositive. Three sections per embryo and at 
least three different embryos for each genotype were analyzed.
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fraction of DKO embryos died by E10.5, proliferation and apoptosis were 
measured in E9.5 embryos. When assessed by immunohistochemistry 
using BrdU-specific antibodies, we observed no detectable difference in 
the percentage of cells incorporating BrdU between wild type and DKO 
embryos (Figure S2). We did observe, however, a marked increase in cells 
labeled by TdT-mediated dUTP nick end-labelling (TUNEL) in areas of DKO 
embryos previously noted to contain abundant pyknotic nuclei, confirming 
widespread apoptosis in these tissues (Figure 2D-E, S1B-C). In summary, 
global deletion of E2f7 and E2f8 resulted in a spectrum of embryonic 
defects impacting the vasculature and cell survival.

E2F7 and E2F8 form homo-dimers and hetero-dimers
Previous studies suggested that E2F7 and E2F8 form homo-dimers 
(Di Stefano et al., 2003; Logan et al., 2004; Maiti et al., 2005). Co-
immunoprecipitation (Co-IP) assays using HEK293 cells co-expressing 
flag-tagged and HA-tagged versions of E2F7 or E2F8 confirmed their 
ability to form homo-dimers (Figure 3A and data not shown). We also 
explored the possibility that E2F7 may physically interact with E2F8. 
Because immunoprecipitation-quality antibodies for E2F7 and E2F8 are 
not yet available, we assessed the ability of flag-tagged E2F7 to complex 
with endogenous E2F8 and vice versa. As shown in Figure 3B (and data not 
shown), these immuno-affinity purification assays revealed an association 
between E2F7 and E2F8. Hetero-dimerization was confirmed by Co-IP 
assays using HEK 293 cells co-expressing flag-E2F7 and HA-E2F8 (Figure 
3C). 
Given the redundant functions of E2F7 and E2F8 in development, we 
evaluated their preferred dimerization state in cells. To this end, HEK 
293 cells were co-transfected with flag-E2F7, HA-E2F7 and myc-E2F8, or 
alternatively with flag-E2F8, HA-E2F7 and myc-E2F8. We then measured the 
relative amounts of homo- versus hetero-dimers by immunoprecipitation 
with flag-antibodies followed by immunoblotting with either HAor myc-
antibodies; the amount of E2F7 and E2F8 on blots was normalized to 1% 
of the input material. Quantification of three independent experiments 
showed that E2F7 had a greater binding affinity to itself than to E2F8 
(Figure 3D-E). On the other hand, E2F8 had a greater binding affinity 
for E2F7 than for itself. From this analysis we conclude that, at least 
in cultured cells, the preferred state of dimerization is E2F7:E2F7 > 
E2F7:E2F8 > E2F8:E2F8.
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Figure 3. E2F7 and E2F8 homo- and hetero-dimerize. (A) Homo-dimerization of E2F7. 
Lysates from cells transfected with both flag-tagged E2F7 (flag-7) and HA-tagged E2F7 
(HA-7) were immunoprecipitated (IP) and immunoblotted (IB) with anti-flag and anti-
HA antibodies as indicated. Immunoprecipitation with normal mouse IgG was used as a 
negative control. (B) Left panels: stable expression of flag-HA-E2F7 in HeLa cells. Flag-
HA-E2F7 transduced HeLa cell lysates were subjected to Western blotting. The presence 
of a non-specific protein indicated by (**) was used as a loading control. Right panels: 
Endogenous E2F8 associates with flag-HA-E2F7. Nuclear extracts from flag- HA-E2F7 
expressing cells were immunoprecipitated with flag antibody affinity resins as described in 
Experimental Procedures and eluents were immunoblotted with E2F8- specific antibodies. 
Mock-transduced HeLa cells (con.) were used as a negative control. (C) Hetero-dimerization 
of E2F7 and E2F8. Lysates derived from cells overexpressing both flag-E2F7 and HA-E2F8 
were immunoprecipitated (IP) with anti-flag antibodies and immunoblotted (IB) with anti-
HA antibodies (top panel) or vice versa (bottom panel). Immunoprecipitation with normal 
mouse IgG was used as a negative control. (D) Kinetic analysis of dimerization. HEK293 
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E2f1 is a direct target of E2F7 and E2F8

We then utilized chromatin immunoprecipitation (ChIP) assays to assess 
the ability of E2F7 and E2F8 to bind known E2F target promoters. 
Quantitative real-time PCR assays showed that flagged-tagged versions 
of E2F7 and E2F8 were recruited to E2F binding sites present on the E2f1 
and cdc6 promoters but not to irrelevant sequences in these genes (exons 
1) or the tubulin promoter (Figure 3F-G, S4A-B and data not shown). 
This recruitment was specific since IgG failed to immunoprecipitate 
target promoter sequences. Moreover, anti-flag antibodies failed to 
immunoprecipitate target promoters from cell lysates expressing mutant 
forms of E2F7 or E2F8 that are incapable of binding DNA. We then used 
sequential ChIP techniques to address whether E2F7 and E2F8 could be 
recruited to the target promoters as homo- and hetero-dimers. To this 
end, HEK 293 cells expressing various combinations of HA-tagged and 
flag-tagged versions of E2F7 and E2F8 were first immunoprecipitated with 
anti-flag antibodies. Immunoprecipitated DNA-protein complexes were 
then eluted with excess flag peptide and re-immunoprecipitated with 
HA-specific antibodies. The final immunoprecipitates were amplified with 
primers specific for the E2f1, cdc6 or tubulin promoters as described 

cells overexpressing the indicated constructs were subjected to anti-flag immunoprecipitation 
(IP), followed by anti-HA or anti-myc immunoblotting (IB) as indicated. The amount of 
detected E2F7 and E2F8 was measured by densitometry and quantified relative to 1% of 
the input material. The relative levels indicated at the bottom of each lane are presented as 
the average ±SD of 3 independent experiments where Input is always equal to 1.00. (E) 
Bar graph presentation of the kinetic analysis of dimerization shown in (D). (F) E2F7 binds 
to the E2f1 promoter. Chromatin from cells overexpressing wild type flag-E2F7 (wt) or flag-
E2F7DBD1,2 (mut) was immunoprecipitated (IP) with anti-flag or IgG control antibodies. 
Immunoprecipitated DNA was amplified using primers specific for the E2f1 promoter (E2f1), 
irrelevant sequences in exon 1 of E2f1 and the tubulin promoter (control and tubulin, 
respectively). (G) E2F8 binds to the E2f1 promoter. Cells overexpressing wild type flag-
E2F8 (wt) or flag-E2F8DBD1,2 (mut) was immunoprecipitated (IP) with antiflag or normal 
mouse IgG antibodies. Immunoprecipitated DNA was amplified using primers specific for the 
E2f1 promoter (E2f1), exon 1 of E2f1 (control) and the tubulin promoter (tubulin). (h-J) 
Homo-dimers and hetero-dimers of E2F7 and E2F8 occupy the E2f1 promoter. Cell extracts 
expressing ectopic HA-E2F7 and flag-E2F7 (h), HA-E2F8 and flag-E2F8 (i), HA-E2F7 and 
flag-E2F8 (J) were used for sequential ChIP assays as described in Experimental Procedures. 
Antibodies used for the first and second round of immunoprecipitation are indicated (1st IP 
and 2nd IP, respectively). Immunoprecipitated DNA collected after two rounds of ChIP was 
amplified using primers specific for the E2f1 promoter (E2f1) or for the tubulin promoter 
(tubulin). For all the ChIP experiments, real-time PCR was performed in triplicate and cycle 
numbers were normalized to 1% of the input DNA.
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Figure 4. loss of E2F7 and E2F8 results in an increase of E2F1 and p53 proteins 
and sensitizes MEFs to apoptosis. (A-F) Deregulation of E2f1 and p53 expression in 
MEFs deficient in E2f7 and E2f8. (A) Top panels: PCR genotyping analysis of DNA isolated 
from E2f7+/+E2f8+/+ and E2f7loxP/loxPE2f8loxP/loxP MEFs treated with cre-expressing retroviruses. 
The knockout (ko) and wild-type (wt) alleles are indicated. Bottom graphs: Real-time RT-
PCR analysis of E2f7 and E2f8 expression in cells. For convenience, cre-deleted loxP alleles 
were labeled as (-/-) at bottom of graphs. (B) Western blot analysis of lysates described 
in (A) using antibodies specific for E2F1 and p53 as indicated. Tubulin-specific antibodies 
were used as an internal loading control. (C) Expression of E2f1 in MEFs treated as in (A) 
was measured by real-time RT-PCR. (D) Cells treated as in (A) were co-transfected with 
the E2f1 firefly luciferase and thymidine kinase renilla luciferase reporter plasmids (internal 
control). Relative E2f1-luc reporter activity was normalized to renilla luciferase activity. A 
representative of at least three independent experiments is shown. (E) FACS analysis of 
synchronized cre-treated E2f7+/+E2f8+/+ and E2f7loxP/loxPE2f8loxP/loxP MEFs. For convenience, 
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above (Figure 3H-J, S4C-E). These sequential ChIP assays showed that 
both homo- and hetero-dimers of E2F7 and E2F8 could occupy E2F binding 
sites on E2F-target promoters, including E2f1.

E2f1 expression is derepressed in E2f7-/-E2f8-/- MEFs

To determine whether the recruitment of E2F7 and E2F8 to the target 
promoters had any functional consequence on its expression, we initially 
examined E2F1 protein and mRNA levels in mouse embryo fibroblasts 
(MEFs) deficient for both E2f7 and E2f8. Because E2f7-/-E2f8-/- embryos 
died early during mouse development, we derived MEFs from E13.5 
E2f7loxP/loxPE2f8loxP/loxP embryos and then ablated E2f7 and E2f8 expression 
in vitro using a cre recombinase-expressing retrovirus. PCR genotyping of 
genomic DNA and real-time RT-PCR analysis of E2f7 and E2f8 expression 
confirmed their efficient deletion (Figure 4A). These experiments showed 
that DKO cells have higher E2F1 protein and mRNA levels than control 
treated MEFs (Figure 4B and 4C, respectively). Interestingly, there was 
also an increase of p53 protein in DKO MEFs, consistent with the ability 
of E2F1 to induce the accumulation of p53 (Hsieh et al., 2002; Pomerantz 
et al., 1998; Rogoff et al., 2002; Russell et al., 2002). Introduction of an 
E2f1 luciferase promoter construct into wild type and DKO MEFs revealed 
higher luciferase reporter activity in DKO cells (Figure 4D), indicating that 
the higher levels of E2F1 mRNA and protein in DKO MEFs is likely due 
to transcriptional deregulation. Together with the ChIP assays shown in 
Figure 3F-J, these data suggest that the repression of E2f1 by E2F7 and 
E2F8 is direct. 

cre-deleted loxP alleles were labeled as (-/-). MEFs were synchronized by serum deprivation 
and hydroxyurea (HU) block as described in Experimental Procedures. At the indicated time 
points, cells were harvested and stained by propidium iodide for flow cytometry. Q: quiescent 
cells kept in serum-deprived medium. (F) Total RNA isolated from same synchronized MEFs 
samples as in (E) was analyzed by real time RT-PCR assays specific for E2f1 expression. (G-
i) MEFs deficient in E2f7 and E2f8 are hypersensitive to DNA damage induced apoptosis. 
(G) Cre-treated E2f7+/+E2f8+/+ and E2f7loxP/loxPE2f8loxP/loxP MEFs were mock treated with DMSO 
(- camptothecin) or with camptothecin (+camptothecin). At the indicated intervals cells 
were harvested and counted in triplicate as described in Experimental Procedures. The 
percentages of viable cells at the indicated time points are presented. (h) Lysates derived 
from MEFs treated as in (G) were analyzed at indicated time points by Western blotting using 
caspase-3 specific antibodies. (i) Total RNA was extracted from cells treated for 18h as in 
(G) and expression of the indicated p53 target genes was measured by real-time RT-PCR.
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To examine whether E2F7 and E2F8 mediated repression might be cell-
cycle dependent, we compared E2F-target expression in synchronized 
populations of wild type and DKO MEFs stimulated to progress through 
the cell cycle. MEFs were synchronized in G1/S by serum deprivation 
followed by re-stimulation with medium containing 15% serum and 1mM 
hydroxyurea (HU). Cells were then washed and incubated with medium 
lacking HU and harvested at various times following HU-release. Cell cycle 
progression was monitored by flow cytometry (Figure 4E). As expected, 
the expression of E2f1 and cdc6 in wild-type cells peaked at G1/S and 
subsequently decreased as cells entered S phase and progressed through 
G2 (Figure 4F and S5A) Strikingly, expression of E2f1 and cdc6 in DKO 
cells continued to increase during S and G2, accumulating up to 12-fold 
higher levels than in wild type cells. These data suggest an important role 
for E2F7- and E2F8-mediated repression during S and G2, coinciding with 
the time of the cell cycle when these two E2Fs accumulate maximally (de 
Bruin et al., 2003; Maiti et al., 2005).

DKO cells are hypersensitive to DNA damage

Given the marked increase in the expression of multiple E2F-target genes 
in cells deficient for E2f7 and E2f8, we analyzed proliferation rates in 
these double mutant cells. These analyses failed to reveal any significant 
difference in the proliferation of DKO and wild-type cells (Figure S5B and 
data not shown), even though DKO cells appeared to transit through S 
phase 2-3 hours faster than control cells (Figure 4E). Presumably, faster 
progression through S phase was compensated by a concomitant delay in 
other phases of the cell cycle as previously reported for cells lacking Rb 
or overexpressing dE2f1 (Resnitzky et al., 1994; Reis and Edgar, 2004). 
Because overexpression of E2f1 has been shown to elicit apoptosis in cells 
treated with DNA-damage inducing agents (Stevens and La Thangue, 
2004), we tested the sensitivity of DKO cells to camptothecin and 
cisplatin, two DNA-damage-inducing drugs. To this end, asynchronously 
proliferating wild type and DKO MEFs were treated with camptothecin 
or cisplatin and cell viability was determined by trypan blue exclusion. 
These drugs induced a significant acceleration of cell death in DKO MEFs 
when compared to wild type MEFs (Figure 4G and data not shown). Drug-
treated DKO cells detached from tissue culture plates and exhibited the 
characteristic blebbing morphology of apoptotic cells (Figure S5C). 
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Figure 5. loss of E2f1 or p53 suppresses apoptosis in E2f7-/-E2f8-/- embryos. (A) 
Micrographs of TUNEL stained E9.5 E2f7-/-E2f8-/-E2f1-/- (top panels) and E2f7-/-E2f8-/- p53-/- 
embryos (bottom panels). Far left panels: low magnification pictures of whole embryos. Right 
three panels: high magnification images of representative areas demarcated by the box in 
the low magnification images. (B) Quantification of TUNEL-positive cells in the indicated 
tissue areas are presented as the average ± SD % of cells that are TUNEL-positive. Three 
sections per embryo and at least three different embryos for each genotype were analyzed. 
For comparison purposes, data derived from E2f7+/-E2f8+/- and E2f7-/-E2f8-/- in Figure 2E, 
S1C were included. (C) Genotypic analysis of embryos derived from E2f1+/-E2f7+/-E2f8-/- 

intercrosses at the indicated stages of development. (D) Genotypic analysis of embryos 
derived from p53+/-E2f7+/-E2f8-/- intercrosses at the indicated stages of development.
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Table 2: Genotypic analysis of embryos during development

E2f1+/+
total

() number of dead embryos; Exact binomial test:  a highly significant (p<0.0007)

E2f7-/-E2f8-/- E2f7-/-E2f8-/-

E2f1+/- E2f1-/-

E2f7-/-E2f8-/-

E12.5                  - - 0(4)a 10

expected                    - 5                           6

expected                    - - 3

E9.5                    3                     6                 4                      66

Table 3: Genotypic analysis of embryos during development

p53+/+
total

() number of dead embryos; Exact binomial test:  a highly significant (p<0.0007).

