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CHAPTER 1 

4



Introduction 

E2 promoter binding factors (E2Fs) 

E2Fs are transcription factors which can be broadly categorized in two 

groups based on their functions. First group is comprised of E2F1, E2F2 

and E2F3a which are classified as transcriptional activators based on their 

ability to activate transcription of genes in the cell. Second group is 

categorized as transcriptional repressors includes E2F3b and E2F4-81 

which inhibit gene transcription. E2Fs can be further classified based on 

structural differences as typical and atypical E2Fs 2-4. Typical E2Fs (E2F1-

E2F6) contain one DNA binding domain (DBD) and a dimerization domain 

(DD) which facilitates binding and activation of target genes in concert

with a dimerization partner 1, 2.  

On the other hand, atypical E2Fs (E2F7-E2F8) contain two DBD 

and lack a DD but have the ability to form homo- and heterodimers and 

can bind to promoters of target genes independent of dimerization 

proteins 4-6. With the exception of E2F6, other classical E2Fs operates in 

cooperation with the family of pocket proteins, p107 and Rb 1 to repress 

transcriptional activity 7.  However, recent studies have shown that RB as 

well as E2F7, and E2F8 functions may vary depending on type of tissues 

and cellular microenvironment, and are capable of switching their roles 

from transcriptional repressors towards activators of E2Fs target genes 8. 

Most of the regulated targets are involved in DNA metabolism, replication 

and maintenance of DNA integrity. More recently, additional functions 

have been reported including regulation of angiogenesis 9, 10, lipid 



 

synthesis 10, transport 11, and oxidation 12. In addition, atypical E2Fs are 

known to regulate hepatocyte polyploidy 8.   

 

Polyploidy in mammalian tissues 

Polyploidy is a term used to describe cells with more than two complete 

sets of chromosomes and has been described in plants, mammals and 

other species. The phrase ‘complete sets’ distinguishes polyploid cells 

from closely related aneuploid cells which are characterized by the gain or 

loss of individual chromosomes as a consequence of chromosome mis-

seggregations  during mitosis 13. Although different mammalian organs 

have been reported to develop polyploidy 14, the onset of polyploidization 

differs among different cell types and organs. In tissues such as urinary 

bladder, striated muscles, bone, and megakaryocytes polyploidization 

process starts during embryonic development 15-17 and may be re-

activated in adult tissues for specific purposes such as tissue repair 18-20. 

In liver and pancreas, polyploidy is known to be activated in mice after 

weaning at the age of three weeks and increases with age 8, 21. Regulation 

of polyploidy in liver is partly accomplished by activator E2Fs ,  atypical 

repressor E2Fs 8 and other mechanism including AKT and p53 pathways 

22, 23.  However, regulation of ploidy in other tissues is largely unknown.   

Since the discovery of polyploidy, efforts have been made to understand 

physio-pathological advantages and disadvantages of polyploid cells in 

different species including mammals 14; however, physiological relevance 

of polyploidy remains a controversial subject as recently narrated 24 .   



Polyploid hepatocytes in nonalcoholic steatohepatitis (NASH) 

Hepatocytes account for the largest portion of liver parenchyma and can 

be found as a mixed populations of larger and smaller hepatocytes in 

specific regions of the liver 25. Smaller hepatocytes which are 

predominantly diploid are mainly found in periportal regions whereas 

larger and polyploid hepatocytes are located in perivenous and mid-zonal 

regions 26. The nature of hepatocyte distribution motivated investigators 

to study the possibility of functional specialization among hepatocytes. 

Being relatively well studied, polyploid hepatocytes have attracted the 

attention of many researchers wishing to dissect the relevance of 

polyploidy in different biological conditions. Early studies suggested that 

lipid synthesis occurs around perivenous region 27-29 (Figure 1).  

Furthermore, studies in human and rodent liver tissues affected with 

nonalcoholic fatty liver disease (NAFLD)  have shown that lipid droplets 

preferentially accumulate in large polyploid cells at perivenous regions 30. 

In addition, global gene expression analyses  on hepatocytes of different 

ploidy status revealed that genes related to lipid metabolism were 

downregulated  in diploid hepatocytes compared to polyploid hepatocytes 

31.



Figure 1.  Graphical illustration model of hepatocyte organization in liver lobule 

and microscopic localization of lipid droplets. Smaller hepatocytes, mostly diploid 

are located in periportal (PP) region. Larger hepatocytes are located in intermediate or 

perivenous (PV) region. In nonalcoholic liver diseases (NAFLD), intermediate and 

perivenous regions are usually found to contain larger and more lipid droplets than 

periportal region. Colour selection is only for illustrative purposes. Hepatocytes shown in 

brown, lipid droplets shown in green, nuclei shown in gray, fibroblasts shown as 

elongated pink structures and red dots as blood cells, red elongated: endothelial cells. 

BD: Bile duct, CV: Central vein 

The above findings suggest that polyploid hepatocytes might play a 

key role in lipid metabolism. Since polyploid hepatocytes possess extra 

sets of chromosomes they might have an increase in capacity to support 

anabolic processes or have increased capability to store large amounts of 

lipids. In fact, recent in vivo data generated from rodent models of 

nonalcoholic steatohepatitis (NASH) and liver samples from human NASH 

patients demonstrated that the staging of NASH positively correlates with 

the degree hepatocyte polyploidization 32.  This observation might indicate 



 

that polyploid hepatocytes are more suitable to deal with oxidative stress 

induced by lipid accumulation for example by having higher dose of anti-

oxidants 33. Despite of recent progress to uncover the potential benefits of 

polyploidization, its role in cellular physiology and/or pathology is 

currently not clearly understood and remains a subject of investigation. 

 

Polyploidization in pancreas 

Liver and pancreas both originate from the embryonic gut endoderm 34, 

and polyploid cells appear after weaning of mice 8, 35.The physiological 

function of polyploidy in the pancreas is still unknown. Although ongoing 

efforts have not fully unlocked the secrets of polyploidy and it relevance in 

pathophysiology of the cell, some metabolic disorders are known to 

associate with polyploidization. For example increased polyploidy is 

observed in β cells of endocrine pancreas  in patients with diabetes type 2 

36. Furthermore E2f1/2 conventional double knockout mice develop 

diabetes and show increased nuclear sizes of both exocrine and endocrine 

cells within the pancreas 37.  

 

Polyploidization, aneuploidy and the concept of cancer progression 

Although polyploid cells are common in mammalian liver under 

physiological conditions, recent studies showed that ploidy changes are 

dynamic and can be influenced by changes in cellular physiology and 

microenvironment 13, 38. For instance reports suggest that polyploidization 

might increase the ability of cell to resist different type of stress conditions 



31 and tumor cells may exploit this mechanism to promote their survival 

by undergoing a “strategic retreat” to polyploidy, and become quiescent. 

These cells can then revert back to diploidy to continue proliferating when 

conditions are favorable 39, 40. Because polyploid cells are often also 

aneuploid 41 which indicates genomic instability, polyploidy has been 

identified as a prognostic factor for poor survival in cholangiocellular 

carcinoma 42 and other tumor types 43. In hepatocytes, tetraploid has 

been suggested to promote hepatocellular carcinoma even though 

eventually many tumors are found to be diploid 44, 45. Interestingly recent 

studies provide also evidence that polyploidy can function as tumor 

suppressor by providing for example extra copies of tumor suppressor 

genes 46. Experimental studies in mice demonstrated that livers with 

predominantly diploid hepatocytes were more susceptible to develop 

cancer compared to liver which are composed of mostly polyploid 

hepatocytes 46. Nevertheless, the role of polyploidization in tumor 

formation may depend on the underlying genetic changes in the cell. For 

example, despite of being predominantly polyploid and aneuploidy 

(Figure 2) 47, P53 and Rb deficient liver develop tumors at least 6 months 

earlier than E2f7/8 deficient liver which are composed of mostly diploid 

hepatocytes 47, 48 . Overall the contribution of polyploidy in carcinogenesis 

remains debatable. 



Figure 2.  Histological images of mouse liver with well differentiated 

hepatocellular carcinoma stained with MK67 (brown nuclei).  Left image: Liver 

tumor developed in mouse with liver specific E2F7/8 deletion. Hepatocytes have 

characteristic smaller and increased nuclear density per area. Right image: Liver tumor 

developed in mouse with liver specific P53/Rb deletion. Some hepatocytes have large 

irregular and multiple nuclei; features of polyploidy and aneuploidy cells. Image 

magnifications: 200x 

Importance of E2F7/8 in pre-natal and postnatal mouse 

development 

Embryos deficient for both atypical E2fs die at embryonic day 11.5 

(E11.5) due to placental defects 49. Mice with partial deletion of  E2f7/8 

(one atypical E2F is homozygous and the other atypical E2F heterozygous 

deleted) appear smaller in size and die early in life, whereas mice with 

either E2F7 or 8 deletion alone grow to adulthood 49, 50. Since germline 

loss of E2f7/8 is lethal, a comprehensive study on the overall contribution 

of E2F7/8 in postnatal mouse physiology using germline genetic models is 

currently not feasible. However, it is still possible to utilize existing 

inducible knockout technology to delete E2f7/8 after birth. However, these 

methods are not 100% efficient for example the efficiency of tamoxifen 



 

induced expression of the Cre enzyme, which is used to induce deletion of 

genes of interest by targeting LoxP sites, depends on the dose and 

duration of tamoxifen administration 51. However non-deleted cells 

represent only a minority of cells and the deletion efficiency is usually 

sufficient enough to allow investigation of desired phenotypic contribution 

of the targeted genes.  

Rb-E2Fs, P53 and PTEN pathways in liver cancer 

The pathways that are commonly altered in liver tumors are the RB-E2F 

and P53 pathways. Tumor suppressor P53 is believed to play role in 

prevention of tumors by blocking cell cycle progression through induction 

of cyclin dependent kinase (CDK) inhibitors such as CDKN1A (P21) to 

allow DNA repair after DNA damage or removal of unrepaired cells by 

activation of apoptotic pathway 52, 53. In addition the regulation of E2Fs by 

RB is considered as another mechanism important in regulating cell cycle 

progression and tumorigenesis 47, 54.  Moreover E2Fs are known to not 

only regulate normal cell cycles but also abortive cell cycles such as the 

endocycles 55. For instance, deletion of atypical E2fs in murine livers 

decreased endocycles and resulted in the increase susceptibility towards 

carcinogen-induced hepatocellular carcinomas 47. Remarkably several 

tumor suppressor pathways can regulate each other’s expression or they 

cooperate in suppressing tumorigenesis. For example E2F7 expression is 

known to be regulated by P53 in a DNA damage-dependent manner 56. In 

addition, a recent study showed that E2F7 can cooperate with P53 and RB 



 

in the regulating oncogene induced senescence in order to limit tumor 

progression 57. 

Phosphatase and tensin homolog (PTEN) is another important tumor 

suppressor mainly through regulation of the PI3K/AKT pathway involved in 

a number of processes including regulation of cell cycle progression and 

apoptosis, lipid synthesis, and hepatocyte polyploidy 22, 58. Tumor 

progression following Pten loss can occur partly by hyper-activation of AKT 

and transcriptional programs which promotes anabolic pathways in the cell 

necessary to support highly proliferating cells. However, activation of AKT 

can also enhance P53 stability through inhibition of MDM2 and 

consequently limiting tumor progression by activating P53 induced 

senescence and/or apoptosis 59. The progression of tumor development 

will therefore depend on the balance between pro-tumor and anti-tumor 

pathways. However, it is not fully understood how multiple tumor 

suppressors can converge and interact to influence liver tumor 

development. Unravelling this parable will not only increase our 

understandings how these tumor suppressors interact to limit tumor 

progression but it might also open doors towards designing novel targeted 

therapies. However it is important to keep in mind that the majority of 

tumors are usually heterogeneous in nature and may carry single or 

multiple genetic mutations that can affect one or more tumor suppressors. 

 

 

 



Cell of origin in liver cancer  

Although the risk factors for HCC and other liver cancer types are known, 

overall treatment outcomes and prognosis of liver cancer remain poor. 

This might be related in part to the lack of comprehensive knowledge 

about the cell of origin and the mechanism of the molecular pathogenesis 

of liver cancer. Although it is clearly known that tumors have tendency to 

originate from a single cell followed by clonal expansion of pro-tumor 

cells, it is currently not feasible to study the cell of origin in liver cancer 

derived from human patients. Main setback includes the fact that majority 

of these tumors are diagnosed late when tumors are already 

undifferentiated losing original surface markers and therefore it becomes 

difficult to determine the cell of origin. The use of animal models and 

tracer technology has partially addressed this problem, though these 

methods may not necessarily reflect pathogenesis of actual tumors in 

patients. Despite of the existing challenges, animal models have the 

potential to be adapted to specific cancer cell types and specific cancer 

pathways which can be used for   in vivo testing of novel targeted cancer 

drugs . 

Effect of micro-environmental factors on differentiation of tumor 

cell lineages  

Hepatocytes and cholangiocytes form the major cell types of the liver. 

Differentiated hepatocytes and cholangiocytes can be distinguished based 

on expression cell-type specific markers. Both small and large bile ducts 



are lined by cholangiocytes that express CK19, HNF1α and HNF1ß, but not 

HNF4α which is expressed in differentiated hepatocytes.  The liver 

progenitor cells (LPC) also called oval cells in the mice express CK19 and 

HNF1α/ß. When LPC are committed to differentiate into hepatocyte they 

start to express HNF4α.60.   

The ability of liver cells to respond appropriately to environmental 

signals plays a critical role in maintenance of normal growth control of the 

liver. Disruption of normal cell growth control mechanism results in many 

pathological conditions, including development of malignant tumors 61. 

Available reports have shown that the growth of hepatocellular carcinoma 

(HCC) and tumorigenic LPCs are promoted under hypoxic conditions 62. In 

addition, the expression of the hepatocyte specific marker HNF4α was 

down-regulated under hypoxic conditions 63, suggesting that hypoxia 

creates unfavorable conditions for differentiation of LPC towards 

hepatocyte lineage. Alternatively, hypoxic conditions might stimulate 

hepatocyte trans-differentiation towards hypoxia resilient cholangiocytes 

as demonstrated in another study in which bile duct ischemia 64 and 

hypoxic preconditioning increased bile duct and cholangiocytes 

proliferation 65. The findings are particularly important considering clinical 

situations where liver cancer patients are routinely exposed to hypoxic 

conditions induced for example by radiofrequency ablation (RFA) and or 

partial hepatectomy (PHx) 66.  It is important to note that liver 

regeneration starts within few hours after RFA and or PHx. The existing 

hypoxic condition during early stages of liver regeneration is likely to 



 

enhance proliferation of existing cholangiocytes/LPC and inhibits 

differentiation of LPC towards hepatocytes.  

 

 
 

Figure 3.  Theoretical illustration of pathogenesis of injury stimulated 

cholangiocellular carcinoma in liver deficient of tumor suppressor P53 and Rb. 