E2f7-/-E2f8-/- E2f7-/-E2f8-/-

p53+/- p53-/-

E2f7-/-E2f8-/-

E12.5                  0                     0(1)               0(4)a 12

expected                    4                           8       4

expected                    1                           2       1

C

D
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Consistent with this observation, drug treatment preferentially triggered 
cleavage of caspase-3 in DKO MEFs (Figure 4H). We also evaluated the 
levels of E2F1 and p53 in drug-treated DKO MEFs. As expected, E2F1 and 
p53 protein levels accumulated to higher levels in camptothecintreated 
DKO cells than in similarly treated wild type cells (Figure S5D). The 
increase in p53 protein corresponded with a marked increase in the 
expression of p53-responsive genes, including gadd45, noxa, and pidd 
(Figure 5I). These results suggest that E2F7 and E2F8 may attenuate 
DNA-damage induced apoptosis by preventing the aberrant accumulation 
of E2F1 and p53.

induction of apoptosis in E2f7-/-E2f8-/- embryos is dependent on 
E2F1 and p53

Given the above observations, we hypothesized that the apoptosis in E2f7-

/-E2f8-/- embryos might be mediated through the induction of E2F1 and/
or p53. To test this possibility, E2f7+/-E2f8-/- animals were bred with either 
E2f1-/- or p53-/- animals in order to generate cohorts of triple knockout 
embryos (TKO). TUNEL assays performed on E9.5 TKO embryos showed 
that the loss of either E2f1 or p53 suppressed the massive apoptosis 
caused by a deficiency in E2f7 and E2f8 (Figure 5A and 5B). From these 
results we conclude that E2F7 and E2F8 represent a critical regulatory 
arm of the E2F network that controls apoptosis through the E2F1-p53 
axis. 

Interestingly, both cohorts of TKO embryos harvested at E10.5 had 
dilated vessels and extensive hemorrhaging similar to DKO embryos 
(data not shown). Importantly, no live TKO embryos could be observed at 
E12.5 (Figure 5C-D). These results suggest that the widespread apoptosis 
observed in DKO embryos, which was suppressed in TKO embryos, is 
independent of vascular defects and embryonic lethality. These results 
also indicate that misregulated E2F7- and E2F8-target genes beyond E2f1 
are likely to be involved in the mortality of DKO embryos. 

Consistent with this view, global analysis of gene expression showed that 
among the ~ 39,000 transcripts analyzed, 88 were upregulated and 33 
were downregulated at least 3-fold in E2f7-/-E2f8-/- embryos relative to 
wild-type embryos (Figure 6A). Realtime RT-PCR assays confirmed the 
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Figure 6. Microarray analysis of E10.5 embryos. (A) Heat maps of probe sets in 
Affymetrix microarrays that showed at least a 3-fold induction (left and middle) or a 3- 
fold reduction (right) of expression in E2f7-/-E2f8-/- relative to wild-type embryos. Data are 
presented as the medium of 4 embryos from wild type, E2f7-/-E2f8+/+ and E2f7+/+E2f8-/-

genotype groups, and the medium of 2 embryos from E2f7+/-E2f8+/- and E2f7-/-E2f8-/-

genotype groups. Red and green indicate induction and reduction respectively. Probe sets 
representing genes of interest are indicated. (B) The expression of 8 target genes (6 up-
regulated and 2 down-regulated) was evaluated by real-time RT-PCR assays. (C) Pie chart 
diagrams illustrate the non-random distribution of the stress-related genes among the total 
88 up-regulated genes in DKO embryos.
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altered expression of many of these genes (Figure 6B). Functional 
annotation of misregulated genes revealed a bias for gene products 
known to be activated in response to stresses, including hypoxia, nutrient 
deprivation and apoptosis (Figure 6C and S6). These analyses also 
confirmed that E2f1, cdc6 and additional E2F targets were increased in 
DKO versus wild-type embryos, albeit the increase in their expression 
was only ~2-fold (data not shown). Interestingly, a subset of the 122 
transcripts (88 up- and 33 down-regulated) were partially misregulated in 
E2f7-/-, E2f8-/-, and/or E2f7+/-E2f8+/- embryos, underscoring the synergistic 
role of these two E2F factors in the control of gene expression during 
embryonic development.

DiSCuSSiON

The E2F7 and E2F8 transcription factors likely represent the final members 
of the E2F family to be identified in mammals. We show here that these 
two novel factors are strictly required for embryonic development and are 
critical direct regulators of the E2F1-p53 apoptotic axis. 

While disruption of E2f7 or E2f8 had little impact on mouse development, 
their combined ablation resulted in widespread apoptosis, vascular defects 
and hemorrhaging, leading to embryonic death by E11.5. Provision of 
even one functional allele from either locus was sufficient to carry fetuses 
through development all the way to birth. The contribution of E2F7 and 
E2F8 in postnatal development, however, does not appear to be equal. 
Young and adult E2f7+/-E2f8-/- mice were developmentally normal, whereas 
most E2f7-/-E2f8+/- animals appeared runted and died within the first three 
months of life. A bias in homo- versus hetero-dimerization may explain 
the differential requirement for E2f7 and E2f8 in postnatal development. 
We found that in tissue culture experiments, under conditions where 
expression levels can be compared (by epitope tagging) and experimentally 
equalized, the formation of E2F7:E2F7 homo-dimers was preferred over 
E2F7:E2F8 hetero-dimers, and E2F8:E2F8 homo-dimers appeared to be 
the least preferred state (E2F7:E2F7 > E2F7:E2F8 >E2F8:E2F8). While 
the molecular basis for homo- versus hetero-dimerization is not yet clear, 
these data suggest that inefficient homo-dimerization may compromise 
the ability of E2F8 to compensate for the loss of E2F7, an effect that 
might be aggravated in circumstances of limiting amounts of E2F8 (i.e. 
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E2f7-/-E2f8+/-). Thus, the observed bias for E2F7 homo-dimerization may 
explain the stricter postnatal requirement for this subunit. While this 
interpretation is likely an oversimplification, these results do provide a 
molecular explanation for their functional redundancy in development. It 
will be interesting to investigate how dimerization might be impacted by 
the levels of E2F7 and E2F8 proteins in vivo or by tissue-specific signals. 

Because of the intense interest in E2Fs as major regulators of the cell 
cycle and apoptosis, individual E2F family members, including E2f1 
through E2f6, have been extensively studied in vivo by gene targeting 
approaches in mice. With the exception of E2f3 knockout mice, defects in 
embryos deficient for each of the known E2Fs are rather subtle (Field et 
al., 1996; Yamasaki et al., 1996; Lindeman et al., 1998; Humbert et al., 
2000a; Murga et al., 2001; Storre et al., 2002; Rempel et al., 2004). Even 
the disruption of E2f3 when in a mixed genetic background yields viable 
mice (Humbert et al., 2000b; Wu et al., 2001). The virtual absence of cell 
proliferation and apoptotic defects in E2F deficient embryos has raised 
questions about the physiological importance of these factors, leaving the 
impression that E2Fs must either not be critical for the control of these 
processes in vivo or that there is sufficient functional redundancy among 
family members to accommodate for a deficiency in any single member. 
Previous tissue culture experiments have provided evidence for functional 
redundancy among E2F1-3 activators and E2F4-6 repressors (Gaubatz 
et al., 2000; Wu et al., 2001; Giangrande et al., 2004) in the control of 
proliferation. The current work underscores functional redundancy among 
E2F7 and E2F8 in the control of apoptosis in vivo. 

Too much or unrestrained E2F activity can also compromise cell 
homeostasis. The importance of restraining E2F activity is highlighted 
by the fact that at least four independent mechanisms have evolved to 
achieve this. One such repressive mechanism involves the binding and 
inhibition of E2F proteins by the Rb tumor suppressor. Indeed, disruption 
of Rb leads to unregulated proliferation and ectopic apoptosis that is 
partly suppressed by the concomitant loss of E2F activators (Ziebold et 
al., 2001; Saavedra et al., 2002). A second mechanism involves binding 
of cyclinA/cdk2 to E2F1, E2F2 and E2F3a proteins during S phase, leading 
to the phosphorylation of their dimerization partners DP1/2 and the 
inhibition of E2F/DP DNA binding activity (Dynlacht et al., 1994). A third 
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mechanism involves the p45SKP2/F-box-dependent degradation of the 
three E2F activators during S phase (Leone et al., 1998; Marti et al., 1999). 
Here we described a fourth repressive mechanism to keep E2F activity in 
control that involves direct transcriptional repression of E2f1 by E2F7 and 
E2F8. In contrast to other repressor E2Fs (E2F3b, E2F4-6), which play a 
predominant role in silencing gene expression in G0- G1, these two novel 
E2Fs may have a particularly important role in repressing E2F targets as 
cells transit through S phase and into G2. Gene expression analysis in 
synchronized E2f7-/-E2f8-/- MEFs revealed that E2f1 mRNA levels, as well 
as that of many other E2F-target genes, increased acutely during S and 
G2. Thus, by participating in the repression of E2F-target genes as cells 
transit through S-G2, E2F7 and E2F8 represent the first transcriptional 
mechanism described that contributes directly to the downswing in the 
oscillating pattern of cell cycle-specific gene expression. 

In vitro and in vivo experiments described here provide clear-cut evidence 
for a role of E2F7 and E2F8 in the control of apoptosis that involves, 
at least in part, the regulation of E2f1 expression. Genetic inactivation 
of E2f7 and E2f8 resulted in the accumulation of E2f1 mRNA and a 
corresponding increase in its protein product. Consistent with a direct 
role in repression, ChIP experiments showed that E2F7 and E2F8 are 
recruited to the E2f1 promoter and that this requires intact DNA binding 
activity. The increase of E2F1 protein levels in E2f7-/-E2f8-/- cells coincided 
with the accumulation of p53 protein. Several mechanisms of how E2F1 
may lead to the accumulation and activation of p53 have been described 
(Hsieh et al., 2002; Pomerantz et al., 1998; Rogoff et al., 2002; Russell 
et al., 2002). The increase of E2F1 and p53 in E2f7-/-E2f8-/- cells is of 
physiological significance since ablation of either E2f1 or p53 suppressed 
the widespread apoptosis observed in DKO embryos. The fact that these 
TKO embryos still died suggests that apoptosis in E2f7-/-E2f8-/- embryos 
is not simply due to an indirect consequence associated with embryonic 
lethality but rather due to a specific signal emanating from deregulated 
E2F1. These results also indicate that additional targets repressed by E2F7 
and E2F8 must be involved in the many pathologies that likely underlie 
the lethality of DKO embryos. Indeed, profiling of global gene expression 
in DKO embryos confirmed the deregulation of many additional genes. 
Interestingly, a substantial portion of these included gene products 
known to be involved in various responses to stress such as hypoxia, 
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nutrient deprivation and apoptosis. We view these results to mean that 
physiological stress, whether induced by vascular or other defects in 
DKO embryos or by the addition of DNA damaging agents in DKO MEFs, 
exacerbates the activation of the E2F1-p53 axis and unleashes a massive 
apoptotic response. 

In summary, we show that E2F7 and E2F8 are essential for embryonic 
development. Their synergistic function may be viewed as a distinct arm 
of the E2F network involved in repression of transcription during S-G2, 
where E2f1 represents a particularly critical target that if not appropriately 
repressed can illicit widespread apoptosis in developing embryos.

ExPERiMENTAl PROCEDuRES

Generation of E2f7 and E2f8 knockout mice
E2f7 and E2f8 specific probes were used to screen a 129Sv/Ev bacterial 
artificial chromosome library. A 7.0 kb XbaI fragment of E2f7 spanning 
exon 4 and 5 was isolated from RPCI 22 431 H17 and a 6.6 kb fragment of 
E2f8 containing exon 3 and 4 was isolated from RPCI 22 539 P23. Standard 
cloning techniques were used to generate E2f7 and E2f8 targeting vectors, 
which were confirmed by direct sequencing. Targeting vectors were 
linearized with NotI and electroporated into TC1 129Sv/Ev embryonic 
stem (ES) cells. ES cells were selected in medium containing G418 plus 
ganciclovir and correct recombination was confirmed by Southern blots 
using the indicated probes in Figure 1A. Selected ES clones were injected 
into C57BL/6 blastocysts to generate chimeric mice, which were bred with 
Black Swiss females to obtain germline transmission. Appropriate offspring 
were then bred to EIIa-Cre mice (Lakso et al., 1996) to produce mice 
with conventional and conditional null alleles as illustrated in Figure 1A. 
Genotypic analysis of offspring was performed by Southern blot analysis 
and multiplex PCR using allele-specific primers described in Figure S7.

Real-time RT-PCR
Total RNA was isolated using Qiagen RNA miniprep columns as described 
by the manufacturer, which included the optional DNase treatment before 
elution from columns. Reverse transcription of total RNA was performed 
using Superscript III reverse transcriptase (Invitrogen) and RNAse 
Inhibitor (Roche) according to the manufacturer’s protocol. Real-time PCR 
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was performed using a BioRad iCycler and reactions were performed in 
triplicate and relative amounts of cDNA were normalized to GAPDH. The 
E2f7 and E2f8 real-time primers are located within the deleted regions of 
E2f7 and E2f8 respectively. Primer sequences for the indicated genes are 
included in Figure S7.

Whole mount in situ hybridization
Wild type E9.5 day-old embryos were harvested and fixed in 4% 
paraformaldehyde. Whole mounts were performed as described 
(Riddle et al., 1993). Probes for E2f7 and E2f8 were generated by PCR 
amplification (see Figure S7). The resulting PCR products were subcloned 
into pBluescript KS (Stratagene) and pGEM-TEasy vector (Promega), 
respectively. Sense and antisense RNA probes were transcribed from the 
appropriate promoters using T3 and T7 RNA polymerase (Roche).

Affimetrix microarray analysis
Total RNA was prepared from E10.5 embryos using the RNasy Kit 
(Qiagen) and included the optional DNase treatment before elution from 
purification columns. RNA was processed as described in www.osuccc.
osu.edu/microarray/ and hybridized to oligonucleotide microarrays 
(Mouse Genome 430 2.0 array, Affymetrix, Santa Clara, CA). Scanned 
image files were quantified with GENECHIP 3.2 (Affymetrix). The Raw 
gene expression data is presented in Supplemental Figure S8. Genes that 
increased or decreased at least 3-fold (p< 0.008) in DKO samples relative 
to wild type samples were used to generate the heatmaps illustrated in 
Figure 6A.

Co-immunoprecipitation assays (Co-iP)
Human embryonic kidney (HEK) 293 cells were cultured in DMEM medium 
supplemented with 15% FBS and used for co-immunoprecipitation assays. 
Transient transfections with the indicated constructs were performed by 
standard calcium chloride techniques. Cells were harvested and washed 
in PBS at 4°C and cell pellets were lysed in 10 volumes of lysis buffer 
(0.05M sodium phosphate pH7.3, 0.3M NaCl, 0.1% NP40, 10% glycerol 
with protease inhibitor cocktail, Roche). Co-IP was performed as described 
before (Maiti et al., 2005).

Immuno-affinity purification (IAP)
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HeLa cells were transduced with retroviruses expressing a bicistronic mRNA 
encoding human E2F7 or E2F8 (flag-HA-7 and flag-HA-8) and interleukin-2 
receptor (IL-2R)-α (Ogawa et al., 2002). The transduced population was 
incubated with magnetic beads linked to IL-2R specific antibodies. E2F7/8-
IL-2R expressing cells were then enriched by separating magnetic beads-
bound cells from non-bound cells using a magnetic plate. Nuclear extracts 
from enriched E2F7/8 expressing cells were prepared by a modified 
Dignam preparation protocol using Buffer C-450 (20mM HEPES, pH 7.9, 
450 mM KCl, 1.5 mM MgCl2, 25% glycerol, 0.2mM EDTA) (Dignam et 
al., 1983). Resulting extracts were incubated with pre-equilibrated flag 
M2 affinity resin (A2220, Sigma) for 3h. Resin/extract mixtures were 
decanted onto Bio-Spin columns (BioRad) and allowed to empty by gravity. 
After extensive washing with Wash Buffer (20mM HEPES, pH 7.9, 150mM 
KCl; 10% glycerol, 0.2mM EDTA), complexes were eluted by incubation 
with 200μg/mL of flag peptide (F3290, Sigma). The flag eluents were 
subsequently subjected to Western blot analysis using anti-E2F8 antibody 
(M01, Abnova). All nuclear extraction and immuno-affinity purification 
steps were peformed at 4°C and fresh protease inhibitors were added to 
all working solutions.