Hepatic cell deaths induced by viral infection, thermal or surgical therapy promote 

hypoxic environment. Hypoxic microenvironment, coupled with factors released from 

dying and emigrating inflammatory cells inhibit pro-hepatocyte factors HNF4a and induce 

pro-cholangiocyte factors such as HNF1a. These factors will promote P53/Rb deficient 

cholangiocytes/liver progenitor cells to form cholangiocellular carcinoma (CC). In absence 

of cholangiocyte promoting factors, hepatocellular carcinoma (HCC) or (HCC/CC) might 

be formed. 



 

Although hypoxia is considered to contribute to the expansion of 

specific liver cell lineages, the pre-existing genetic defects such as 

deficiency or non-functional tumor suppressors might also play a role. 

Gaining knowledge about genetic and micro-environmental factors that 

regulate the differentiation of liver tumor cells   can open new avenues for 

the assessment of patient prognostic biomarkers and developing novel 

therapeutic strategies against liver cancer.      

  



 

Thesis outline 

This thesis is focused on understanding the role of the atypical E2F 

transcription factors, E2F7 and E2F8, in postnatal development, fatty liver 

disease and liver cancer. In addition, the role of RB and P53 in liver tumor 

formation after surgical interventions has been evaluated. For all chapters, 

conditional knockout approaches were used to generate mice used for 

investigation of in vivo functions of these tumor suppressors.    

 

In chapter 2, we investigated the role of atypical E2Fs in lipid storage of 

hepatocytes in a mouse model of fatty liver disease. We show that 

deletion of E2f7 and E2f8 limits the ability of hepatocytes to store lipids 

and prevents the development of fatty liver disease. We could 

demonstrate that lipid storage capacity of polyploid hepatocytes is higher 

compared to diploid hepatocytes. Moreover we demonstrate that atypical 

E2Fs can regulate lipid droplet size independent of the ploidy status of the 

hepatocytes.    

 

In Chapter 3 we elucidate the role of atypical E2Fs in suppressing liver 

cancer. In this study we used the same mouse model as in chapter 2, 

where mice first develop fatty liver disease and at a later stage develop 

liver cancer. These studies were aimed to identify a possible cooperation 

between atypical E2Fs and the tumor suppressor PTEN, a member of an 

important pathway that is frequently altered in liver cancer. We used a 

conditional knockout approach in mice to induce a liver specific deletion of 



E2f7, E2f8, and Pten and discovered that their combined deletion 

accelerate HCC formation. Liver specific inactivation of Pten was 

accompanied by increased expression of P53-dependent stress response 

genes, including P21. Remarkably this stress response was partially 

rescued through additional deletion of E2f7/8, indicating that atypical E2Fs 

contribute to a proper P53 stress response in hepatocytes. Together, 

these studies show that atypical E2Fs and PTEN cooperate in suppressing 

liver tumor formation, potentially through antagonistic regulation of the 

P53-stress response.   

In Chapter 4 of this thesis, we determine the role of atypical E2Fs in 

postnatal development. Atypical E2Fs are essential for embryonic 

development 49, but it was unknown whether atypical E2F function is also 

critical for the survival of mice once they were born. We deleted 

simultaneously E2f7 and E2f8 in newborn pups utilizing a tamoxifen 

inducible knockout approach whereby the majority of the tissue cells were 

deleted for the atypical E2Fs. Surprisingly these mice lived healthy until 

old age. Interestingly the exocrine and endocrine pancreas cells displayed 

less polyploidization without major impact on the production of pancreatic 

hormones and enzymes. We also observed that the mice showed also less 

polyploidization in hepatocytes, confirming  previous studies utilizing liver 

specific deletion of atypical E2Fs 8. These studies demonstrated that 

atypical E2Fs are essential for polyploidization in the pancreas and liver, 



 

while other tissues with polyploid cells, such as megakaryocytes in the 

spleen, were not affected. 

 

In chapter 5 of this thesis, we discovered that therapeutic approaches 

aimed to remove tumor tissue in the liver, can actually initiate the 

formation of undifferentiated malignant liver tumors at the site of surgical 

intervention. We show in mice that liver cancer develops at the necrotic 

injury site after surgical resection or radiofrequency ablation (RFA) in 

P53/Rb deficient livers. Using post-RFA timeline follow-up study and 

lineage tracing study, we were able to show that cancer initiation occurs 

as a result of specific migration, expansion and transformation of 

cytokeratin-19+-liver (CK-19+) cells at the necrotic and hypoxic surgical 

intervention site. This was further illustrated in an ex-vivo study in which 

we showed that  isolated cytokeratin-19+ cells deficient for P53/Rb were 

resistant against hypoxia and TGFβ-mediated growth inhibition.   

 

In chapter 6 the main findings of this thesis are discussed. 
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Abstract  

Excess lipid accumulation in the liver is the hallmark of nonalcoholic fatty 

liver disease (NAFLD) and has become one of the predominant causes of 

chronic liver disease. Here, we demonstrate that the atypical E2F 

transcription factors, E2F7 and E2F8, contribute in development of 

NAFLD. Mice with liver-specific deletion of E2f7/8 display reduced 

triglyceride accumulation in Pten-deficient livers, an established mouse 

model for NAFLD. The number of large lipid droplets, polyploid 

hepatocytes, and hepatic triglycerides increased in Pten-deficient livers. 

We observed that deletion of E2f7/8 prevents formation of large polyploid 

hepatocytes in Pten-deficient livers and that polyploid hepatocytes are 

replaced by diploid hepatocytes containing smaller lipid droplets. 

Transcriptomic and proteomic analysis revealed that the expression of 

lipid synthesis genes and AKT signaling are not significantly altered 

between Pten-deficient and E2f7/8/Pten-deficient livers. Interestingly, 

lipid quantification studies on isolated and sorted hepatocytes showed 

that lipid accumulation is less in E2f7/8-deficient diploid hepatocytes 

compared to wildtype diploid hepatocytes. Together these findings 

provide strong evidence that atypical E2Fs contribute to lipid 

accumulation in hepatocytes via polyploidization-dependent and -

independent mechanisms. 

 

Key words: E2F7/8, PTEN, hepatocyte, polyploid, steatosis 
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Introduction 

Nonalcoholic fatty liver disease (NAFLD) occurs worldwide affecting 20-

30% of the world population1. This almost epidemic disease occurs at a 

higher frequency in males than females, in patients diagnosed with 

diabetes and hyperlipidemia. Livers with NAFLD can progress to 

nonalcoholic steatohepatitis (NASH) and can develop cirrhosis 2, 3. Recent 

studies have implicated a role for E2F transcription factors in mouse 

NAFLD 4, 5. The E2F family of transcription factors is composed out of 

three classical activators (E2F1,2,3), three classical repressors (E2F4,5,6) 

and two atypical repressors (E2F7,8) 6. Individual E2Fs bind to a set of 

gene promoters to regulate their expression at different phases of the cell 

cycle 7. The majority of these E2F target genes are involved in DNA 

metabolism, replication, and repair, but recently novel E2F target genes 

have been identified that have a role beyond the cell cycle, including 

angiogenesis 8. In addition, activator E2Fs have been shown to regulate 

lipid metabolism through regulation of genes involved in lipid synthesis 4  

transport 9, and oxidation10.  Besides other regulatory functions, E2Fs are 

also critical for controlling the ploidy status of hepatocytes 11, 12. 

Polyploidization of liver cells is a fascinating phenomenon in the 

mammalian liver, where hepatocytes can carry more than two copies of 

the genome accumulating up to 32 sets of chromosomes 13. Although the 

biological function of liver cell polyploidy is unknown, recently it has been 

described that liver cell polyploidization is associated with increased lipid 

accumulation14. In several mouse models of NAFLD and in human 
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patients with NAFLD/NASH, the number of octaploid hepatocytes (8C) 

was significantly increased compared to healthy livers 14. The discovery 

of E2F’s to regulate polyploidy have opened an opportunity to scrutinize 

the relevance of not only E2Fs but also hepatocyte polyploidization in 

liver pathologies. Clear understanding of the role of E2Fs and or 

polyploidy in the development of NAFLD and NASH will provide more 

insight and possibility to manipulate E2F activity for therapeutic 

advantages. Here, we investigated the role of atypical E2Fs in lipid 

accumulation in hepatocytes by utilizing an existing mouse model of 

NAFLD. Since synergistic loss of atypical E2Fs prevents liver cell 

polyploidization, we determined also the potential role of polyploidization 

in NAFLD.  

 

Results 

Loss of E2F7/8 results in reduced triglyceride accumulation in 

PTEN-deficient hepatocytes  

To investigate the role of atypical E2Fs in NAFLD, we used liver specific 

deletion of E2f7, E2f8 and Pten in mice. Inactivation of Pten is an 

established mouse model of NAFLD 15. We used homologous 

recombination techniques and Cre-loxP technology to disrupt E2f7, E2f8 

and Pten functions in the liver by interbreeding Alb-cre+/- transgenic mice 

with E2f7f/f; E2f8f/f or Ptenf/f conditional knockout mice. Deletion efficiency 

was confirmed by analyzing the transcript levels of E2f7, E2f8 and Pten in 

liver homogenates of adult mice by real time PCR (S. Figure 1A-C).  As 
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expected, homozygous deletion of Pten (Alb-cre+/-;Pten∆/∆ = Pten∆/∆) 

increased liver size and weight at the age of 16 weeks and livers appeared 

more pale with grossly visible boundaries of the liver lobules (Figure 1A). 

Histologically, Pten-deleted livers accumulated large lipid droplets in 

hepatocytes as shown with different stains including hematoxylin & eosin, 

lipid specific dyes oil red O and bodipy (Figure 1B). Importantly, additional 

deletion of E2f7 and 8 (Alb-cre+/-; E2f7∆/∆; E2f8∆/∆; Pten∆/∆ =78Pten∆/∆) 

reduced the lipid droplets size compared to hepatocytes derived from 

Pten∆/∆ mice. Morphometric image analysis revealed that Pten-deficient 

hepatocytes carried fewer but larger lipid droplets, whereas hepatocytes 

of 78Pten∆/∆ mice contained more but smaller lipid droplets (Figure 1C and 

D).  Calorimetric triglyceride analysis of liver lysates demonstrated that 

78Pten∆/∆ livers contained less triglycerides compared to Pten∆/∆ livers 

(Figure 1E). Histological examination performed by a veterinary 

pathologist confirmed that the degree of hepatic steatosis in 78Pten∆/∆ 

livers was less severe than in Pten∆/∆ livers (S. Figure 1D). In murine 

livers not triggered to develop NAFLD, E2f7/8 deletion (Alb-cre+/-; E2f7∆/∆; 

E2f8∆/∆ = 78∆/∆) alone already resulted in a slight reduction in triglyceride 

content compared to control livers (Alb-cre-/-; E2f7f/f; E2f8f/f; Ptenf/f = 

78Ptenf/f), however the difference was not statistically significant. 

Surprisingly, despite reduction in triglyceride and lipid droplet size, liver  
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Figure 1. Loss of E2f7/8 results in reduced triglyceride accumulation in Pten-

deficient livers. Macroscopic images of 78Ptenf/f, 78∆/∆, Pten∆/∆, and 78Pten∆/∆ livers 

from mice at the age of 16 weeks (A). Representative microscopic images of hematoxylin 
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and eosin (H&E), Oil red O (400x magnifications), and Bodipy stained liver sections 

(6300x magnification and 1.5x  zoom factor) (B). Quantification of lipid droplet (LD) 

numbers (C) and lipid droplet (LD) size (D) from 8-10 images obtained 3-4hours after Oil 

red O staining (n = 4, per genotype). Quantification of triglyceride content in liver 

homogenates (n=5) (E). Liver weight/ body weight measurements (n= 8-10) (F).  

Graphs represents average and standard error, *P<0.05 

 

weights were not significantly altered between Pten∆/∆ mice and 78Pten∆/∆  

mice (Figure 1F).  

Analysis of glycogen storage utilizing PAS-stained liver sections or 

enzymatic analysis of liver lysate revealed that deletion of E2f7/8 had no 

major impact on glycogen storage under starved and fed conditions or in 

Pten-deficient livers (S. Figure 1E-G).  These findings suggest that atypical 

E2fs promotes lipid accumulation but not glycogen accumulation in Pten-

deficient hepatocytes.  

 

Loss of E2F7/8 does not have major impact on lipogenic gene 

expression 

Because synergistic inactivation of atypical E2Fs decreased liver 

triglyceride content and lipid droplet size, we investigated the protein and 

RNA expression profiles in liver samples obtained from 78Ptenf/f, 78∆/∆, 

Pten∆/∆ , and 78Pten∆/∆  mice at the age of 16 weeks by performing 

proteomic analysis and RNA sequencing, respectively. 1671 overlapping 

gene products derived from the proteomic and transcriptomic analysis 

were selected for further analysis (Figure 2A). Gene set enrichment 
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analysis (GSEA) was done on a set of genes which were upregulated in 

Pten∆/∆ livers compared to control livers (78Ptenf/f); median expression 

higher than  1.41-fold was used as a cut-off point. These upregulated 

genes were related to the GSEA hallmark signatures involved in lipid 

metabolism and mTOR signalling (Figure 2B). Surprisingly, expression 

analysis of proteins and mRNAs related to fatty acid synthesis revealed no 

obvious differences between 78Ptenf/f and 78∆/∆ or Pten∆/∆ and 78Pten∆/∆ 

livers (Figure 2C-D). We validated RNA sequencing results by performing 

qPCR on genes known to regulate lipid synthesis and catabolism including 

Srebpf1, Acaca, and Cpt1a.  No significant differences were observed 

between 78Ptenf/f and 78∆/∆ or Pten∆/∆ and 78Pten∆/∆ livers (Figure 3A-C, 

and data not shown). Moreover, Chromatin immunoprecipitation on 

human HepG2 cells also revealed no significant enrichment of E2F7 or 

E2F8 on promoters of SREBPF1, SREBPF2, and ACACA compared to IgG. 

In contrast to atypical E2Fs, E2F1 was strongly enriched on promoters of 

these three lipid synthesis genes. As a positive control for detecting 

enrichment of E2F7 and E2F8, we demonstrate that atypical E2Fs can bind 

to the CDC45L promoter, a classical E2F target (Figure 3D-G). Further 

analysis of RNA sequencing data revealed 1974 transcripts which were 

found to be significantly altered when liver samples from  78Pten∆/∆  and 

Pten∆/∆ were compared. Of these transcripts, almost 40% (777) were 

“rescued”, defined as deregulated by Pten deletion only, and expressed at 

similar levels in 78Ptenf/f and 78Pten∆/∆ livers (Supporting S1). Transcripts 

upregulated in Pten∆/∆ and rescued in 78Pten∆/∆ livers were enriched for 
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genes related to lipid droplet fusion such as cell death-inducing DNA 

fragmentation factors: Cidea and Cidec (S. Figure 2A).   