Chromatin immunoprecipitation (ChiP) and sequential ChiP 
assays
For ChIP assays, the EZ CHIPTM assay kit (Upstate) was used as described 
by the manufacturer. Briefly, harvested HEK 293 cells overexpressing 
flag-E2F7 and/or flag-E2F8 were crosslinked and chromatin was sonicated 
to an average size of 200-1000 bp. Lysates were subsequently pre-
cleared with Salmon Sperm DNA/Protein G agarose slurry. Antibodies 
specific to flag, HA, or normal mouse IgG (Oncogene) were then added 
to each sample and incubated overnight at 4oC. Antibody-protein-DNA 
complexes were recovered by addition of 30 μl of Salmon Sperm DNA/
Protein G agarose slurry and incubation for 1h at 4oC. Following extensive 
washing, the complexes were eluted and decrosslinked at 65oC for 4h. 
Finally, samples were treated with Proteinase K (Roche) and Rnase A 
(Roche) and purified through Qiaquick columns (Qiagen). Real-time PCR 
quantification of immunoprecipitated DNA was performed using the Biorad 
iCycler machine with primers specific for the indicated promoter regions. 
All primer sequences are listed in Figure S7. Reactions were performed in 
triplicate and normalized to 1% of the total input. Sequential ChIP-PCR 
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was carried out similarly using the same EZ CHIPTM protocol, except two 
rounds of chromatin immunoprecipitation steps were performed. The first 
round of immunoprecipitation was performed by incubation of extracts 
with M2 anti-flag antibody and Salmon Sperm DNA/Protein G agarose 
slurry. Precipitated DNA22 protein complexes were eluted with excess flag 
peptide (200μg/mL) for 1h at 4°C and then subjected to a second round 
of precipitation with primary antibodies as indicated in Figure 3H-J. After 
extensive washing, sequentially precipitated complexes were recovered 
by addition of 30μl of Salmon Sperm DNA/Protein G agarose slurry and 
incubation for another 1h at 4oC. Protein-DNA complexes collected from 
sequential ChIP were treated and subjected to real-time PCR analysis as 
described above for ChIP experiments.

Western blot and antibodies
Immunoblot analyses were performed by standard procedures using ECL 
reagents as described by the manufacturer (Amersham Biosciences). The 
following commercial antibodies were used as indicated in the figures: flag 
(M2, Sigma), HA (12C5A, Roche), Myc (9E10, Santa Cruz), E2F1 (C-20, 
Santa Cruz), tubulin (T6199, Sigma), caspase-3 (9662, Cell Signaling), 
p53 (Ab-1, Oncogene).

Cell culture and viability assay
E2f7loxp/loxpE2f8loxp/loxp mouse embryo fibroblasts (MEFs) were isolated from 
E13.5 embryos and maintained in DMEM medium containing 15% fetal 
bovine serum (FBS). Immortalized cell lines were generated from primary 
MEFs using the standard 3T9 protocol. Immortalized MEFs were treated 
with retrovirus expressing cre recombinase using standard methods (Wu 
et al., 2001). Apoptosis was measured in MEFs at the indicated times 
following treatment with 10μm cisplatin (Sigma) or 20μm camptothecin 
(Sigma) for 18h. Cell viability was determined by trypan blue exclusion.

Reporter assay
Luciferase reporter assays were performed in triplicate as described 
previously (de Bruin et al., 2003). Briefly, cre-treated wild type and E2f7loxP/

loxPE2f8loxP/loxP MEFs were transfected with E2f1-Luc reporter plasmid (Araki 
et al., 2003), along with a thymidine kinase renilla luciferase construct as an 
internal control. Cells were harvested and luciferase activity was detected 
using dual luciferase system (Promega) following the manufacturer’s 
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protocol. E2f1-Luc reporter plasmid has been described previously.

FACS analysis
Cre-treated wild type and E2f7loxP/loxPE2f8loxP/loxP MEFs were synchronized 
by starvation in DMEM containing 0.2% FBS for 48h and blocked at 
the G1/S transition by the addition of DMEM containing 15% FBS with 
1mM hydroxyurea (HU) for 18h. Cells were then washed 3 times with 
PBS and incubated with fresh medium containing 15% FBS. Cells were 
harvested at the indicated time points and fixed in 70% ethanol, followed 
by incubation in propidium iodide and analyzed by flow cytometry using 
standard methods.

Brdu and TuNEl assays
Pregnant females at 9.5 days postcoitum were injected intraperitoneally 
with BrdU (100ug/grams of body weight) 30min prior to harvesting. 
Embryos were fixed in formalin and 5μm paraffin embedded-sections 
were used for immunohistochemistry. After deparaffinization, anti-
BrdU antibody (MO-0744, DAKO) and Vectastain Elite ABC reagents 
(Vector labs) were used to detect BrdU incorporation according to the 
manufacturer’s instructions. Apoptotic cells were detected using TUNEL 
(S7101, Chemican) assays, performed according to the manufacturer’s 
protocol. All slides were counterstained with hematoxylin.
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Figure S1. inactivation of E2f7 and E2f8 induces massive apoptosis in E9.5 
embryos. (A) H&E staining of E9.5 embryo mesenchymal tissues. The right panel highlights 
the nuclear morphology of mesenchymal cells in E2f7-/-E2f8-/- embryos; black arrows point 
to examples of pyknotic nuclei. (B) Formalin fixed sections of embryos with the indicated 
genotypes were analyzed by TUNEL assays. Far left panels: low magnification pictures of 
whole embryos. Right panel: high magnification images of representative areas demarcated 
by the box in the low magnification images. (C) Quantification of TUNELpositive cells in the 
branchial arch areas is presented as the average ± SD percentage of cells that are TUNEL-
positive. Three sections per embryo and three different embryos for each genotype were 
analyzed.
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Figure S2. inactivation of E2f7 and E2f8 does not affect Brdu incorporation in 
vivo. (A) BrdU staining of embryos with the indicated genotypes. Far left panels: low 
magnification pictures of whole embryos. Right three panels: high magnification images 
of representative areas demarcated by the box in the low magnification images. (B) 
Quantification of proliferation in different tissue areas of embryos is presented as the 
average ± SD percentage of cells that are BrdU-positive. Three sections per embryo and 
two different embryos were counted for each genotype group.

Figure S3. DNA binding mutations abolish the DNA binding activity of E2F7. (A) 
EMSAs of in vitro translated myc-tagged wild type or mutant forms of E2F7 containing amino 
acid substitutions (Maiti et al., 2005) in the indicated DNA binding domains (DBD1, DBD2, 
DBD1,2) using a biotin-labeled E2 DNA probe. In vitro translated reactions of wild type E2F7 
were incubated with mock buffer (-), anti-myc or IgG antibodies as indicated, or incubated 
with an unlabeled wild type (wt com.) or mutant E2 (mut com.) probe. (B) Western blot of 
in vitro translated wild type or mutant forms of myc-tagged E2F7 using anti-myc antibodies.
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Figure S4. E2F7 and E2F8 bind to the cdc6 promoter. (A-E) The same 
chromatinimmunoprecipitated DNA that was used and described in Figure 4F-J was amplified 
using primers specific for the cdc6 promoter. Real-time PCR was performed in triplicate and 
cycle numbers were normalized to 1% of the input DNA.

Figure S5. MEFs deficient in E2f7 and E2f8 are hypersensitive to DNA damage 
induced apoptosis. (A) Total RNA isolated from same synchronized MEFs samples as in 
Figure 4F was analyzed by real-time RT-PCR assays specific for cdc6 expression. (B) Growth 
curve of cre-treated E2f7+/+E2f8+/+ and E2f7loxP/loxPE2f8loxP/loxP MEFs. Cells were plated and 
viable cells counted daily in triplicate. For convenience, cre-deleted loxP alleles were labeled 
as (-/-). (C) Light microscopy images of MEFs treated as in Figure 4G at 72h. (D) Lysates 
derived from MEFs treated as in Figure 4G were analyzed by Western blotting using E2F1 
and p53 specific antibodies. Tubulin-specific antibodies were used as an internal loading 
control.
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Supplemental tables are available in the online version of this paper.
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ABSTRACT

The tumor suppressor Retinoblastoma (Rb) is frequently inactivated 
in hepatocellular carcinomas (HCC), and is known to inhibit cell cycle 
progression upon DNA damage. Surprisingly, liver-specific deletion of 
Rb in mice does not lead to spontaneous HCC formation, indicating that 
other or additional events are required to initiate liver cancer. Previous 
studies showed that Rb and atypical E2Fs have synergistic functions in 
regulating senescence and red blood cell differentiation. Here, we show 
that Rb and atypical E2Fs cooperate to prevent liver cancer. Moreover, we 
demonstrate that liver-specific deletion of E2f7/8 is already sufficient to 
initiate spontaneous HCC in mice. E2F7/8 and Rb repress genes involved 
cell cycle progression and genomic stability, suggesting that up-regulation 
of E2F target genes drives tumorigenesis. These findings demonstrate 
that E2F7/8 and Rb function as tumor suppressors potentially through 
repressing a transcriptional network of cell cycle genes that are deregulated 
in advantage stages of HCC in humans. 
 

iNTRODuCTiON

Hepatocellular carcinoma (HCC) is one of the most common causes of 
cancer deaths worldwide: second most lethal  in men and sixth in women 
[1]. The main risk factors for HCC include hepatitis B and C viral infections, 
aflatoxin B1 exposure, alcoholism, fatty liver disease and cirrhosis-inducing 
conditions [2, 3]. Among these, about 75% of HCCs are attributed to 
chronic HBV and HCV infections [4]. Although the risk factors leading to 
HCC are well established, the mechanism of hepatocarcinogenesis remain 
largely unknown. Several studies have revealed genetic alterations  
involving inactivation of tumor suppressors and activation of oncogenes 
responsible for this process [5-7]. 

Inactivation of tumor suppressor Rb pathway is one of the common 
events in HCCs, and occurs either as a mutation of the Rb gene or via 
hyperphosphorylation of Rb protein through overexpression of CyclinD1/
Cdk4 or loss of Cdk inhibitor p16 [6, 7]. In mouse models, liver specific 
deletion of Rb did not induce spontaneous tumor formation, but loss of 
Rb enhanced tumorigenesis in mice  exposed to the hepatocarcinogen 
diethylnitrosamine (DEN) [8]). Disruption of the Rb pathway promotes 
tumorigenesis by deregulating E2F family of transcription factors thereby 
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leading to uncontrolled cell proliferation and genomic instability [8, 9]. 
E2F transcription factors are known to orchestrate the expression of 
genes involved in cell cycle control [10]. The E2F family has 8 members, 
which are broadly grouped into transcriptional activators (E2F1-3) and 
repressors (E2F4-8) subclasses [10]. The most recently discovered family 
members E2F7 and E2F8 (E2F7/8), also named atypical E2Fs, function 
as transcriptional repressors of genes involved in DNA replication, repair, 
metabolism and chromosome segregation during the S-phase of the cell 
cycle [11-14]. Atypical E2Fs are induced in response to DNA damage 
conditions  and can induce an S-phase arrest, indicating an important role 
for E2F7/8 in DNA damage checkpoint control.  [15]. Moreover, loss of 
both E2F7 and E2F8 (E2F7/8), but not single loss of either E2F7 or E2F8, 
in mice leads to embryonic death suggesting an overlapping functions 
during development [16]. 

Rb and E2F7/8 constitute key cell cycle control machinery which is an 
important barrier to neoplastic transformation. Previous studies showed 
that inactivation of Rb leads to increased expression of E2F7/8 [17, 18]. 
These observations indicate that Rb inhibits the expression of E2F7/8, and 
that loss of Rb tumor suppressor function could potentially be compensated 
by the up-regulation of its downstream targets E2F7/8. In this study, we 
show that deletion of atypical repressor E2Fs leads to development of 
spontaneous liver cancer in mice. Additional deletion of Rb, along with 
E2f7/8, further enhances tumorigenesis. Global gene expression analysis 
demonstrates deregulation of E2f7/8 target genes in absence of E2f7/8 
and E2f7/8/Rb.

RESulTS

E2F7/8 target genes are upregulated in advanced human hCCs

Since Rb and E2F7/8 regulate a common set of E2f target genes [8, 13, 
14], we examined the status of E2f target  genes expression in human 
HCCs. We used a publically available microarray gene expression data set 
for early and advanced stages of human HCCs [19]. Previously, we have 
identified deregulated E2f target genes upon loss of E2F7/8 in 4 week 
old livers utilizing microarray analysis [14]. Furthermore, we confirmed 
by chromatin-immunopreciptation in combination with sequencing (ChIP-
seq) that E2F7/8 binds directly to the promoters of these target genes [13]
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(and unpublished data). We have generated a list of E2f7/8 target genes 
that were deregulated in E2f7/8 deficient liver by overlapping microarray 
and ChIP-seq data sets, referred to as E2f7/8 signature target genes. 
This list of 55 genes consists of well-known cell cycle genes including 
genes involved in DNA replication and repair, for example, Cdt1, Cdc6, 
E2F1, MCM2/3/5/7, Rad51 etc. We found that the expression of E2F7/8 
signature genes was upregulated in a subset of advanced human HCCs 
(Fig 1). This analysis shows that E2F7/8 gene signature is associated 
with advanced HCC which suggests a possible role for E2F7/8 as tumor 
suppressors. 

Figure 1. E2f7/8 target genes are upregulated in advanced human hCC. Heat map 
of E2f7/8 target genes from publically available microarray gene expression data set for 
early and advanced stages of human HCCs [19]. VE, very early; E, early; A, AA, advanced 
human HCCs. 
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loss  of E2F7 and E2F8 leads to development of spontaneous liver 
cancer

To evaluate the tumor suppressor potential of E2F7/8, we used homologous 
recombination and Cre/loxP techniques to delete E2f7 and E2f8 in murine 
livers. Mice transgenic for Cre under the control of the hepatocyte-
specific albumin promoter (Alb-Cre) were crossed to E2f7f/f;E2f8f/f mice 
to generate  Alb-cre-/-;E2f7f/f;E2f8f/f and Alb-cre+/-;E2f7-/-;E2f8-/- mice. 
Deletion of E2f7/8 has been confirmed by qPCR [14] (Supplemental Fig 
1A). To determine whether the E2f7/8 deficient livers are susceptible to 
develop liver cancer, wild-type (Alb-cre-/-;E2f7f/f;E2f8f/f) and Alb-cre+/-

;E2f7-/-;E2f8-/- (briefly E2f7-/-;E2f8-/-) mice were aged. Loss of E2F7/8 
resulted in the development of spontaneous liver cancer at the mean age 
of 26 months (Fig 2B, F, J, Supplemental table). Development of the tumor 
showed a gender difference, with 91% of male mice (n= 23) and only 
14% of females (n=14) displaying liver cancer. None of the age-matched 
wild-type mice developed liver cancer (Fig 2A, E, J, Supplemental table). 
Survival analysis revealed no significant difference in the mean life spans 
of Alb-cre+/-;E2f7-/-;E2f8-/- and wild-type mice (Fig 2K and Suppl table). 
Histological evaluation of H&E stained sections revealed that tumors 
were either hepatocellular adenomas, characterized by expansion of 
well-differentiated hepatocytes with defined margins and compression of 
surrounding parenchyma or well-differentiated HCC which showed locally 
invasive growth of well-differentiated hepatocytes in diffuse, trabecular 
or glandular pattern (Fig 2F, 2I). These data demonstrate that E2F7/8 
function as tumor suppressors. 

Rb cooperates with E2F7/8 in suppressing liver cancer 

Previous studies showed that loss of Rb enhanced tumor formation in 
livers exposed to hepatocarcinogen DEN [8]. Furthermore, combinatorial 
deletion of E2f7 and Rb in mouse embryonic fibroblasts expressing 
H-Ras  reduces the oncogenic senescence response. [18]. We, therefore, 
wondered whether E2F7/8 cooperate with Rb to prevent tumor formation in 
mice liver. We used a  transgenic Cre/loxP approach  to disrupt Rb function 
alone or in combination with E2F7/8  in the liver. Mice with specific deletion 
of E2f7/8 and Rb (Alb-cre+/-; E2f7-/-;E2f8-/-;Rb-/-) lived significantly shorter 
than wild-type controls, Alb-cre+/-;Rb-/- and Alb-cre+/-;E2f7-/-;E2f8-/- (Fig 
2J, Supplemental table). 13 out of 20 Alb-cre+/-; E2f7-/-;E2f8-/-;Rb-/- mice 
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developed tumors, whereas only 1 out of 18 Alb-cre+/-;Rb-/- mice had a 
liver tumor. Furthermore, incidence of tumors in male versus female is 
similar in E2f7-/-;E2f8-/- and E2f7-/-;E2f8-/-;Rb-/- mice. Histologically, most 
of the E2f7-/-;E2f8-/-;Rb-/- tumors were well differentiated HCCs (Fig 2G).