Figure 2. Loss of E2f7/8 does not change significantly the levels of RNAs and 

proteins involved in lipogenesis. Liver samples obtained from 78Ptenf/f, 78∆/∆, Pten∆/∆ 

and 78Pten∆/∆  mice at the age of 16 weeks (n=4 per genotype) . Venn diagram 

illustrating 1671 genes identified in both proteomic and RNAseq that were selected for 

further analysis (A). Gene set enrichment analysis (GSEA) hall mark signatures from a 

set of genes which were upregulated in Pten∆/∆ compared to 78Ptenf/ (78Ptenf/f) (B). 

Gene expression analysis of 1671 genes which were identified in both proteomic and 

39



RNAseq samples, heat maps represents expression of genes related to lipid metabolism 

(C & D).  

In addition, genes which were downregulated in Pten∆/∆ and 

normalized upon additional deletion of atypical E2Fs were mainly those 

related to mitochondrial functions. Surprisingly, only 21 transcripts were 

significantly altered between 78Ptenf/f and 78∆/∆ liver, of which 12 genes 

were downregulated in 78∆/∆ including Sec like protein 4. Loss of Pten is 

known to activate the PI3K/AKT signalling pathway which is accompanied 

by phosphorylation of AKT and subsequently stimulation of lipogenesis 15. 

As expected we detected prominent phosphorylation of AKT at serine 473 

and threonine 308 in Pten∆/∆ livers by immunoblotting. Comparable 

phosphorylation events were also present in 78Pten∆/∆ livers. 78Ptenf/f and 

78∆/∆ liver showed no AKT phosphorylation at these sites (Figure 3H).  

Together these findings suggest that atypical E2Fs do not alter 

expression of lipid synthesis genes or AKT signalling in Pten-deficient 

livers.   

E2F7/8 are essential for hepatocyte polyploidization in PTEN-
deficient livers 

The lack of a clear direct regulatory effect of E2F7/8 on lipid synthesis 

genes and AKT signalling in Pten∆/∆ livers is consistent with our previous 

observations that expression levels in adult hepatocytes are very low 11, 16. 
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Figure 3. Loss of E2F7/8 does not alter AKT phosphorylation and lipogenic gene 

expression. Expression of Srebpf1 (A), Acaca  (B), and Cpt1a (C) in liver samples from 

16 weeks old mice (n=4 per genotype). Enrichment of E2F7 or E2F8 on promoters of 

SREBPF1 (D), SREBPF2 (E), ACACA (F), and CDC45L (G) compared to IgG as negative 
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78Ptenf/.CDC45L and E2F1 were used as positive controls. Western blots using antibodies 

against total AKT and phosphorylated AKT at serine 473 and threonine 308 amino acids 

respectively (n=2 per genotype) (H). Graphs represent average and standard error. 

However, we found that liver polyploidy is strongly affected by E2F7/8 

deletion, therefore we asked whether ploidy status of the hepatocytes 

affects lipid loading in the Pten knockout model.  

Previous reports have hinted to a potential role of hepatocyte 

polyploidy in lipid metabolism17. Furthermore, in human patients with 

NAFLD and in mouse models for NAFLD increased lipid accumulation in 

hepatocytes was associated with the presence of more polyploid 

hepatocytes 14.  To verify this phenomenon also in an in vitro setting, we 

isolated wild type mouse hepatocytes and performed an overnight culture 

with oleate (C18:1) oil supplements. We then quantified number of lipid 

droplets per cell based on cell sizes using cell profiler 18. Hepatocytes were 

arbitrarily categorized as small, medium   and large based on mean 

integrated DAPI intensity in pixels. This analysis revealed that the number 

of lipid droplets per cell increased with cell size (S. Figure 2B).  

         Since it is known that liver-specific loss of Pten results in increased 

hepatocyte polyploidization via activated insulin signaling 14, 19 and loss of 

E2f7/8 leads to decreased hepatocyte polyploidization 11, we evaluated 

whether the reduced lipid accumulation phenotype in 78Pten∆/∆  versus 

Pten∆/∆  livers could be related to the ploidy status of hepatocytes. To this 

end, we performed flow cytometry to determine the DNA content of 
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hepatocyte nuclei from all four genetic groups at 16 weeks. As expected, 

Pten∆/∆ liver contained the highest percentage of octoploid hepatocytes, 

whereas 78∆/∆ livers contained the lowest percentage of octoploid 

hepatocytes (Figure 4A). Importantly, in 78Pten∆/∆ livers the percentage 

of octoploid hepatocytes was low and comparable to 78∆/∆ livers. This 

finding suggests that atypical E2Fs are required for the formation of large 

octoploid hepatocytes in Pten∆/∆ livers. Together with the observation that 

large lipid droplets are more frequently detected in large polyploid 

hepatocytes, this could explain why 78Pten∆/∆ livers composed of 

predominantly small diploid hepatocytes carry smaller lipid droplets 

compared to Pten∆/∆ liver (Figure 1B and D). Notably, RNA expression of 

E2f7 and E2f8 was induced in Pten∆/∆ liver (S. Figure 1A-B), suggesting 

that atypical E2Fs expression is induced by the insulin signaling pathway 

to stimulate polyploidization and hepatic lipid accumulation. Alternatively 

atypical E2Fs might be induced to promote hepatocyte polyploidization as 

a consequence of lipid accumulation.  
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Figure 4. Loss of E2f7/8 in diploid hepatocytes leads to less lipid accumulation. 

Comparison of hepatocyte ploidy status between genetic groups (n=5), bar graphs 
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represents average and standard error (A). Experimental set up for primary hepatocytes 

isolation and analysis (B). Primary hepatocytes stained with Beta-catenin (red), DAPI 

(blue) and LD540 (green) marks membrane, nuclei and lipid droplets respectively. Image 

taken at 400x magnifications and 1.5 zoom factor.  (C) Hoechst 442 fluorescence of 

isolated 2N cells from 78f/f and 78∆/∆ primary hepatocytes and size comparison by light 

forward scatter (FSC) (D).  LD540 fluorescence of isolated 2N cells from 78Ptenf/ and 

78∆/∆ primary hepatocytes (E) and triglyceride comparison in lysates derived from 

78Ptenf/and 78∆/∆ primary hepatocytes  of three replicates per genotype, bar graphs 

represents average and standard error  (F). 

Loss of E2F7/8 in diploid hepatocytes leads to less lipid 
accumulation 

To evaluate whether inactivation of atypical E2Fs can also reduce 

lipid accumulation in hepatocytes independent of the ploidy status and 

Pten, we performed lipid quantification studies on isolated primary 

hepatocytes from control (78f/f) and 78∆/∆ livers (Figure 4B). Primary 

hepatocytes were cultured overnight in high glucose medium, fixed and 

then immunostained with Hoechst, LD540, and β-catenin for staining DNA 

content, lipids and cell membranes respectively.  

78Ptenf/f hepatocytes were made up of a mixture of polyploid and 

diploid hepatocytes displaying relatively larger lipid droplets compared to 

predominantly diploid hepatocytes derived from 78∆/∆ livers (Figure 4C). 

Next, freshly isolated primary hepatocytes were stained with Hoechst and 

LD540 for live cell sorting of only diploid cells (2N) and for comparison of 

fluorescence signals for DNA content and neutral lipids, respectively. 

Diploid hepatocytes had equal nuclear and cell size based on Hoechst 442 
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fluorescence and light forward scatter analysis (FSC-A), respectively 

(Figure 4D). Unexpectedly, LD540 stained 78Ptenf/f diploid hepatocytes 

displayed a higher LD540 fluorescence signal compared to diploid 78∆/∆ 

hepatocytes (Figure 4E, left panel).  Hepatocytes derived from 78Ptenf/f 

hepatocytes not stained with LD540 were used to detect background 

fluorescence. Increased accumulation of neutral lipids in sorted diploid 

78Ptenf/f hepatocytes versus diploid 78∆/∆ hepatocytes was confirmed by 

triglycerides analysis (Figure 4F). These findings provide  evidence that 

atypical E2Fs can also promote lipid accumulation in hepatocytes 

independent of ploidy status, because difference in lipid content were 

observed by comparing hepatocytes of the same ploidy status.  

Discussion  

The relevance of hepatocyte polyploidization in the pathophysiology of 

the liver is still largely unknown. Liver-specific loss of Pten results in 

increased hepatocyte polyploidization via activated insulin signaling 15, 19 

and loss of E2f7/8 leads to decreased hepatocyte polyploidization 11. 

Hepatocytes have been shown to have ability to acquire polyploid 

phenotype when exposed to increased lipids related stress 14. We 

investigated the role of hepatocyte ploidy on lipid accumulation by 

comparing 78f/f and 78∆/∆ or Pten∆/∆ and 78Pten∆/∆ livers. We verified 

that, Pten∆/∆ hepatocytes showed increased hepatocyte ploidy and lipid 

accumulation, which is in agreement with previous findings 14  (Figure 

1B, 1E, 4A and S Figure 1D). Interestingly, increased hepatic lipids in 
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Pten deleted liver coincided with increased mRNA expression of E2f7 and 

E2f8 (S. Figure 1A-B) whereas deletion of E2f7/8 reduced both 

hepatocyte ploidy and lipid accumulation (Figure 1B, 1E, 4A and S. Figure 

1D) without major effects on the expression of lipid synthesis genes 

(Figure 2C-D and Figure 3A-B). The finding suggests that functional E2F7 

and E2F8 promote hepatic lipid accumulation partly through positive 

regulation of hepatocyte polyploidization. It has been shown that 

polyploid hepatocytes have relatively larger cell volumes compared to 

diploid hepatocytes 20. The larger cell volume provides more space that 

can significantly increase lipid storage capacity of individual polyploid 

hepatocytes compared to smaller diploid hepatocytes. Indeed, 

comparison of murine wildtype hepatocytes of different ploidy have 

shown that, polyploid hepatocytes are capable of accommodating more 

lipid droplets per cell compared to diploid hepatocytes (S. Figure 2B). In 

addition, lipid droplets in polyploid hepatocytes can grow to larger sizes 

than in diploid hepatocytes 14, 21. Since loss of E2f7 and E2f8 results into 

formation of predominantly diploid hepatocytes, the presence of smaller 

lipids droplets in E2f7/8 deficient liver could be related to the smaller 

cytoplasmic volume of these hepatocytes and consequently less 

triglyceride accumulation (Figure 1E). In contrast, the overall number of 

lipid droplets per area is increased in livers with predominantly diploid 

cells compared to livers with mostly polyploid cells (Figure 1C). This 

difference can be explained by the relative increase in cellular density in 

E2f7/8 deficient liver 11 (Figure 1B). Basically lack of large polyploid cells 
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is compensated by increasing the number of small diploid cells per liver 

unit.  

Importantly, when we analyzed the lipid content between diploid 

wildtype and diploid E2f7/8 deficient hepatocytes, we observed that loss 

of atypical E2Fs can also reduce lipid accumulation in hepatocytes 

independent of their polyploid status (Figure 4D-F). One possible 

mechanisms contributing to decreased lipid load in diploid E2f7/8 

deficient hepatocytes could be related to the reduced expression of genes 

related to lipid droplet metabolism. We found a moderate decrease in 

gene transcripts and proteins of cell death-inducing DNA fragmentation 

factors and perilipins (Figure 2C-D, S. Figure 2A, and data not shown). 

Cidea, Cidec and perilipins are known to function as lipid droplet fusion 

and coating proteins respectively for newly synthesized lipid droplets, and 

liver specific deletion of cell death-inducing DNA fragmentation factors 

and perilipins are known to reduce hepatic steatosis in murine livers 21, 22. 

In addition, phosphatidylinositol transfer protein (Sec14-like) which is 

known to regulate lipid droplet metabolism 23 was also reduced in 78∆/∆ 

liver (data not shown). It is possible that decreased expression of these 

genes contributed to the smaller lipid droplets and reduced lipid content 

in livers deficient of atypical E2Fs. However the mechanism how atypical 

E2Fs contributes to reduced lipid load in E2F7/8 deficient liver is still 

unknown.  

Previous studies have demonstrated that another E2F family 

member can regulate lipid metabolism 4. E2F1 positively regulates lipid 
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synthesis genes as a consequence of AKT activation and phosphorylation 

of Retinoblastoma (RB) protein 4.  Since atypical E2Fs function as direct 

repressors of E2F1 and loss of E2F7 and or E2F8 is associated with 

increased E2F1 expression 11, it is unlikely that E2F1  contribute to the 

lipid phenotype in E2f7/8 deficient livers by regulating lipid synthesis 

genes. Further investigations are required to have more understanding 

how atypical E2Fs regulates lipid droplets and lipid accumulation in the 

liver.  

Methods 

Animals 

Animal experiments were approved by the Utrecht University Animal 

Ethics Committee and performed according institutional and national 

guidelines. Albumin-cre, R26R-LacZf/f, Ptenf/f and E2f7/8f/f mice have been 

previously described 11, 15, 24, 25. Genotyping was performed as previously 

described11 using specific primers (Supplementary Table 1).   

Flow cytometry and hepatocyte culture 

Determination of hepatocyte ploidy status by propidium iodide staining 

was done as previously described 11. Hepatocyte isolation and staining 

was done as previously described 26 with minor modification. Hepatocytes 

were isolated in Dulbecco’s Modified Eagle’s Medium (DMEM 11965092, 

Thermo Fisher Scientific) containing 10% Fetal Bovine serum and 10mM 

HEPES.  Staining for flow cytometry and cell sorting was done using 

15µg/mL Hoechst 33342 diluted to 1:1000 final concentration, (Sigma, 
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B2261), 0.5µg/mL of 4,4-difluoro-2,3;5,6-bis tetramethylene-4-bora-

3a,4a-diaza-s-indacene (LD540)27 diluted to 1:1000 final concentration, 

and 5µg/L sytox red diluted to 1:1000 final concentration (S34859), 1 mM 

glutamax (35050061) and HEPES (15630080) in hepatozyme (17705-

021), all from Thermo Fisher Scientific and supplemented with 5µM 

reserpine (83580, Sigma). Cells were washed in ice cold Hank’s Balanced 

Salt Solution (HBSS). For imaging, isolated primary hepatocytes were 

cultured overnight in high glucose Dulbecco’s Modified Eagle’s Medium 

(DMEM 11965092, Thermo Fisher Scientific) supplemented with 1mM 

penicillin/streptomycin, HEPES and 2% foetal bovine serum.  

Neutral lipid analysis in tissues 

Oil red O staining and automated quantification for lipid droplet size was 

done using open source software ImageJ as previously described 28. 

Additional neutral lipid staining of liver sections and primary hepatocytes 

was done with 4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-

Indacene (Bodipy 493/503) diluted to 1:50 in PBS or LD540  diluted to 

1:1000 final concentration as previously described27, 29 with minor 

modifications. Primary hepatocytes cultured on coverslips were fixed with 

1% paraformaldehyde, washed with phosphate buffered saline (PBS), and 

non-specific staining was blocked with 2% BSA and 0.2% saponin in PBS 

for 1hour at room temperature. Beta-catenin primary antibody prepared in 

PBS containing 1% BSA and 0.2% saponin 1:1000 final concentration 

(AB6302, Abcam) was added and incubated for 1hour at room 
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temperature. After washing steps, cells were incubated with donkey anti 

rabbit alexafluor 647 (A31573, Invitrogen) 1:200 and LD540 in PBS 

containing 1% BSA and 0.2% saponin for 1hour at room temperature. 