 

Figure 2. Liver specific deletion of E2f7/8 and Rb leads to spontaneous development 
of liver tumors. Representative gross pictures (A-D) and H&E stained liver sections (E-
G) from wild-type control and liver tumors from indicated genotypes. (i) Histological 
classification of tumors from Alb-cre+/-;E2f7-/-;E2f8-/- (n= 28) and Alb-cre+/-; E2f7-/-;E2f8-

/-;Rb-/- (n= 13) mice. (G-h) Survival and tumor-free curves for Alb-cre-/-;E2f7-/-;E2f8-/- 
(control) Alb-cre+/-;E2f7-/-;E2f8-/- and Alb-cre+/-; E2f7-/-;E2f8-/-;Rb-/- mice that were aged 
without any treatment. * p < 0.05 versus wild type, E2f7-/-;E2f8-/- and Rb-/-; # P<0.05 
versus wild-type and E2f7-/-;E2f8-/-;Rb-/-.
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However, one of these tumors also showed characteristics of a poorly 
differentiated HCC (Fig 2I, Supplemental Fig 1B). These results demonstrate 
that Rb and E2F7/8 cooperate in preventing liver tumorigenesis. While 
E2f7-/-;E2f8-/- tumor bearing mice live as long as wild-type mice, additional 
deletion of Rb reduced the life span of E2f7-/-;E2f8-/-;Rb-/- tumor bearing 
mice.

Increased proliferation and expression of cell cycle genes upon 

loss of E2F7/8 and Rb 

Next, we examined whether loss of E2F7/8 and Rb increased the proliferation 
rate in tumors and non-tumor parts by performing immunohistochemistry 
with antibody directed against the proliferation marker Ki67. This analysis 
showed significant increase in Ki67 positive hepatocytes in  E2f7-/-;E2f8-/- 
and E2f7-/-;E2f8-/-;Rb-/- tumors compared to their respective non-tumor 
surrounding parts and wild-type livers (Fig 3A, 3B). Furthermore, we 
observed an increased proliferation rate in  E2f7-/-;E2f8-/-;Rb-/- tumors 
compared to E2f7-/-;E2f8-/- tumors, indicating that loss of Rb enhances 
proliferation of tumor cells (Fig 3A, 3B). Next, we analyzed apoptosis in 
these tumors, but we failed to detect any difference in the number of 
caspase 3 positive cells in these tumors utilizing  immunohistochemistry  
(Supplemental Fig 2).

To investigate  the global gene expression patterns in wild-type livers, 
E2f7-/-;E2f8-/- non-tumor livers, E2f7-/-;E2f8-/- liver tumors and E2f7-/-

;E2f8-/-;Rb-/- liver tumors, we performed RNA-sequencing analysis. Gene 
ontology analysis of differentially expressed genes in the tumor samples 
revealed up-regulation of genes associated with cell cycle, mitosis, 
chromosome segregation, and cell motility (Supplemental Fig 3A). 
Interestingly, E2f7-/-;E2f8-/-;Rb-/- liver tumors show specific up-regulation 
of genes involved in carbohydrate and DNA metabolism which was not 
observed in E2f7-/-;E2f8-/- liver tumors. This is in line with the previous 
observation indicating that loss of Rb function results in increased  
glycolysis [20]. In this context, inactivation of Rb causes upregulation 
of E2F1 and c-Myc, thereby promoting the expression of glycolytic genes 
including GLUT1, HK2, PKM2 and LDH-A [20-23]. Moreover, Rb loss 
has also been associated with increased nucleotide synthesis through 
activation of thymidine kinase (TK1), ribonucleotide reductase (RNR) 
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and dihydrofolate reductase (DHFR) enzymes [20, 24-26]. In addition 
to the activation of genes involved in cell cycle, and carbohydrate and 
DNA metabolic processes, the tumors also displayed down-regulation 
of genes mainly associated with other metabolism such as lipid, fatty 
acid and steroid metabolism, amino acid metabolism, electron transport  
(Supplemental Fig 3A). Analysis of altered KEGG pathway showed up-
regulation of Notch-, TGF-β , and p53-signaling specifically in E2f7-/-;E2f8-

/-;Rb-/- tumors compared to E2f7-/-;E2f8-/- liver tumors (Supplemental Fig  
3B). Then we analyzed the expression of E2f7/8 target genes, and found 
that the expression levels of the majority of these genes is higher in

Figure 3. loss of E2F7/8 and Rb leads to increased proliferation of tumor cells. 
(A) Pictures from immunohistochemical analysis for the proliferation marker Ki67 on liver 
sections from mice of indicated genotypes. Magnification: 200x. (B) Quantification of Ki67 
positive cells in non-tumor and tumor parts. The data are presented as average ± SEM. 
n = 6 (Alb-cre+/-;E2f7-/-;E2f8-/-), 7 (Alb-cre+/-; E2f7-/-;E2f8-/-;Rb-/-) and 1 (Alb-cre+/-; Rb-/-

). Statistics: * P<0.05 versus wild-type, # P<0.05 versus E2f7-/-;E2f8-/-, $ P<0.05 versus 
corresponding non-tumor part.
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E2f7-/-;E2f8-/- tumors and a subset of E2f7-/-;E2f8-/-;Rb-/- tumors relative 
to wild-type livers (Fig 4A). These genes include genes involved in DNA 
replication (e.g. Cdt1, Cdc6, E2F1, MCM2/3/5/7, Rad51 etc), DNA repair 
(Rad51, Chek1) and mitosis (e.g. Cenph, Kif18a). However, the lack of 
obvious differences in the expression of these genes upon additional 
loss of Rb is surprising given the increased proliferation rate of tumor 
cells in the latter group. Quantitative PCR (qPCR) confirmed the higher 
expression of key cell cycle genes such as E2F1, Cyclin A, Cyclin E1, Cyclin 
B1, Cdc6 in these tumors compared to wild-type littermates (Fig 4B). To 
examine the changes in expression of these genes in young proliferating 
livers, when tumors are not present yet, we performed qPCR on 4 week 
old livers. We observed increased levels of some of these genes in young 
E2f7-/-;E2f8-/- livers, and surprisingly only few of these, including  E2f1 and 
Cyclin E, were also up-regulated in young E2f7-/-;E2f8-/-;Rb-/- livers (Fig 
4C). Together, these data demonstrate increased proliferation rate and 
up-regulation of cell cycle genes in E2f7-/-;E2f8-/- and E2f7-/-;E2f8-/-;Rb-/- 
tumors, suggesting that the up-regulation of E2F target genes might drive 
tumorigenesis in the liver. 

inactivation of E2F7/8 and Rb leads to increased susceptibility to 

genomic instability

Given that E2f7/8 target genes involved in cell cycle are upregulated in 
E2f7-/-;E2f8-/- and E2f7-/-;E2f8-/-;Rb-/- tumors, we examined the expression 
of chromosomal instability-associated genes (CIN genes; 70 genes) [27]  
many of which are E2f targets. Expression of CIN-associated genes was 
higher in E2f7-/-;E2f8-/- and a subset of E2f7-/-;E2f8-/-;Rb-/- tumors compared 
to wild-types (Fig 5A), indicating that these tumors show increased 
genomic instability. Next, we examined the DNA content from tumor and 
non-tumor parts by flow cytometry, and observed a marked increase in 
proportions of tetraploid cells in  the tumors compared to non-tumor liver 
(Fig 5E, 5F). Corresponding with  the increased rate of proliferation and 
the earlier appearance, E2f7-/-;E2f8-/-;Rb-/- tumors contained the highest 
degree of tetraploidization (Fig 5G), indicating that these tumors are more 
genetically instable than E2f7-/-;E2f8-/- tumors. 

DiSCuSSiON
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Figure 4. inactivation of E2F7/8 and Rb leads to enhanced expression of E2f7/8 
target genes. (A) Heat map of E2f7/8 target genes from RNA-seq analysis performed on 
non-tumor/tumors of indicated genotypes compared to wild-type control. (B) Quantitative 
quantitative PCR (qPCR) analysis for cell cycle genes was performed in non-tumor and tumor 
parts from mice of indicated genotypes relative to aged matched wild-type controls. The 
data are presented as average ± SEM. * P<0.05 versus wild-type. 
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Figure 5. E2f7/8 and Rb loss leads to increased susceptibility to genomic instability. 
(A) Heat map of CIN-associated genes from RNA-seq analysis performed on non-tumor/
tumors of indicated genotypes versus control. (B-F) Ploidy profiles of indicated tissues and 
genotypes were analyzed by flow cytometry. (G) Quantification of 2N and ->4N nuclei in 
FACS analysis in Fig B-F. * P<0.05 versus wild type; # P<0.05 versus E2f7-/-;E2f8-/-- tumors.

Atypical E2Fs function as transcriptional repressors and are crucial 
for controlling the cell cycle, embryonic development and liver cell 
polyploidization  in mice [10-14, 16]. In this study, we have identified 
novel functions for E2F7/8. Using liver-specific knockout mice, we showed 
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that deletion of E2f7/8 led to spontaneous development of hepatocellular 
carcinoma. Furthermore, additional deletion of Rb along with E2f7/8 
resulted in development of tumors earlier than in E2f7/8 deficient livers, 
indicating that loss of Rb accelerates tumorigenesis. Previously, it has 
been reported that loss of Rb does not lead to spontaneous liver cancer 
formation [8]. In line with this report, we observed only one case of liver 
tumor formation out of 18 Rb deficient mice analyzed. 

We have uncovered that E2F7/8 function as tumor suppressor genes 
and that they can cooperate with the known tumor suppressor gene 
Rb in preventing liver cancer. Given their role in cell cycle, defects in 
cell proliferation, senescence and genomic stability could be expected 
upon loss of E2F7/8 and/or Rb. We observed increased proliferation and 
deregulation of cell cycle genes including many E2f target genes associated 
with DNA replication, for example Cdt1, Cdc6, E2f1, Mcms in E2f7/8 
deficient tumors compared to wild-type livers. Additional loss of Rb along 
with E2F7/8 increased proliferation rate in E2f7-/-;E2f8-/-;Rb-/- tumors, 
indicating that inactivation of Rb accelerates tumor progression. Moreover, 
similar deregulation of E2f7/8 target gene expression involved in cell cycle 
in E2f7-/-;E2f8-/- and E2f7-/-;E2f8-/-;Rb-/- tumors suggests E2F7/8 and Rb 
may regulate the same set of genes at different stages of cell cycle. One 
explanation for similar gene expression pattern could be that inactivation 
of E2F7/8 already deregulate the expression of these genes to the extent 
that additional loss of Rb does not have much impact. Interestingly, 
expression level of c-Myc was reduced upon loss of E2F7/8 or Rb, but 
moderately increased in the absence of all three genes. Given the role 
of c-Myc as a potent oncogene, its increased level in E2f7-/-;E2f8-/-;Rb-/- 

tumors may enhance tumorigenesis. Furthermore, we observed increased 
mRNA level of cyclins, such as Cyclin E1, Cyclin A and Cyclin B, and E2f1 
in both groups of tumors. One  recent study showed that transgenic mice 
overexpressing Cyclin B resulted in spontaneous development of cancer in 
liver [28] . In this context it would be interesting to see if inactivation of  
Cyclin B or E2f1 in E2f7-/-;E2f8-/- and E2f7-/-;E2f8-/-;Rb-/- tumors mitigate 
tumorigenesis. Intriguingly, there is up-regulation of Notch-, TGF-β , and 
p53-signaling specifically in E2f7-/-;E2f8-/-;Rb-/- tumors compared to E2f7-

/-;E2f8-/- liver tumors, which might indicate partially why E2f7-/-;E2f8-/-

;Rb-/- tumors are more aggressive. Previously, it has been shown that 
loss of Rb family members (Rb, p107 and p130) promotes the expression 
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of members of Notch signaling pathway (e.g. Notch1-4 and Nrarp) [29]. 
Subsequently, several reports have demonstrated that overexpression of 
the intracellular domain of Notch1 (NICD) in transgenic mice results in 
the formation of aggressive HCC [30] and cholangiocellular carcinoma 
(CCC) [31, 32]. Moreover, induction of TGFβ in damaged liver promotes 
the initiation and progression of liver cancer in rodents [33, 34]. Given 
that deletion of p53 alone in murine livers [35] or in combination with 
Rb in hepatocarcinogen-damaged liver [17] leads to the development of 
advanced liver cancer, induction of p53-signaling in E2f7-/-;E2f8-/-;Rb-/- 

tumors is surprising. Taken together, these studies point to the suggestion 
that activation of Notch- and TGF-β signaling in E2f7-/-;E2f8-/-;Rb-/- tumors 
aggravates the liver carcinogenesis.

Rb has been shown to induce senescence by binding and repressing  E2f 
target genes involved in DNA replication in human fibroblast cells [36]. 
Moreover, E2F7 expression is increased during senescence and cooperates 
with Rb to downregulate DNA replication and mitotic genes thereby 
promoting senescence in these cells [18]. Interestingly, we found marked 
increase in the mRNA level of E2f7 and modest increase in the level of 
E2f8 in aged wild type liver especially at 21-27 months of age indicating 
they might be involved in promoting senescence in liver (Supplemental 
Fig 4). However, due to lack of an immunohistochemistry-grade antibody, 
we could not yet show co-expression of E2F7/8 protein with senescence 
markers. The possible role of E2F7/8 in promoting senescence in liver could 
represent an important function for E2F7/8 as a barrier to tumorigenesis 
in liver.

In addition to proliferation and senescence, E2F7/8 may be involved in 
maintaining genomic stability. In support of this, we observed deregulation 
of genes associated with mitosis, chromosome segregation and CIN-
associated genes in E2f7-/-;E2f8-/- and E2f7-/-;E2f8-/-;Rb-/- tumors in RNA-
seq analysis. Loss of Rb has been shown to cause defects in centromere 
function and reduced cohesion between sister chromatids, thereby leading 
to chromosome segregation errors [37]. Moreover, Rb inactivation also 
compromises the spindle assembly checkpoint by deregulating expression 
of Mad2, leading to mitotic defects and aneuploidy [9]. These studies 
point out that normal Rb pathway function is key for smooth progression 
of cells through mitosis and proper segregation of chromosomes, which 
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is essential to maintain genomic stability. Analysis of DNA content of cells 
demonstrated marked deregulation of ploidy in E2f7-/-;E2f8-/-;Rb-/- tumors 
and only a moderate effect in E2f7-/-;E2f8-/- tumors. This result indicates 
that additional inactivation of Rb could promote genomic instability, 
and probably faster  initiation and/or progression of tumors  Although 
deregulation of ploidy could be an indication of aberrant DNA replication 
and genomic instability, detailed analysis of tumor genomes using DNA-
seq or arrayCGH would be required to examine the extent and nature of 
genomic abnormalities. 
In summary, we have identified novel tumor suppressor genes E2f7/8 in 
the liver which cooperate with Rb. E2F7/8 deficient liver tumors showed 
up-regulation of E2f target genes similar to advanced stage human 
HCCs. Further experiments would be required to understand the detailed 
mechanism of how  E2F7/8 suppress tumorigenesis. 

MATERiAlS AND METhODS

Animals. All experiments were approved by the Utrecht University 
Animal Ethics Committee and performed according to institutional and 
national guidelines. E2f7 and E2f8 knockout mice were generated as 
described previously [16]. Albumin-cre and R26R-LacZloxP/loxP mice were 
derived from Jackson laboratory [38, 39]. Rbf/f  conditional knockout mice 
were provided by Dr. A. Berns (Netherlands Cancer Institute, Amsterdam, 
The Netherlands). All mice were bred into FVB background for at least 5 
generations. 
 
histo/immunohistochemistry. Formalin-fixed liver tissues were 
embedded in paraffin, and cut into 4μm sections. Tissue sections 
were stained with standard haematoxylin and eosin (H&E). For Ki67 
immunohistochemical staining, first sections were deparaffinized and 
dehydrated. Antigen retrieval was done by boiling sections in 10 mM 
citrate buffer for 15 min, followed by cooling at room temperature for 30 
min). Sections were stained with rabbit anti-Ki67 antibody (Biogenex, 
MU297-UC; 1:75 in PBS) and biotinylated secondary antibody (Vector 
Labs, BA2000; 1:250 in PBS). Vectastain Elite ABC reagents (Vector 
Labs) were used according to the manufacturer’s instructions. Slides 
were counterstained with hematoxylin. H&E and Ki67 images were taken 
using DP25 camera, Labsens soft imaging version 1.1 and  Olympus BX45 
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microscope  (Olympus, Oeterwoude, The Netherlands).

histological analysis. H&E stained liver/tumor sections were analyzed by 
board certified veterinary pathologist (A.d.B). Tumors were characterized 
according to the nomenclature and diagnostic criteria for hepatobiliary 
lesions in rats and mice [40].  

RNA-sequencing. Total RNA was isolated from livers using the RNeasy 
kit (Qiagen). To deplete for ribosomal RNA, 5ug of total RNA was used 
to isolate Poly(A) RNA using poly (A) purist MAG kit (Life Technologies, 
AM 1922) followed by purification using mRNA only eukaryotic mRNA 
isolation kit (Illumina, MOE41024). Purified mRNA was used to construct 
transcriptome libraries using SOLiD total RNA-seq kit (Applied Biosystems 
Life Technologies, 4445374) using manufacturer’s instructions for low 
input. Briefly, mRNA was fragmented using RNase III enzyme and purified 
using TRIzol method. Fragmented mRNA was then adaptor ligated and 
reverse transcribed into cDNA followed by two rounds of size selection 
using Agencourt AMPure beads. Size selected cDNA was amplified and 
barcoded, and subsequently sequenced using Wildfire sequencer to 
produce 40-bp-long reads. Sequencing reads were mapped against the 
reference genome (mm9, NCBI37) using BWA (-c –l 25 –k 2 –n 10) 
software [41]. Cisgenome v2 software package [42] was used to calculate 
reads per 1000 base pairs of transcript per million reads sequenced 
(RPKM) values for all RefSeq annotated genes. Quantile-normalized RPKM 
values were used to generate heat maps using GENE-E software (http://
www.broadinstitute.org/cancer/software/GENE-E/index.html). GO term 
analysis was performed using Database for Annotation, Visualization and 
Integrated discovery (DAVID) [43, 44].

Real time quantitative PCR (qPCR). Qiagen RNeasy kit was used 
to isolate total RNA from snap-frozen liver or tumor according to 
manufacturer’s instructions. Subsequently, cDNA was synthesized with 
random hexamer primers according to the manufacturers’ protocol. 
(Fermentas, K1622). qPCR was performed on a BioRad MyiQ Cycler using 
SYBRgreen Supermix (BioRad). Reactions were performed in duplo, and 
relative amounts of cDNA were normalized to GAPDH using the ∆∆Ct 
method. Primer sequences for the indicated genes are included in 
Supplementary Table S2.
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Flow cytometry. Liver or tumor cell suspensions were prepared from 
fresh or frozen tissues followed by fixation in 70% ethanol overnight at 
4°C. Cells were washed in PBS and then treated with pepsin (0.5mg/
ml 0.1N in HCl) to isolate hepatocyte nuclei. The nuclei were stained 
with anti-BrdU-FITC (Becton Dickinson, 347583; dilution 1:250), and/or 
PI (propidium iodide; 5 µg/ml PI and 250 µg/ml RNAse in PBS), and 
analyzed with a FACS Calibur flow cytometer (Becton Dickinson) and BD 
CellQuest Pro software.

Statistical analysis. Survival of mice was analyzed using SPSS statistical 
package and statistical significance was determined using log rank tests. 
Data are presented as means ± SEM, unless indicated otherwise. The 
differences between two groups were compared using a t-test in normally 
distributed groups. When data were not normally distributed, differences 
were compared with a Mann-Whitney test.
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Supplemental Figure 1. (A) qPCR performed to show deletion of E2f7, E2f8 and Rb on 
non-tumor/tumor tissues from indicated genotypes. (B) H&E images of poorly differentiated 
HCC from E2f7-/-;E2f8-/-;Rb-/- tumors. (C) Tumor to body weight percentage from Alb-cre+/-

;E2f7-/-;E2f8-/-, Alb-cre+/-; E2f7-/-;E2f8-/-;Rb-/- mice.

Supplemental Figure 2. Pictures from immunohistochemical analysis for apoptosis marker 
caspase 3 on liver/tumor section from mice indicated genotypes.
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Supplemental Figure 3. (A) Heat maps of differentially expressed Panther gene ontology 
clusters for  upregulated and downregulated transcripts from RNA-seq analysis on non-
tumor/tumors of indicated genotypes compared to wild type control.
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Supplemental Figure 3. (B) Heat maps showing the KEGG pathways for upregulated and 
downregulated genes from RNA-seq analysis shown as in A. 
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Supplemental Figure 4. (A-B) qPCR analysis for E2f7 and E2f8 in livers from mice of 
indicated age. N = 3 (2 months), 11 (10-20 months) and 10 (21-27 months). * P<0.05 
versus 2 months wild-type.

Supplemental Table. Tumor incidence, life span and tumor-free survival days

Genotype Mean life span 
(days)

Tumor 
incidence

Mean tumor 
free survival 

(days)

Alb-cre-/-;E2f7f/f;E2f8f/f         738 0/24 (0%) n/a

Alb-cre+/-;E2f7-/-;E2f8-/- 756 28/42 (66.6%) 781*

Alb-cre+/-;E2f7-/-;E2f8-/-;Rb-/- 568*# 13/20 (65%) 604*#

Alb-cre+/-Rb-/- 685$ 1/18 (5.5%) 817

*p<0.05 versus wild type, #p<0.05 versus E2f7-/-;E2f8-/- , $p<0.05 versus E2f7-/-;E2f8-/-

;Rb-/- (SPSS, Log rank test)
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ABSTRACT

Background & Aims: Advances in surgical resection and ablation 
therapies have improved the survival of human patients suffering from 
liver cancer. However, the long term prognosis remains unsatisfactory, 
because of the high recurrence rate. The aim of our study was to develop a 
novel mouse model to identify the cancer-initiating-cell type of liver cancer 
after surgical interventions and to study the mechanism of tumorigenesis.
Methods: Evidence indicates that the p53 and Retinoblastoma (Rb) 
pathways, are inactivated in the majority of human liver cancers by viral, 
genetic and/or epigenetic mechanisms. We therefore inactivated p53 and 
RB in hepatocytes and bile ducts cells utilizing Albumin-cre transgenic 
mice. Furthermore, we used  cytokeratin 19-creERT transgenic mice to 
delete Rb and p53 only in bile ducts cells.
Results: We show that liver cancer develops at the necrotic injury site 
after surgical resection or radiofrequency ablation in mice with Albumin-
cre specific deletion of p53 and Rb. In this mouse model, cancer initiation 
is associated with the specific migration, expansion, transformation, and 
epithelial-mesenchymal-transition of bile duct cells within the injury site 
resulting in the formation of fast-growing and undifferentiated carcinomas. 
Cytokeratin 19-cre specific deletion of both p53 and Rb, verified the 
formation of undifferentiated carcinomas from cytokeratin 19-expressing 
bile ducts cells at the necrotic injury site. 
Conclusions: We conclude that the combination of loss of tumor 
suppressors and inflammation/necrosis at the surgery site causes liver 
cancer. In addition, our studies uncover that p53-/-;Rb-/- bile duct cells 
can function as cancer-initiating cells at the injury site after surgical 
interventions.

iNTRODuCTiON

Liver cancer is one of the deadliest forms of cancer with approximately 
700,000 deaths per year worldwide1. Hepatic resection is the treatment 
of choice, especially for patients with large tumors associated with 
early cirrhosis2. However, long-term prognosis after surgical resection 
of liver cancer remains unsatisfactory, because of the high recurrence 
rate3. Radiofrequency ablation (RFA) is used to remove unresectable 
liver tumors especially in patients with severe liver cirrhosis4, but the 
recurrence rate is also inevitably high5. A retrospective study revealed 
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that the 5-year recurrence rates after surgery and RFA were 53.7% and 
69.5% respectively6. 

Many risk factors have been associated with liver cancer including chronic 
hepatitis B and C viral infection, chronic alcohol consumption, aflatoxin 
B1 intoxication, and basically all cirrhosis-inducing conditions7.   These 
etiological exposures are believed to interfere with the control of the cell 
cycle machinery through inactivating tumor suppressor pathways8. Among 
the pathways that are often disrupted in concert are those regulated by 
the tumor suppressors p53 and Rb9. For example viral proteins derived 
from Hepatitis B and C viruses have been shown to inactivate p53 as well 
as Rb in liver cells10,11. Furthermore, somatic mutations or deletions of 
p53 as well as inactivation of members of the Rb pathway are common 
molecular events in human liver cancer12, 13. These observations suggest a 
model that inactivation of p53 and Rb may be necessary to develop liver 
cancer. Interestingly, liver specific deletion of the Rb gene in mice does 
not result in spontaneous tumor development14, whereas combinatorial 
deletion of all three pocket proteins (Rb, p107, p130) led to spontaneous 
liver cancer, indicating compensatory tumor suppressor mechanisms 
within the pocket protein family15. Deletion of p53 in mice is sufficient to 
cause spontaneous liver cancer16, 17. Intriguingly, liver-specific deletion of 
both Rb and p53 did not resulted in spontaneous liver cancer in mice aged 
to one year. However in response to an injection of an hepatocarcinogen 
(DEN), tumors started to develop at the age of three months17,18.

Previous studies in humans demonstrated that molecular events that lead 
to the inhibition of the p53/Rb pathways occurred at early stages of the 
disease, indicating that these tumor suppressor pathways might play a 
critical role in preventing liver cancer initiation19. However, identifying 
the cell types from which liver cancer originated is currently not feasible 
in human patients. Three different liver cell types could function as 
candidates for the cell of origin in liver cancer: hepatocytes, bile duct cells 
and liver progenitor cells20. Unfortunately, the lack of appropriate markers 
to clearly distinguish the differentiation stages of the different hepatic 
lineages has hindered the characterization of the cell of origin in human 
liver cancer patients21. 

In this study, we show that liver-specific inactivation of Rb and p53 in 
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mice leads to the spontaneous formation of macroscopically visible liver 
tumors at the age of 13 months with histological similarities to human liver 
cancers. Moreover, we show that surgical resection and radiofrequency 
ablation accelerate tumorigenesis in Rb/p53 deficient livers, resulting in 
the formation of undifferentiated carcinomas. In addition, we discovered 
that loss of Rb and p53 allows the migration, expansion and transformation 
of Ck19-positive bile duct cells at the injury site. 

MATERiAlS AND METhODS

Animals: All experiments were approved by the Utrecht University Animal 
Ethics Committee and performed according to institutional and national 
guidelines. Albumin-cre and R26R-LacZf/f mice were derived from Jackson 
laboratory22, 23. Rbf/f and p53f/f conditional knockout mice were provided by 
Dr. A. Berns (Netherlands Cancer Institute, Amsterdam, The Netherlands). 
Ck19-cre-ERT mice were generated as described previously24. 

Sequential partial hepatectomy: The first partial hepatectomy (PH) 
was performed on mice at age of 10-14 weeks as described previously25. 
The second PH, removing the right lateral lobe, was performed 10 weeks 
after the first PH. 

Radiofrequency ablation (RFA): RFA was done on mice at the age 10-
11 weeks using single non-cooled bipolar electrode  from Celon Power 
system (Celon AG, Telow, Germany) as described previously26. 

β-galactosidase and immunostaining: Immunohistochemical, 
immunofluorescence, and β-galactosidase staining on liver sections was 
performed as described previously27. 

RESulTS

loss of p53 and Rb in liver results in spontaneous cancer 

We used homologous recombination techniques and Cre/loxP technology 
to disrupt p53 and Rb function in the liver. To this end, mice transgenic 
for Cre under the control of the albumin promoter (Alb-cre) were crossed 
to p53f/f;Rbf/f mice. Gene recombination in adult mouse livers was 
documented by PCR (Supporting Fig. S2A). 
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Homozygous deletion of p53 and Rb in the liver led to spontaneous tumor 
formation in 13- to 26- month-old mice with an incidence of 63 % (n=19) 
(Fig. 1A; Supporting Table). No liver tumors were observed in age-matched 
control mice lacking the Cre transgene (Alb-cre-/- ;p53f/f;Rbf/f; n=17). 
Histological analysis of tumor nodules discovered different phenotypes. 
Some masses showed local infiltrating growth and were composed of 
well-differentiated hepatocytes forming trabeculae of multiple cell layers, 
which were classified as well- differentiated hepatocellular carcinoma 
(HCC, Fig. 1B). A few locally invasive neoplastic nodules contained 
predominantly biliary structures with papillary areas that were lined by 
single or multilayered cuboidal or cylindrical cells, which were classified 
as well-differentiated cholangiocarcinomas (CC, Fig 1C). However, the 
majority of the masses were undifferentiated carcinomas composed of 
predominately small, pleomorphic and often spindle-shaped (sarcomatoid) 
cells. Intermingled with the sarcomatoid cells, we observed prominent 
fibrous stroma and areas with either poorly differentiated hepatoctyes or 
cholangiocytes forming ductules. We classified these neoplastic lesions 
as undifferentiated hepatocholangiocellular carcinomas HCC/CC (HCC/CC, 
Fig. 1D and Supporting Fig. S1A,B). Importantly these undifferentiated 
carcinomas contained multiple areas with coagulation necrosis (Fig. 1D) 
which was accompanied by the infiltration of inflammatory cells, including 
neutrophils, macrophages, and lymphocytes (Fig. 1D, Supporting Fig. 
S1A). The degree of necrosis and inflammation was more severe in 
undifferentiated HCC/CC compared to well differentiated HCC/CC (Fig. 
1E). Notably the liver surrounding the undifferentiated tumors displayed 
also more infiltration of inflammatory cells compared to well-differentiated 
tumors (Fig. 1E). These findings suggest that loss of epithelial 
differentiation might be dependent on tissue injury and its associated 
inflammatory response. Alternatively, undifferentiated carcinomas might 
exhibited a higher percentage of cell death resulting in necrosis followed 
by an enhanced immune response.

hepatic resection leads to cancer at the ligation site in p53∆/∆;Rb∆/∆ 

livers  

Survival analysis demonstrated that the mean life span of Alb-cre+/-

;p53∆/∆;Rb∆/∆ mice that developed spontaneous liver tumors (527 days; 
n=12) was significantly shorter than wild-type Alb-cre-/-;p53f/f;Rbf/f mice 
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Figure 1. Liver-specific loss of p53 and Rb in mice results in spontaneous 
development of a variety of liver tumors. (A) In situ view of a liver tumor in the 
abdomen of Alb-cre+/-;p53∆/∆;Rb∆/∆ mouse. Representative pictures of H&E stained liver 
sections: (B) well differentiated HCC with trabecular pattern, (C) well differentiated CC, 
(D)  undifferentiated HCC/CC with areas of necrosis (N). White and black dotted lines 
indicate the borders between normal liver tissue (L) and tumor (T). 100x magnification. 
(E) Quantification of inflammation and necrosis in liver tumors and in normal liver tissue 
adjacent to neoplastic tissue.  Data represent average ± s.e.m. (n= 10). *P <0.05 versus 
well differentiated HCC/CC.
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(730 days; n=17; P=<0.05) (Fig. 2A; Supporting Table). Although 
deletion of p53 and Rb is already induced during fetal development23, 
tumor formation occurred relatively late in life, indicating that additional 
events are required to initiate cancer. To investigate whether tumor 
development could be accelerated in Alb-cre+/-;p53∆/∆;Rb∆/∆ mice, we 
performed two subsequent partial hepatectomies. Surgical resection 
resulted in the early formation of large liver tumors with an incidence of 
66% (Supporting Table). The mean survival time of Alb-cre+/-;p53∆/∆;Rb∆/∆ 
mice that underwent hepatic resections and developed liver tumors was 
significantly shorter compared to tumor mice without surgery (Fig. 2A; 
Supporting Table). We expected that liver tumors would be located in 
the regenerating lobes, because these lobes underwent multiple rounds 
of cell division, which would likely increase the risk of gaining additional 
mutations. Surprisingly, in all Alb-cre+/-;p53∆/∆;Rb∆/∆ mice that suffer from 
liver cancer a large tumor was found at the stump of the resected hepatic 
lobes (Fig. 2B), whereas in the regenerating lobes hardly any liver tumors 
were detected. Histological examination revealed that all tumors located 
in the stump regions were undifferentiated HCC/CC accompanied with 
multifocal marked tumor necrosis and infiltration of inflammatory cells 
(Fig. 2C, Supporting Table; data not shown). Notably, within the majority of 
these tumors we found the ligature of the partial hepatectomy procedures, 
indicating that tumors developed at the injury site as a consequence of 
the surgical procedure (Fig. 2C). Tumors that developed occasionally in a 
regenerated lobe away from the injury site were more well-differentiated 
HCC or CC (Fig. 2D,E; Supporting Table). Partial hepatectomy on wild-
type (Alb-cre-/- ;p53f/f;Rbf/f) mice did not cause liver cancer (Supporting 
Fig. 2B). 