Finally cover slips containing stained cells were mounted on slides with 

fluor save (345789, Calbiochem). Quantification of lipid droplets per cell in 

primary hepatocytes stained with beta-catenin and LD540 was done using 

cell profiler software18.   

Frozen liver sections cut at 8µm thickness were dried at room 

temperature for 1 minute, fixed in 3% paraformaldehyde at room 

temperature for 10 minutes and rinsed in ice cold PBS. Sections were 

incubated with blocking solution containing 10% goat serum, 0.2% BSA, 

1mM Cacl2 and MgCl2, and 0.1% tween-20 for 1 hour at room 

temperature. After blocking, sections were incubated with blocking 

solution containing bodipy at 1:50 final dilution and alexa fluor 568 

phalloidin (A12380, Invitrogen) at 1:400 and DAPI 5mg/ml (D1306, 

Invitrogen) at 1:4000 for 30 minutes at room temperature in a dark 

chamber. After washing off excess staining solutions, glass cover slips 

were mounted with fluor saves for imaging.  

Neutral analysis in tissue lysates 

For triglyceride analysis in primary hepatocytes and whole liver, lysates 

were prepared in PBS and lipids were extracted in a mixture of 1 volume 

of chloroform: 2 volumes of methanol according to Bligh and Dyer method 
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30  and calorimetric analysis were done using a commercial kit; 

Triglyceride Liquicolor (10720P, Human).  

Western blot and steatosis score 

Western blot was done on liver lysed in RIPA buffer supplemented with 1 

mM of sodium fluoride (S7920, Sigma) and sodium orthovanadate 

(S6508, Sigma), protease and phosphatase inhibitor cocktail (11 697 498 

001, Roche) prepared according to manufacturer’s description and used at 

1: 25 dilution, 40µg protein was used for SDS-page protein separation. 

PVDF membranes were blocked in 5% non-fat milk or 5% BSA for 30 

minutes at room temperature and incubated with target antibody 

overnight in blocking solution. Antibodies and reagents used in this study 

include ECL Western Blotting Substrates (32106, ThermoFisher scientific) 

or (RPN2106, Amersham).   pAKT-T308 1:1000 dilution (9272, cell 

signalling,  pAKT-S473 1:1000 dilution (BD560378, BD Biosciences), 

E2F1 (sc-193, Santa Cruz), E2F7 and E2F8 antibody has been described 

previously 11, 16, Pathological analysis and steatosis score based on 

haematoxylin and eosin stained liver sections has been performed as 

previously described 31, 32.  

Chromatin immunoprecipitation and quantitative PCR 

ChIP-qPCR using IgG, E2F7 or E2F8 antibody in human hepatocellular 

carcinoma cell line (HEPG2) was done as previously described 16. Isolation 

of RNA, preparation of cDNA and quantitativePCR (qPCR) were performed 

as described previously 11PCR was performed on a BioRad CFX using SYBR 

52



green Supermix (BioRad). Reactions were performed in duplicate and 

relative amounts of cDNA were normalized to GAPDH and Actin using the 

ΔΔCt method. Additional information is provided in (Supplementary Table 

1), and as described  previously 11  

RNA-sequencing 

Library preparation and RNA sequencing were done at the Utrecht 

Sequencing Facility according to standard procedures. Barcoded cDNA 

libraries were prepared with a cDNA TruSeq® Stranded mRNA poly A kit 

(Illumina). All 16 barcoded samples were mixed and sequenced 

simultaneously with a 1x75 bp run on a NextSeq500 sequencer (Illumina). 

All samples passed a quality 78Ptenf/f using FastQC v0.10.1. The 

sequencing reads were then mapped to the mouse genome (assembly 

GRCm38/mm10 using ENCODE’s STAR software (version 2.4.2a). The 

mapped reads were further analysed using the R packages EdgeR 33, 

Deseq2 34, and Pheatmap 35. Differential expression analysis was done on 

raw counts using Deseq2, and an FDR-corrected value of P<0.05 was 

considered statistically significant. Gene ontology analysis was done by 

analysing overlap GSEA Hallmark gene sets in the Molecular Signatures 

Database (http://software.broadinstitute.org/gsea/msigdb). A minimum of 

5 genes and FDR-corrected p<0.005 were taken as cut-off for significant 

enrichment.   
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Mass Spectrometry  

Liver lysates derived from 16 weeks 78Ptenf/fl, 78∆/∆, Pten∆/∆ ,  78Pten∆/∆

(Light lysates) and Lys(6)-SILAC-Mouse (252923900, Silantes GmbH) 

(Heavy lysates) were prepared in Pascal’s RIPA buffer.  Heavy and light 

lysates from 50 mg of liver were mixed 1:1 and proteins were denatured 

in 8M urea prepared in 50 mM Tris-HCL pH7.5. DL-Dithiothreitol (DTT) 

was added to a final concentration of 10mM and the samples were left at 

room temperature for 30 min to reduce the proteins after which cysteines 

were alkylated with iodoacetemide (25mM end concentration) for 30 

minutes. Next, 120 uL of protein extract was digested with 150ng of 

Trypsin/LysC (Promega) after SP3 purification using magnetic carboxylate 

beads36 (Thermo Scientific). After protein digestion peptides were bound 

to an in house made c18 stage tip and eluted.  After elution from the 

stage tips, acetonitrile was removed from the samples using a SpeedVac 

and the remaining peptide solution was diluted before loading. Peptides 

were separated on a 30 cm pico-tip column (50um ID, New Objective) in-

house packed with 3 µm aquapur gold C-18 material using a 140 minute 

or 200 gradient (7% to 80% ACN 0.1% FA), delivered by an easy-nLC 

1000 (Thermo Scientific), and electro-sprayed directly into a Orbitrap 

Fusion Tribrid Mass Spectrometer (Thermo Scientific). The latter was set 

in data dependent top speed mode with a cycle time of 1 second, in which 

the full scan over the 400-1500 mass range was performed at a resolution 

of 240000. Most intense ions (intensity threshold of 5000 ions) were 

isolated by the quadrupole and fragmented with HCD collision energy of 
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30%. The maximum injection time of the ion trap was set to 35 

milliseconds.  Raw files were analyzed with the Maxquant 37 software 

version 1.5.2.8. Deaminations of glutamine and asparagine as well as 

oxidation of methionine were set as variable modifications, and cysteine 

alkylation with iodoacetamide set as fixed modification.  The Mouse 

protein database of Uniprot was searched with both the peptide as well as 

the protein false discovery rate set to 1%. The SILAC quantification 

algorithm was used in combination with the ‘match between runs’ tool 

(option set at two minutes), the IBAQ and the LFQ algorithm, all of which 

are integral parts of the Maxquant software 38-40. Proteins identified with 

two or more unique peptides were filtered for reverse hits and standard 

contaminants. 

To evaluate differential expression, fold changes in expression were 

calculated from the spike/sample ratios and filtered out proteins with the 

highest fold difference between the genotypes by selecting on the largest 

differences in median fold changes. A 2log fold change of 0.5 versus 

78Ptenf/f livers was set as threshold. Gene ontology analysis of proteomic 

data was done using the same software as RNA-sequencing data. Principal 

components analysis was done on all genes that were detected both on 

proteome and transcriptome level using in R statistical software41.    