Radiofrequency ablation initiates cancer within necrotic lesions of 

p53∆/∆;Rb∆/∆ livers 

We evaluated whether RFA, a different therapy approach to remove 
tumors from the liver, had any effects on p53∆/∆;Rb∆/∆ livers. RFA was 
performed on the left lateral liver lobe of 10 week old mice and destructed 
approximately 30% of the lobe. Alb-cre+/-;p53∆/∆;Rb∆/∆ and Alb-cre-/- ;p53f/

f;Rbf/f mice were euthanized post RFA treatment every week for 10 weeks 
(Fig. 3A). Histological examination of the injured liver lobes at different 
time points revealed that distinct neoplastic foci were detectable at first 
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Figure 2. hepatic resection in Alb-cre+/-;p53∆/∆;Rb∆/∆ mice results in reduced 
survival and formation of undifferentiated carcinomas at the ligation site. (A) 
Survival curves of Alb-cre+/-;p53∆/∆;Rb∆/∆ mice that developed liver tumors with (red line) 
or without (black line) partial hepatectomy (PH). Life span of control Alb-cre-/-;p53f/f;Rbf/f 
mice is indicated by black dotted line. (B) In situ view of a liver tumor in the abdomen of 
Alb-cre+/-;p53∆/∆;Rb∆/∆ mouse after PH. (C) Representative pictures of H&E stained liver 
sections from undifferentiated carcinomas within the remaining stump (ST). Suture material 
(arrowheads) is localized within early neoplastic lesions. (D) Well differentiated HCC and (E) 
a CC with moderately differentiated bile ducts (arrows) in regenerating lobes (RL). White 
and black dotted lines indicate the borders between normal liver tissue (L) and tumor (T). 
100x magnification.
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at 5 weeks after RFA treatment within the necrotic regions of p53∆/∆;Rb∆/∆ 
livers (Fig. 3B). Remarkably, all Alb-cre+/-;p53∆/∆;Rb∆/∆ mice developed 
liver tumors only at the injury sites, while control Alb-cre-/-;p53f/f;Rbf/f mice 
showed no tumor development (Fig. 3B; Supporting Table). Liver tumors 
that developed upon RFA treatment were classified as undifferentiated 
HCC/CC similar to the liver tumors induced by hepatic resections (Fig. 3B 
and 2B; Supporting Table). 
 
Bile ducts cells migrate, expand and transform within necrotic regions 
of p53∆/∆;Rb∆/∆ livers after RFA. Next, we investigated which liver cell 
types invaded into the necrotic region before distinct neoplastic foci were 
recognizable. One week after RFA, we observed in Alb-cre+/-;p53∆/∆;Rb∆/∆ 
mice as well as in Alb-cre-/-;p53f/f;Rbf/f control mice that multiple well 
differentiated bile duct structures were present within the necrotic 
region (Fig. 3B). These bile ducts were surrounded by myofibroblasts, 
inflammatory cells and endothelial cells and were localized adjacent to the 
border between dead and viable liver tissue. Intriguingly, at 3 weeks these 
bile duct structures and the surrounding cells had migrated and expanded 
deeper into the necrotic liver regions of Alb-cre+/-;p53∆/∆;Rb∆/∆ mice, 
whereas enhanced migration or expansion was not observed in Alb-cre-

/-;p53f/f;Rbf/f control mice. Notably, viable well-differentiated hepatocytes 
had never been detected within necrotic regions (Supporting Fig. S3A). 
To confirm the presence and expansion of bile ducts within the necrotic 
region, we stained liver sections with an antibody against cytokeratin 19 
(CK19), which is a marker for bile duct cells (Fig. 4A). Quantification 
of the immunohistochemical CK19 staining within the necrotic lesions 
verified the increased number of bile ducts at 3 weeks post RFA in Alb-
cre+/-;p53∆/∆;Rb∆/∆ mice (Fig. 4B). Next, we determined the proliferation 
index of bile duct cells by performing Ki67 staining (Fig. 4C). Three weeks 
after RFA, the number of Ki67-positive bile ducts cells was significantly 
higher in p53∆/∆;Rb∆/∆  livers compared to control livers (Fig. 4D).  These 
findings suggest that liver-specific loss of p53 and Rb results in enhanced 
migration and proliferation of bile ducts into the area of tissue injury. 
Remarkably, at five weeks post RFA as well as at later time points, bile 
duct structures were still present within the neoplastic foci, but were 
smaller in size (Fig. 3B). Furthermore multiple small ductules contained 
very pleomorphic cholangiocytes with hyperchromatic nuclei protruding 
into the lumina. The ductules were intermingled with 
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Figure 3. Radiofrequency ablation (RFA) in Alb-cre+/-;p53∆/∆;Rb∆/∆ mice leads to 
expansion of bile duct cells and formation of liver tumors at the injury site. (A) 
Schematic time schedule illustrating early detection and incidence of liver tumors in mice of 
the indicated genotypes. (B) Representative H&E liver sections from necrotic lesions of Alb-
cre+/-;p53∆/∆;Rb∆/∆ mice and control Alb-cre-/-;p53f/f;Rbf/f mice at different time points after 
RFA. Migration of bile ducts (arrows) and appearance of liver tumors (T) are indicated. Black 
dotted lines mark the border between viable liver tissue (L) and necrotic RFA lesion (N). 
100x magnification for left and middle panel and 200x for right panel. 

B

A

Weeks

N
um

be
r o

f m
ic

e

0 1 2 3 4 5 6 7 8 9 10

AlbCre-/-;  p53f/f; Rbf/f AlbCre+/-;  p53∆/∆; Rb∆/∆

AlbCre+/-;  p53∆/∆; Rb∆/∆

AlbCre-/-;  p53f/f; Rbf/f

  with tumorAlbCre+/-;  p53∆/∆; Rb∆/∆

Week 1

Week 3

Week 5

Week 10

L

N

L

N

L

N N

L

L

N

L T

L N

T

L



154

many spindle shaped cells with moderate anisokarysosis, and classified as 
undifferentiated carcinoma cells.
 
The Alb-cre transgene is known to specifically express Cre in hepatocytes. 
To verify that homologous recombination of conditional alleles had also 
occurred in bile duct cells, we crossed Alb-cre+/-;p53∆/∆;Rb∆/∆ mice with mice 
carrying the LacZ-Cre-reporter transgene (LSLR26Rf/f)22. As expected LacZ 
expression was detected in all examined hepatocytes, whereas necrotic 
tissues did not show LacZ expression in Alb–cre+/−;LSLR26RΔ/Δ mice (Fig. 
4E). Importantly, bile duct cells in non-injured livers (Supporting Fig. S3B) 
as wells as bile ducts invading early into the necrotic regions of Alb-cre+/-

;p53∆/∆;Rb∆/∆;LSLR26RΔ/Δ mice showed strong LacZ expression (Fig. 4E), 
indicating that p53 and Rb has not only been deleted in hepatocytes but 
also in bile duct cells. LacZ expression was also monitored in liver tumors 
10 weeks after RFA, and we found that undifferentiated carcinomas cells 
and bile duct cells expressed LacZ, supporting that undifferentiated 
neoplastic cells originate from epithelial liver cells (Fig. 4F). Deletion of 
p53 and Rb in liver tumors was confirmed by PCR analysis (Supporting 
Fig. S2A). 

Tissue destruction leads to epithelial-mesenchymal transition of 
p53∆/∆;Rb∆/∆ neoplastic liver cells. Pathological analysis of all spontaneous 
liver tumors arising in p53∆/∆;Rb∆/∆ livers revealed that approximately 30% 
of tumors were well differentiated HCC or CC, while the remaining tumors 
were either poorly differentiated or undifferentiated (Fig. 5A). Reduced 
differentiation of spontaneous tumors was associated with the presence 
of prominent necrotic foci and strong invasion of inflammatory cells (Fig. 
1D,E; Supporting Fig. S1A). Consistent with these observations, 100% 
of the liver tumors that developed after partial hepatectomy or RFA were 
undifferentiated HCC/CC (Fig. 5A; Supporting Table). These findings prompt 
us to hypothesize that tissue destruction induced epithelial-mesenchymal 
transition of neoplastic liver cells. To investigate the differentiation degree 
of the liver tumors in more detail, we performed immunohistochemical 
marker analysis.  HNF4α, a nuclear marker for mature hepatocytes28, was 
strongly expressed in normal hepatocytes and well differentiated HCC, 
whereas undifferentiated carcinomas showed almost no expression (Fig. 
5B). We observed that bile ducts located within undifferentiated carcinoma 
showed weak expression of HNF4α, which is in line with 
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Figure 4. loss of p53 and Rb in the liver leads to enhanced proliferation of bile duct 
cells within the RFA injury site. (A,C) Immunohistochemical analysis for cytokeratin 19 
(CK19) and Ki67 on liver sections from mice of indicated genotypes at 1 and 3 weeks after 
RFA. 200x. (B,D) Quantification of CK19- positive bile ducts and Ki67- positive bile duct 
cells within the RFA injury site. The data represent average ± s.d. of at least five fields at 
20x objective (n= 2-4 per genotype ) *P <0.05 versus control Alb-cre-/-;p53f/f;Rbf/f mice. 
(E) Frozen liver sections with indicated genotypes stained with 5-bromo-4-chloro-3-indolyl-
D-galacto-pyrmoside (X-gal) at 3 weeks after RFA displaying the migration and expansion 
of p53/Rb-deficient bile ducts (arrows) into the necrotic lesions. Upper panel 100x, lower 
panel 200x. (F) X-gal and immunohistochemical staining for CK19 on frozen liver sections 
from mice with indicated genotypes 10 weeks after RFA. The presence of bile ducts (arrows) 
within the tumors (T) is indicated. Left panel 40x, right 200x. Black dotted lines mark the 
border between viable liver tissue (L) and necrotic (N) RFA lesion.  
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Figure 5. Surgical resection or radiofrequency ablation in Alb-cre+/-;p53∆/∆;Rb∆/∆ 
mice lead to formation of undifferentiated carcinomas that underwent epithelial-
mesenchymal transition. (A) Histological classification of liver tumors from mice without 
surgical intervention (-PH), and mice treated with partial hepatectomy (+PH) or radiofrequency 
ablation (+RFA). n indicates the number of tumors analyzed. (B) Representative pictures 
of H&E- (20x) and immunohistochemical staining for hepatocyte nuclear factor 4α (HNF4α, 
100x), cytokeratin 19 (CK19, 100x), E-cadherin (100x), S100A4 (40x), and Ki67 (100x) on 
liver sections from well differentiated HCC (-PH), and undifferentiated carcinomas (+PH, 
+RFA). The presence of bile ducts (arrows) within the tumors is indicated.  Black dotted lines 
mark the border between normal liver tissue (L) and tumors (T). 

B

-PH, 
n=10

+PH,
 n=20

+RFA, 
n=16

100

75

50

25

%
 to

ta
l t

um
or

s 
an

al
yz

ed

AlbCre+/-;  p53∆/∆; Rb∆/∆

-PH +PH +RFA

S100A4

CK19

E-Cadherin

H&E

HNF4α

A

Poorly differentiated HCC

Undifferentiated 
HCC/CC

Well differentiated 
HCC/CC

Ki67

L

T

L T
L T

L

T

L T
L

T

L

T L

T
L

T

L

T

L
T

L
T

L

T

L
T

L T

T

L L
T

L
T



157

C
hapter 6

Figure 6. Double immunofluorescence staining of Alb-cre+/-;p53∆/∆;Rb∆/∆;LSLR26RΔ/Δ  
liver tumors showing colocalization of epithelial and mesenchymal markers. Top 
two rows are pictures from normal liver; bottom four rows represent liver tumors. Left 
panel shows immunofluorescence staining for CK19 (green). Middle panel illustrates double 
staining for vimentin (red)/ DAPI (blue) or S100A4 (red)/ DAPI (blue). Right panel shows  
merged pictures per row. In normal liver, no colocalization of epithelial and mesenchymal 
markers was found. In liver tumors, some regions showed colocalization of epithelial 
and mesencymal markers (rows 3 and 4), while other regions of liver tumors showed no 
colocalization (rows 5 and 6). 400x magnification.
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previous studies describing HNF4α expression in activated bile ducts (Fig. 
5B)28. CK19 staining displayed strong expression in normal bile ducts, in 
well differentiated CC, and in large and small ductular structures within 
undifferentiated carcinomas (Fig. 4F, 5B, data not shown). Undifferentiated 
carcinoma cells showed infrequent low expression of CK 19 (Fig. 4F, 5B). 
Next, we investigated the expression of E-cadherin, a general marker for 
epithelial cells. Strong membranous E-cadherin expression was observed 
in normal hepatocytes and cholangiocytes, in well differentiated HCC 
and CC, and in ducts of undifferentiated carcinomas. Consistent with 
the expression pattern of the other epithelial marker HNF4α and CK19, 
undifferentiated carcinoma cells lacked E-cadherin expression (Fig. 5B 
and Supporting Fig. S4). To determine whether these carcinomas cells 
had gained a mesenchymal phenotype, we performed S100A4 staining. 
Undifferentiated carcinomas cells show strong S100A4 expression, 
whereas bile ducts and hepatocytes lacked S100A4 expression (Fig. 
5B and Supporting Fig. S4). Next, we investigated whether epithelial 
and mesenchymal markers are co-expressed in tumors after surgical 
intervention. To this end, we performed double immunofluorescence 
staining and observed colocalization of CK19 and S100A4 as well as CK19 
and vimentin in some regions of the tumors, while other regions of the 
tumors and normal liver tissues did not show co-expression of epithelial 
and mesenchymal markers (Fig. 6).

Finally, Ki67 staining demonstrated enhanced Ki67 expression in 
undifferentiated carcinomas compared to well differentiated carcinomas 
(Fig. 5B). Together these data suggest that tissue destruction by surgical 
resection or RFA leads to epithelial-mesenchymal transition and enhanced 
proliferation of  p53∆/∆; Rb∆/∆  of neoplastic liver cells.  

Bile duct-specific deletion of p53 and Rb leads to liver cancer after 

RFA 

Given the migration and expansion of bile duct cells into early necrotic 
lesions of p53∆/∆;Rb∆/∆ livers (Fig. 3A), we examined whether the bile duct 
cell could represent the cell-of-origin in this injury-induced mouse model 
of liver cancer. To delete p53 and Rb specifically in bile duct cells, we bred 
mice transgenic for Cre under the control of the tamoxifen-inducible CK19 
promoter (CK19-creERT)24 with p53f/f;Rbf/f mice. To monitor Cre-specific 
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Figure 7. Bile duct specific deletion of p53 and Rb in mice leads to undifferentiated 
carcinomas at the RFA injury site. (A) X-gal staining on liver sections from CK19-cre+/-

;p53∆/∆;Rb∆/∆;LSLR26RΔ/Δ mice injected with tamoxifen to induce Cre expression. Left panel, 
in situ X-gal positive bile ducts cells (BD, arrows) were found in portal triad of normal 
liver (L), whereas portal fibroblasts blood vessels (BV) and hepatocytes were not stained. 
400x. Right panel, X-gal staining on a frozen section from a liver tumor at RFA injury site. 
20x. (B) Representative pictures of H&E- and immunohistochemical staining for HNF4α, 
CK19, E-cadherin, S100A4 , and Ki67 on undifferentiated carcinomas from CK19-cre+/-

;p53∆/∆;Rb∆/∆;LSLR26RΔ/Δ mice at the RFA lesion. The presence of bile ducts (arrows) within 
the tumors is indicated.  Black dotted lines mark the border between normal liver tissue (L) 
and tumors (T). Left panel, 100x, right panel 400x.

expression,  mice were also crossed with the R26LSL-lacZ reporter mice. 
X-gal staining on liver sections from CK19-cre+/-;p53∆/∆;Rb∆/∆;LSLR26RΔ/Δ 
mice injected with tamoxifen demonstrated LacZ expression in bile duct 
cells, whereas hepatocytes, myofibroblasts, inflammatory cells and 
endothelial cells showed no LacZ expression (Fig. 7A). To further ensure 
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that CK19-cre expression is limited to bile duct cells, we have exposed 
tamoxifen-injected CK19-cre+/-;p53∆/∆;Rb∆/∆;LSLR26RΔ/Δ mice also to a 
3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet for three weeks to 
induce liver progenitor cell (oval cell) proliferation29. We observed LacZ 
expression only in bile ducts during DDC exposure as well as during the 
recovery phase after switching back to a normal diet (Supporting Fig S5). 
These findings demonstrate the CK19-cre expressing cells are not able to 
generate hepatocytes even under stress conditions when proliferation of 
liver progenitor cells is induced. 

Importantly, RFA resulted in the formation of liver tumors at the site 
of tissue destruction in 42% of CK19-cre+/-;p53∆/∆;Rb∆/∆ mice injected 
with tamoxifen (Fig. 7A; Supporting Table). Distinct neoplastic foci were 
detectable at first 9 weeks after RFA treatment and tumors showed 
strong LacZ expression and PCR analysis confirmed deletion of p53 and 
Rb within these tumors (Fig. 7A and Supporting Fig. S2). Occasionally 
tumors were also found in the wall of the stomach or intestine, because 
the CK19-cre transgene is also expressed in CK19+-cells of the alimentary 
tracts (data not shown)24. Comparative histological analysis revealed that 
the tumors had the same morphology as the tumors that developed in 
Alb-cre+/-;p53∆/∆;Rb∆/∆ mice after RFA or partial hepatectomy (Fig. 7B). 
Furthermore marker analysis on these undifferentiated HCC/CC from 
CK19-cre+/-;p53∆/∆;Rb∆/∆ mice demonstrated similar expression pattern 
for epithelial and mesenchymal markers (Fig. 7B). These findings provide 
strong evidence that the bile duct cell is the cell-of-origin of p53∆/∆;Rb∆/∆ 
liver tumors induced by tissue destruction.

DiSCuSSiON

In this study, we found that liver-specific deletion of Rb and p53 resulted 
in the spontaneous formation of a variety of malignant liver tumor types. 
Remarkably, Rb/p53 deficient livers exposed to surgical resection or RFA, 
the most common therapy approaches for human liver cancer, developed 
highly aggressive and undifferentiated carcinomas predominantly at the 
site of ligation or thermal destruction.
 
An important question, which is difficult to address in human patients, is 
whether liver cancers originate from hepatocytes, liver progenitor cells or 
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bile duct cells. We used genetically modified mice that lack the expression 
of tumor suppressors in different liver cell lineages to identify the cell of 
origin in an injury-induced model of liver cancer. Albumin-cre activation 
in Rb/p53 conditional knockout mice resulted in the expansion of cells 
with characteristics of bile ducts. We showed that Albumin-cre transgenic 
mice expresses cre not only in hepatocytes, but also in bile duct cells. 
To genetically delete Rb and p53 exclusively in bile ducts cells and not 
in hepatocytes, we used the Ck19-creERT transgenic mice24 and found 
that the same type of tumors developed at the same location. These 
observations strongly suggest that Rb/p53 deficient liver tumors in mice 
initiate from bile duct cells at the injury site upon surgical resection or 
RFA. However, we cannot rule out the possibility that liver progenitor cells 
could function as well as the cell of origin in this model, because Ck19 is 
known to be expressed both in bile duct cells and liver progenitor cells30.
This study provides insights into the pathogenesis of the development 
of liver tumors after surgical resection or RFA treatment, a scenario 
that is often observed in human patients that underwent surgical or RFA 
therapy after having been diagnosed with liver cancer6. We provide now 
strong evidence that the necrotic injury site induced by these therapeutic 
modalities could serves as an optimal microenvironment for the initiation 
of liver tumors. Notably, surgical resection and RFA caused liver cancer 
only in Rb and p53 deficient livers, while wild-type mice that underwent 
the same procedure were tumor-free. Nevertheless, Rb and p53 are 
commonly inactivated in human liver cells for example through infection 
with hepatitis B and C virus10, raising the risk to develop liver tumors 
after surgical interventions. In fact, several human studies show that high 
hepatitis B virus load at the time of tumor resection was independently 
associated with higher tumor recurrence31,32. Moreover antiviral treatment 
after resection was associated with significantly lower cumulative risk of 
recurrence31,33.

It was surprising to observe that liver tumors developed predominantly 
within the necrotic regions, and rarely in the regenerating liver lobes or at 
the periphery of the necrotic lesions. Previous studies in mice have shown 
that intrasplenic injection of colon carcinoma cells leads to outgrowth of 
tumor cells at the periphery of the RFA lesions26. We show that thermal 
destruction leads to massive coagulation necrosis, followed by a wound 
healing response characterized by the migration of activated bile duct 
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cells, inflammatory cells, myofibroblasts, and deposition of extracellular 
matrix (fibrosis) into the necrotic regions. In wild-type livers this dynamic 
wound healing process slows down and results in sequestration of the 
necrotic regions. In contrast, the chronic inflammatory response continues 
in Rb/p53 deficient liver and leads to further expansion and enhanced 
proliferation of bile duct cells. Remarkably, within 5 weeks after injury, 
bile duct cells transform and initiate tumor formation within the necrotic 
regions. Since both Rb and p53 have been shown to play an important 
role in controlling cellular senescence34, one possible mechanism leading 
to transformation of bile duct cells is that loss of Rb and p53 in bile duct 
cells prevents cellular senescence after injury. 

Intriguingly, early cancer lesions were associated with epithelial-
mesenchymal transition of the bile duct cells migrating into the necrotic 
lesion. Bile duct cells showed reduced expression of epithelial markers 
(E-cadherin, Ck19) and gained the expression of mesenchymal markers 
(S-100, vimentin), resulting in the formation of undifferentiated 
carcinoma at the injury site. Previous studies have provided evidence that 
a chronic inflammatory response can influence carcinogenesis and induce 
epithelial-mesenchymal transition35. In our injury-induced mouse model 
of liver cancer, we observed the accumulation of inflammatory cells and 
fibrosis surrounding the bile duct cells, suggesting that this inflammatory 
response has a tumor-promoting function. Notably, the accumulation of 
extracellular matrix components are known to participate in the regulation 
of bile duct differentiation during development36, indicating that the injury 
response in our mouse model could influence the differentiation state 
of bile duct cells. Furthermore, there is increasing evidence that liver 
cirrhosis, a disease process that also is characterized by liver necrosis, 
fibrosis and chronic inflammation, is a risk factor for the development 
of cholangiocarcinomas in humans37. Moreover, in a mouse model of 
liver cirrhosis, p53-deficient mice were exposed to CCl4 and developed 
bile duct tumors with reduced epithelial marker expression38, providing 
further support that a chronic inflammatory response can influence the 
differentiation state of cholangiocarcinomas. 

In summary, our findings show that deletion of Rb of p53 leads to the 
expansion, transformation, and EMT of bile duct cells/progenitor cells 
within an inflammatory, necrotic environment induced by surgery/RFA. 
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We conclude that the combination of loss of tumor suppressors and 
inflammation/necrosis causes liver cancer and EMT at the surgery site. 
Finally, we provide the field with a novel mouse model, in which surgical 
resection and RFA treatment leads to formation of highly aggressive, fast 
growing and undifferentiated carcinomas. This model could represent a 
powerful tool to test the efficacy of anti-cancer drugs that are aimed to 
use in human patients that developed liver tumors after hepatic resection 
or RFA.
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SuPPlEMENTARy MATERiAl AND METhODS

Animals: The induction of CreERT expression was induced by 
intraperitoneal injection of Tamoxifen (Sigma, T5648-1G, 15mg in corn 
oil per mouse divided in five serial injections). Mice were injected at the 
age of 10 weeks shortly before RFA (Day -5 , Day -3), during RFA (Day 0), 
and after RFA (Day +2, Day +4). To induce oval cell proliferation, 10 week 
old mice were given a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (0.1% 
DDC, Bio-Serv) diet for three weeks. The induction of CreERT expression 
in DDC exposed mice was induced by four tamoxifen injections at the age 
of 3, 10, 11, 12 weeks (13 mg total).  

β-galactosidase and immunostaining: For antigen retrieval we used 
either the citrate buffer at pH 6 (S100A4, Ki67, CK19) or the Tris-EDTA 
buffer at pH 9 ( HNF4α , E-cadherin). The following antibodies were 
used: rabbit anti CK-19 (generated by Wouter Lamers, Academic Medical 
Center, Amsterdam, The Netherlands, 1:1500 in PBS), the hybridoma rat 
anti-CK19 (Troma III) developed by Rolf Kemler was obtained from the 
Developmental Studies Hybridoma Bank developed under the auspices 
of the NICHD and maintained by The University of Iowa, 1:20 in PBS. 
, rabbit anti-Ki67 (Labvision/Neomarkers, RM-9106-S0, 1:75 in PBS), 
rabbit anti-HNF4α (Santa Cruz, Sc-8987, 1:200 in 10% goat serum), 
rabbit anti-S100A4 (Dako, A5114, 1:200 in PBS), goat anti-vimentin ( 
Santa Cruz, Sc-7557, 1:50 in PBS/Tween), mouse anti-E-cadherin (BD 
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Bioscience, 610182, 1:500 in MOM diluent), MOM basic kit  (Vector 
Laboratories, BMK-2202). In all immunohistochemical staining procedure 
except for E-Cadherin, biotinylated goat anti rabbit (Vector Laboratories, 
BA-1000,1:250 in PBS or 5% goat serum for HNF4a).  Fluorescence 
labeled goat anti-rat IgG alexafluor 488 (Invitrogen, A11006), goat anti-
rabbit IgG alexafluor 568 (Invitrogen, A11036) and donkey anti-goat IgG 
alexafluor 568 (Invitrogen, A11057) all diluted in 5% mouse serum in PBS 
containing 0.05% Tween to make final dilution 1:100. 5-Bromo-4-chloro-
3-indolyl ß-D-Galactopyranoside (Sigma-Aldrich, B4252-100MG, 1mg/ml 
in PBS) was used for enzymatic detection of β-galactosidase. 

image acquisition and processing: Haematoxylin and eosin as well 
as immunohistochemistry images were acquired using DP25 camera, 
Labsens soft imaging version 1.1 and  Olympus BX45 microscope  
(Olympus, Oeterwoude, The Netherlands).  Immunofluorscence images 
were acquired using Leica DFC 425c camera and Leica Application Suite 
version 4 (Leica Microsystems B.V. Rijswijk, The Netherlands, and BX60 
microscope (Olympus, Oeterwoude, The Netherlands). Images were 
processed using Adobe photoshop cs3 and exported to Adobe illustrator 
cs3 (Adobe Systems, Inc., San Jose, California).

Pathological analysis of liver tissues: Pathological analysis was 
performed by a board-certified veterinary pathologist (A.d.B.) and a 
human pathologist (T.R.). Liver tumors were classified according to the 
nomenclature and diagnostic criteria for hepatobiliary lesions in rats and 
mice1. 

Genotype analysis: Genotyping on livers and liver tumors was performed 
using allele-specific primers. The following primers have been used:  p53F: 
AAGGGGTATGAGGGACAAGG, p53R:GAAGACAGAAAAGGGGAGGG, p53F
1(int):CACAAAAACAGGTTAAACCCA, RbF: CTCAAGAGCTCAGACTCATGG, 
RbR:GGCGTGTGCCATCAATG, Rb212:GAAAGGAAAGTCAGGGACATTGGG; 
CreF:ATGCTTCTGTCCGTTTGCCG, CreR:CCTGTTTTGCACGTTCACCG; 
Ck19-crePr2: GTTCTTGCGAACC TCATCACTC, Ck19-cre Pr3: 
GCAGAATCGCCAGGAATTGACC.

Statistics: Survival curve was drawn using SPSS statistical package and 
Statistical difference was calculated using SPSS log rank test. Statistical 
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test used in table is student’s t-test; statistical test for bar graphs was 
computed using Mann-Whitney U test, mean, standard deviation and 
standard error of the mean were calculated using Microsoft excel (2010) 
®. 
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Supporting Fig. 1. (A) undifferentiated HCC/CC with areas of inflammation (arrow), (B) 

undifferentiated HCC/CC with spindle-shaped cells.
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Supporting  Fig. 2. Confirmation for genetic deletion of p53 and Rb genes in liver 
tissue and tumors. (A) Genotyping PCR for Cre, p53, and Rb on normal livers (L) and 
liver tumors (T) from Alb-cre and Ck19-cre mice carrying conditional floxed alleles for p53f/f  
and Rbf/f alleles. ∆ stands for deleted allele. (B) Representative picture of H&E stained liver 
section from a stump (ST) of a control  Alb-cre-/-;p53f/f;Rbf/f mouse that underwent partial 
hepatectomy. Arrowheads indicate location of suture material. 100x magnification.

Supporting Fig. 3. Marker analysis on necrotic RFA lesions in livers deficient for 
p53 and Rb. (A) Immunohistochemical analysis for HNF4α on liver sections from mice 
of indicated genotypes at 3 weeks after RFA. Black dotted lines mark the border between 
viable liver tissue (L) and necrotic RFA lesion (N). Bile ducts are indicated by arrows. Upper 
panel 100x, lower panel 400x. (B) In situ X-gal staining on injured Alb-cre+/-;LSLR26R∆/∆ 
livers. Hepatocytes as well as bile duct cells are positively stained whereas no staining was 
observed in the stroma or blood vessels. Left panel 100x, right panel 400x.
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Supporting Fig. 4. Higher magnification of the EMT marker analysis on 
undifferentiated carcinomas in Alb-cre+/-;p53∆/∆;Rb∆/∆ mice. Representative pictures 
of H&E and immunohistochemical staining for E-cadherin, and S100A4 on liver sections from 
well differentiated HCC (-PH), and undifferentiated carcinomas (+PH, +RFA). The presence 
of bile ducts (arrows) within the tumors (T) is indicated. 400x.

Supporting Fig. 5. Bile duct specific deletion of p53 and Rb in mice illustrated 
by x-gal staining. Top panel: X-gal staining on frozen liver section from CK19-cre+/-

;p53∆/∆;Rb∆/∆ LSLR26R∆/∆ mouse injected with tamoxifen and fed for 3 weeks DDC food. Only 
bile duct cells are positive (arrow), dashed arrow indicate porphyrin accumulation. Lower 
panel: X-gal staining on liver section from litter mate that underwent same induction, but 
was fed normal diet for 10 consecutive weeks after the 3 weeks DDC. Only bile duct cells 
are positively stained (arrow).
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Supporting Table . life span, tumor incidence and tumor differentiation of mice 
with the indicated genotypes and types of surgical interventions

Group Genotype
Mean 
life 

span

Tumor at 
surgery 

site 

Loss of 
epithelial 

diff.

Tumor not 
at surgery 

site

Loss of 
epithelial 

diff.

1 Alb-cre-/- ;p53f/f;Rbf/f 
(with surgery) 730 0% 

(0/17) n.a 0% 
(0/17) n.a

2 Alb-cre+/-;p53∆/∆;Rb∆/∆ 
(no surgery) 527* n.a. n.a. 63% 

(12/19)
66% 

(8/12)***

3 Alb-cre+/-;p53∆/∆;Rb∆/∆ 
(PH) 229** 66% 

(23/35)
100% 

(23/23)
6% 

(2/35) 0% (0/2)

4 Alb-cre+/-;p53∆/∆;Rb∆/∆
(RFA) n.a. 100% 

(16/16)
100% 

(16/16)
0% 

(0/16) n.a

5 Ck-cre+/-;p53∆/∆;Rb∆/∆ 
(RFA) n.a. 42% 

(10/24)
100% 

(10/10)
0% 

(0/24) n.a

PH, partial hepatectomy; RFA, radiofrequency ablation; n.a., not applicable. *p<0.05 vs 
wild-type with surgery (group 1), **p<0.001 vs p53∆/∆;Rb∆/∆ no surgery (group 2); SPSS 
log rank test, ***p<0.01 vs p53∆/∆;Rb∆/∆  with PH (group 3); two sided students t-test.
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1. Balancing act of atypical E2Fs and activator E2Fs in regulating polyploidy 
(chapter 2)

2. Polyploidization increases the cell size but not the organ size (chapter 
2)

3. Functional complexities of E2F7 and E2F8 in embryonic development 
(chapter 4)

4. Tumor suppressor function of E2F7/8 (chapter 5)

Balancing act of atypical E2Fs and activator E2Fs in regulating 

polyploidy

In chapter 2, we demonstrated that atypical E2Fs, especially E2F8, play 
an important role in promoting polyploidization in the liver. Loss of E2F7/8 
resulted in dramatic reduction in binucleation and polyploidization of 
hepatocytes (chapter 2). Chen et al. showed that inactivation of E2F7/8 
resulted in reduced polyploidization of trophoblast giant  cells (TGC) in 
the placenta [1]. In contrast, combined loss of activator E2Fs, E2F1, E2F2 
and E2F3, or single loss of E2F1 enhanced polyploidization in hepatocytes 
as well as TGC ([1], chapter 2). Together, these data suggest opposing 
functions for activator E2Fs and atypical repressor E2Fs in regulating 
polyploidization in liver and placenta. Global gene expression analysis in 
E2f7/8- deficient liver revealed increased expression of cell cycle genes, 
including those involved in mitosis and cytokinesis. Most of the upregulated 
genes contained consensus E2F-binding sites on their promoters, whereas 
down-regulated genes lack E2F-binding-sites and are involved in processes 
such as metabolism. This finding suggests that E2F7/8 are required to 
suppress the expression of cell cycle regulated E2F target genes to allow 
the transition from normal cell cycle to an abortive cell cycle leading to the 
formation of polyploid cells. In line with this observation, E2F target genes 
are less expressed in drosophila salivary gland or fat body endocycling 
cells than in mitotic cells derived from larval brain and imaginal disc [2]. 
Furthermore, loss of E2F1 in E2F7/8-deficient liver reduced the expression 
of upregulated genes seen upon loss of E2F7/8 and partially restored 
ploidy levels (chapter 2, [1]). Moreover, majority of upregulated genes in 
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E2f7/8-deficient livers were downregulated in E2f1/2/3-deficient liver as 
determined by microarray analysis, indicating antagonistic transcriptional 
activity between activator E2Fs and atypical E2Fs [1]. Similar antagonistic 
function between these two E2F groups was also observed during 
embryonic development [3]. In this case, most of the target genes in 
E2f7/8- and E2f3a-deficient placenta were differentially expressed in 
opposite directions, indicating that E2F7/8 and E2F3a have antagonitistic 
function in regulating a common set of genes [3].  These data suggest 
that atypical repressor E2Fs and classical activator E2Fs coordinate the 
expression of cell cycle genes that could lead to a switch from typical cell 
cycle to an abortive cell cycle leading to the formation of polyploidy cells 
through hyper-induction of atypical E2Fs. It would be interesting to see 
whether E2Fs also regulate such atypical cell cycle in other polyploid cell 
types in mammals such as megakaryocytes and cardiomyocytes.

Polyploidization increases cell size but not organ size

Polyploidization increases cell size. It was surprising that despite dramatic 
reduction in polyploidy in E2f7/8 double knockout (dko) livers, the size 
of the organ was not altered. In fact, liver to body weight percentage 
in E2f7/8 dko mice was slightly, but not significantly, higher than wild-
type littermates (chapter 2). In contrast, E2f7/8 deletion in the placenta 
leads to overall smaller size and collapse of labyrinth-like architecture 
due probably to decreased activity of trophoblast progenitor cells and 
reduced ploidization of TGC [3]. However, specific inactivation of E2f7/8 
in TGC did not alter the overall architecture of placenta, although ploidy of 
TGC was reduced, indicating that placental architecture is not necessarily 
dependent on TGC polyploidization [1, 3]. On the other hand, plants seem 
to follow a different rule. For example, tetraploid  plants are larger than 
their diploid relatives [4]. However, plants cell size is not only determined 
by ploidy, but also due to cell hypertrophy by for example vacuolation, 
osmosis, and cell wall expansion [4].  Thus, although polyploidization 
appears to contribute directly in both cell and plant size, it  does not seem 
to have direct impact on organ size but only on cell size in mammals.

In mammals, the organ size is determined by highly coordinated and 
complex process that depends on regulation of cell number and/or cell size 
[5]. While cell number is dependent on balance between cell proliferation 
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and cell death, cell size is dependent on cell growth, for example due to 
increased protein and nucleic acid synthesis. The key signaling pathways 
involved in the regulation of organ size are Hippo and TOR pathways 
by their respective functions in controlling cell number and cell size [5-
8]. The Insulin-Akt signaling, upstream of TORC1, has been shown to 
positively regulate polyploidization in mice liver [9]. One explanation for 
why reduction in ploidy in E2f7/8 deficient liver does not reduce the organ 
size could be due to increased hepatocyte numbers/density in the mutant 
liver compared to wild type liver (chapter 2).

Functional complexities of E2F7 and E2F8 in embryonic 

development

As described in chapter 4, we demonstrate that E2F7 and E2F8 are 
required for murine embryonic development. While mice mutant for either 
E2F7 or E2F8 developed normally with no obvious developmental defects, 
global deletion of both E2F7 and 8 resulted in embryonic lethality owing to 
vascular and cell survival defects such as dilated blood vessels associated 
with multifocal hemorrhages and massive apoptosis. Interestingly, loss 
of either E2F1 or p53 suppressed the massive apoptosis observed in 
E2f7/8 DKO embryos, however, triple knockout embryos still carried 
the vascular defects and died around same embryonic age, suggesting 
complex mechanisms underlying the embryonic lethality. Ouseph et al. 
later showed that placenta from E2f7/8 dko embryos were overall smaller 
with severely compromised tissue architecture. Remarkably, supplying 
DKO embryos with wild type placenta rescued embryonic lethality, and 
carried embryos to term, but these pups still died within few days after 
birth [3]. Furthermore, using fetal and placental lineage-specific Cre mice, 
Ouseph et al. showed that  E2F7/8 functions in placenta, specifically in 
trophoblast lineages, are necessary to support embryonic development, 
while E2F7/8 functions in the embryo is not required for survival. Global 
gene expression analysis from this study showed deregulated E2f target 
gene expression in double mutant placenta but not in mutant fetus. On 
the other hand, upregulation of stress related genes, including marked 
induction of HIF1α targets, were observed only in mutant fetuses. This 
divergent gene expression profile in E2f7/8 dko embryos could be due to 
cell non-autonomous mechanisms resulting from abnormalities of E2f7/8 
dko placenta.
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Tumor suppressor function of E2F7 and E2F8

In chapter 5, we demonstrated that liver specific loss of E2f7/8 leads 
to development of spontaneous liver cancer, indicating that E2F7/8 
function as tumor suppressor in the liver. In addition, keratinocyte specific 
inactivation of E2f7/8 resulted in the formation of more aggressive and 
increased numbers of tumors in a skin two stage carcinogenesis model 
(unpublished data). Together, these data indicate that E2F7/8 act as novel 
potential tumor suppressors. However, molecular and cellular mechanism 
by which E2F7/8 mediates tumor suppression is currently unknown. Here, 
we discuss several possibilities that could explain tumor suppressive 
function of E2F7/8.

Polyploidization: The observation that E2f7/8 deficient livers are 
composed predominantly of  diploid hepatocytes, formed spontaneous 
liver cancer, indicates that E2F7/8-dependent polyploidization might have 
tumor suppressive function (chapter 5). As polyploid cells possess multiple 
gene copy numbers, polyploidy could  create as genetic backup against 
the loss or mutations of a tumor suppressor gene.  In support of this, early 
tumor lesions in livers show expansion of diploid cells in human patients as 
well as in carcinogen-induced rodent models [10] indicating that polyploid 
hepatocytes are better protected against recessive mutations than 
diploid cells (chapter 3).  On the other hand, polyploidization could lead 
to chromosomal instability and potentially promote tumor development. 
In this context, in vitro transformed p53-deficient tetraploid mammary 
epithelial cells, but not diploid epithelial cells, displayed more chromosomal 
alterations and exclusively caused tumor development when injected 
subcutaneously in nude mice [11]. However, further studies would be 
required to confirm either tumor-suppressor or tumor-promoter functions 
for polyploidization.

Transcriptional repression, DNA repair and senescence: E2f7/8 dko 
liver tumors showed enhanced expression of S phase genes, and increased 
proliferation of tumor cells (chapter 5). Similarly, 4 week old livers deleted 
for E2f7/8 also displayed deregulated expression of many known E2F 
target genes (chapter 2). In line with this, in vitro overexpression of E2F7 
resulted in a cell cycle arrest particularly during S phase [12]. Moreover, 
ChIP-sequecing  analysis and global gene expression analysis revealed that 
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E2F7 binds to promoters of S-phase genes and represses its expression 
[12]. These data suggest that controlling cell cycle progression through 
transcriptional repression of E2F-target genes is one of the potential 
tumor suppressive mechanism by atypical E2Fs.
 
In addition to their regulation of cell cycle progression, E2F7/8 are 
induced in response to DNA damage possibly via transcriptional activation 
by p53, thus, complementing their role as cell proliferation inhibitor to 
allow efficient DNA repair [13, 14]. Improper repair of DNA damage 
and subsequent loss of genomic integrity is known to result into tumor 
formation and progression [15, 16]. Transcriptional activation of E2f7 by 
p53 is also shown in a condition in which E2f7, but not E2f8, cooperates 
with Rb to induce senescence [17]. As senescence is critical in prevention 
of tumor growth [18], this suggests a role of E2F7 in tumor suppression. 
Thus, E2F7/8 could function as tumor suppressor by regulating cell 
proliferation, DNA repair and senescence.

Angiogenesis: Combined deletion of E2f7/8 in mice and zebrafish 
resulted in severe vascular defects during embryonic development, 
suggesting that E2F7/8 are crucial for angiogenesis during development 
[19, 20]. In contrast to their function as transcriptional repressor, in this 
case E2F7/8 form complex with the hypoxia-inducible factor 1 (HIF1) 
and mediate angiogenesis through transcriptional activation of vascular 
endothelial growth factor (VEGFA), a key regulator of vascular development 
[20].  Moreover, inactivation of E2F7/8 in Myc/Ras transformed mouse 
embryonic fibroblasts (MEFs), engrafted subcutaneously in athymic mice,  
promoted tumor angiogenesis demonstrated by increased intratumoral 
branching of blood vessels (Weijts and de Bruin, unpublished data). In 
this context, enhanced angiogenesis could be favorable for tumor growth, 
dissemination and metastasis thereby contributing to tumor malignancy. 
These data suggest that tumor suppressor function of E2F7/8 is ensued at 
least partially by regulating intratumoral angiogenesis.

Metabolism: Tumor growth is involves not only influenced by uncontrolled 
proliferation, but also by  adjustments of the energy metabolism  in 
order to fuel cell growth and division [15]. Altered cellular metabolism is 
therefore regarded as an emerging hallmarks of cancer [15]. A common 
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property of primary and metastatic cancers is altered glucose metabolism, 
that involves conversion of glucose to lactate even in the presence 
of oxygen, known as aerobic glycolysis or Warburg effect [15, 21]. 
Increased aerobic glycolysis, resulting in increased glucose consumption, 
is uniquely observed in tumors [15, 21]. Enhanced glycolysis has been 
associated with activation of oncogenes, e.g. Myc, Ras, and inactivation 
of tumor suppressors, e.g. p53, Rb [15]. Increased E2F1 activity due to 
loss of Rb promotes expression of c-Myc, and subsequent upregulation 
of glycolytic mRNAs including GLUT1, HK2, PKM2 and LDH-A, thereby 
leading to enhanced glycolysis [22]. Similarly, the loss of p53 function 
results in increased aerobic glycolysis due to transcriptional induction of 
GLUT1 and GLUT4 transporters,  reduction in TIGAR and upregulation 
of phosphoglycerol mutatase (PGM) [23]. In light of these observations 
related to the apparent role of tumor suppressors Rb and p53 in 
regulating metabolism, a possible role of atypical repressor E2Fs in 
mediating aerobic glycolysis during tumorigenesis could be an attractive 
hypothesis which warrants detailed investigation. In a preliminary study 
in our lab, in which liver specific inactivation of E2f7/8 in Pten-deficient 
background leads to accumulation of glycogen in liver, and dramatic 
reduction in lipid accumulation seen in PTEN deleted mice (Matondo and 
de Bruin, unpublished data). Previously, liver-specific deletion of Pten 
in mice have been shown to result in hepatomegaly and steatohepatitis 
followed by cancer formation in liver [24, 25], which indicates that 
altered lipid metabolism seen in Pten-deficient liver could have promoted 
tumorigenesis. In this context, accumulation of glycogen in Pten/E2f7/8-
deficient liver suggests that E2F7/8-mediated  glycogen accumulation 
might have oncogenic effect in liver. However, extended studies are 
necessary to confirm this hypothesis.
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NEDERlANDSE SAMENVATTiNG

De atypische E2F transcriptie factoren E2F7 en E2F8 remmen de 
transcriptie van E2F-afhankelijke genen en zijn van cruciaal belang voor 
het reguleren van de celdeling. In dit proefschrift laten we zien dat deze 
twee factoren van cruciaal belang zijn voor de embryonale ontwikkeling 
van muizen, alsmede polyploidisatie van levercellen, en bescherming 
tegen leverkanker.

We beschrijven, in hoofdstuk 1, de literatuur met betrekking tot de E2F 
familie; hun functie in de regulatie van de normale cel cyclus en in de 
atypische cel cyclus zoals de vorming van meerkernige cellen. Daarnaast 
wordt de huidige kennis over de rol van E2F factoren in lever kanker 
uitgelegd.

In hoofdstuk 2 laten we zien dat de atypische E2Fs, en met name E2F8, 
een belangrijke rol speelt bij het activeren van polyploidisatie in de lever. 
Uitschakelen van E2F7/8 resulteerde in een dramatische reductie van 
binucleatie en polyploidisatie van hepatocyten. Daarnaast bleek dat het 
uitschakelen van E2F1 tot verhoogde polyploidie leidde. Het uitschakelen 
van E2F1 in E2F7/8-deficiënte muizenlevers leidde dan ook tot een 
gedeeltelijke normalisatie van het aantal polyploide hepatocyten. Verder 
hebben we een transcriptie-netwerk geïdentificeerd dat geremd wordt 
door E2F7/8 en geactiveerd door E2F1, en een belangrijke rol speelt 
bij polyploidisatie in de lever. Tezamen laten de resultaten zien dat de 
activator E2Fs en de atypische repressor E2Fs tegenovergestelde functies 
hebben in het reguleren van polyploidisatie in de lever. Verbazingwekkend 
genoeg zagen we dat het verlies van in de lever geen nadelig effect had 
op de functie en het regeneratief vermogen van de lever.

In hoofdstuk 3, we geven een overzicht van het fysiologische belang 
van vorming van meerkernige cellen in verschillende zoogdier cellen, 
met name in levercellen, trofoblast reuscellen, megakaryocyten en 
hartspiercellen. Verder wordt kort ingegaan op de cellulaire als ook de 
moleculaire mechanismen die betrokken zijn in de vorming van deze 
meerkernige cellen.

We bewijzen in hoofdstuk 4 dat E2F7 en E2F8 noodzakelijk zijn voor 
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de embryonale ontwikkeling. Hoewel het uitschakelen van één van de 
twee atypische E2Fs in de muis een ogenschijnlijk normale embryonale 
ontwikkeling liet zien, resulteerde gecombineerd uitschakelen van E2F7 
en E2F8 in embryonale sterfte gekenmerkt door vasculaire defecten en 
celdood, zoals gedilateerde bloedvaten, geassocieerd met multifocale 
bloedingen en massale apoptose. Opvallend genoeg was het uitschakelen 
van E2F1 of p53 voldoende om de massale apoptose te onderdrukken, 
maar lieten de tripel-knockout embryo’s nog steeds vasculaire defecten 
zien en stierven ze in hetzelfde stadium van de embryonale ontwikkeling. 
Dit suggereert dat complexe mechanismen ten grondslag liggen aan de 
embryonale sterfte.

Zoals beschreven in hoofdstuk 5, hebben we laten zien dat E2f7/8 als 
tumor suppressor genen functioneren, en dat ze kunnen samenwerken 
met het bekende tumor suppressor gen Rb in het voorkomen van 
leverkanker. Door lever-specifieke knock-out muizen te gebruiken, vonden 
we dat het uitschakelen van E2f7/8 resulteerde in spontane groei van 
hepatocellulaire carcinomen in muizen. Verder resulteerde additionele 
deletie van Rb samen met E2f7/8 in het ontstaan van tumoren op jongere 
leeftijd, hetgeen suggereert dat verlies van Rb tumorvorming in de lever 
versnelt.

In hoofdstuk 6, operatief verwijderen van een deel van de lever of radio 
frequentie ablatie (RFA) zijn algemeen toegepaste therapieën bij humane 
lever kanker. We tonen aan dat toepassing van deze technieken in Rb/
p53 deficiënte levers leidt tot zeer agressieve en ongedifferentieerde 
carcinomas. Gedetailleerde analyse van de cellen met behulp van 
immunohistochemische en immunofluorescentie technieken leverde de 
galgang-cel als cel van oorsprong in deze tumoren.

Tenslotte worden de bevindingen van dit proefschrift in hoofdstuk 7 
samenvattend bediscussieerd. Een algemene kijk op de nieuwe functies 
van atypische E2Fs bij de ontwikkeling van de lever en van kanker wordt 
hier gegeven.
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