Statistics 

Graphs represent mean and standard error of the mean. Differences 

between groups were compared with one-way analysis of variance with 

Tukey’s correction. Where data were not normally distributed, groups 
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were tested by Kruskal–Wallis tests with Dunn’s post hoc correction. 

Differences were considered significant at the level of P<0.05.  
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Supplementary Table 1: Primer sequences 

Chip primers (human) 

Gene  Forward primer Reverse primer 

Cpt1a ctatgttccggtgtcccca tcctattggctttaacgcgc

Srebf1 aatgaagtttgggatgggcc tcattttatccagcctcgcg

Acaca tccgttttgtaccagctcca acacgccactactagggaac

Srebf2 tcctttaaacaaggcggaga tcagcagctcagatttgcat 

Srebf1 gccaggacttctctgctttg atggggttggggttactagc 

RT-PCR primers (mouse) 

Beta-actin agctccttcgttgccggtcca tttgcacatgccggagccgttg

Gapdh gaaggtcggtgtgaacgg tgaaggggtcgttgatgg

E2f1 acatcaccaatgtcctggaggg agccgcttaccaatccccac

E2f8 gagaaatcccagccgagtc  cataaatccgccgacgtt 

E2f7 gatgcgttcgtgaactccctg agaaacttctggcacagcagcc 

Pten agaccataacccaccacagc tacaccagtccgtccctttc

Srebpf1c ggagccatggattgcacatt ggcccgggaagtcactgt 

Acaca aaggctatgtgaaggatg ctgtctgaagaggttagg

Acly  gccagcgggagcacatc  ctttgcaggtgccacttcatc 

Scd1 gtcaggagggcaggtttc gagcgtggacttcggttc

Pparg gtgccagtttcgatccgtaga ggccagcatcgtgtagatga

Ppara  caggagagcagggatttgca  cctacgctcagccctcttcat 

Cpt1a accaacgggctcatcttctaa caaaatgacctagccttctatcga

Dgat1 tggtgtgtggtgatgctgatc gccaggcgcttctcaa

Dgat2 agtggcaatgctatcatcatcgt tcttctggacccatcggccccagga
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S.Figure 1. E2f7/8 expression increases in Pten deficient liver

E2f7, E2f8 and Pten mRNA expression in the indicated genotypes at 16 weeks analyzed 

by qPCR (n=4) (A-C). Steatosis grade in 78f/f, 78∆/∆, Pten∆/∆ and 78Pten∆/∆ (D). Images 

of liver sections stained with Periodic and Schiff (PAS) to identify glycogen deposits. 
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Images taken at 400x magnification (E). Glycogen score of PAS stained liver sections (F) 

and quantification of glycogen in liver lysates using calorimetric method (n=5) (G). 

Graphs represent average and standard error, *p<0.05 compared to wildtype (78Ptenf/f) 
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S.Figure 2. Polyploid hepatocytes accommodate more lipid droplets. Volcano plot

derived from list of rescued genes and which were significantly altered between Pten∆/∆ 

and 78Pten∆/∆  in RNA sequence analysis (genes with adjusted p-value less than 0.05) 

(Supporting S1). Only rescued genes with Log2 fold changes larger than 2 and with –

Log10 p-value greater than 10 are labelled (B), (n=4 per genotype). Quantification of 

lipid droplets per cell in 78Ptenf/f cultured primary hepatocytes. Cell size grouping was 

based on mean DAPI intensity as shown in brackets (small: 200-400 pixels, medium: 

500-800 pixels and large: 1000-1600 pixels

Supporting S1. List of 777 rescued genes which were upregulated in Pten∆/∆ and 

normalized in 78Pten∆/∆ livers  (n=4 per genotype) 
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SN baseMean Log2FoldChange lfcSE stat pvalue Padj Genesymbol entrez Ensembl ID
1 1997.94 -2.76 0.33 -8.44 3.07E-17 3.25E-14 Cyp2c54 404195 ENSMUSG00000067225
2 3567.82 -2.66 0.30 -8.98 2.61E-19 3.16E-16 Cyp2c50 107141 ENSMUSG00000054827
3 672.05 -2.62 0.33 -8.04 9.35E-16 7.54E-13 Cyp2c37 13096 ENSMUSG00000042248
4 636.29 -2.57 0.27 -9.54 1.40E-21 1.83E-18 Slc39a4 72027 ENSMUSG00000063354
5 47.25 -1.73 0.33 -5.21 1.94E-07 2.47E-05 Cyp2g1 13108 ENSMUSG00000049685
6 59.54 -1.72 0.35 -4.92 8.80E-07 8.28E-05 NA NA ENSMUSG00000101330
7 2787.99 -1.68 0.26 -6.44 1.17E-10 3.82E-08 Hsd17b6 27400 ENSMUSG00000025396
8 877.50 -1.60 0.32 -5.00 5.69E-07 5.88E-05 NA NA ENSMUSG00000083669
9 58.34 -1.58 0.35 -4.50 6.70E-06 4.27E-04 Ccdc85b 240514 ENSMUSG00000095098
10 74.88 -1.57 0.34 -4.70 2.64E-06 2.07E-04 NA NA ENSMUSG00000096361
11 50.48 -1.57 0.35 -4.54 5.67E-06 3.81E-04 NA NA ENSMUSG00000107516
12 107.89 -1.57 0.30 -5.16 2.51E-07 2.94E-05 Irs2 384783 ENSMUSG00000038894
13 684.96 -1.57 0.33 -4.77 1.84E-06 1.56E-04 NA NA ENSMUSG00000096449
14 30.03 -1.56 0.35 -4.48 7.44E-06 4.65E-04 NA NA ENSMUSG00000086436
15 44.53 -1.56 0.25 -6.29 3.23E-10 9.13E-08 NA NA ENSMUSG00000066944
16 74.40 -1.52 0.35 -4.36 1.31E-05 7.15E-04 NA NA ENSMUSG00000104360
17 34.92 -1.52 0.31 -4.96 7.22E-07 7.07E-05 Slc30a3 22784 ENSMUSG00000029151
18 493.77 -1.51 0.35 -4.32 1.59E-05 8.11E-04 NA NA ENSMUSG00000107951
19 169.46 -1.50 0.34 -4.45 8.58E-06 5.16E-04 ND4L 17720 ENSMUSG00000065947
20 22.09 -1.50 0.35 -4.27 1.93E-05 9.27E-04 NA NA ENSMUSG00000083998
21 54.57 -1.50 0.33 -4.47 7.69E-06 4.69E-04 NA NA ENSMUSG00000049231
22 222.61 -1.49 0.33 -4.58 4.57E-06 3.22E-04 NA NA ENSMUSG00000082109
23 103.35 -1.49 0.35 -4.23 2.33E-05 1.09E-03 NA NA ENSMUSG00000082706
24 105.03 -1.47 0.32 -4.57 4.79E-06 3.34E-04 Zfp771 244216 ENSMUSG00000054716
25 56.32 -1.47 0.28 -5.21 1.87E-07 2.44E-05 Wnk4 69847 ENSMUSG00000035112
26 75.94 -1.46 0.35 -4.23 2.39E-05 1.10E-03 NA NA ENSMUSG00000048709
27 605.46 -1.44 0.28 -5.07 3.96E-07 4.30E-05 Rpl36 54217 ENSMUSG00000057863
28 211.16 -1.44 0.35 -4.11 4.00E-05 1.67E-03 ND3 17718 ENSMUSG00000064360
29 11.48 -1.44 0.35 -4.10 4.06E-05 1.68E-03 NA NA ENSMUSG00000094152
30 21.56 -1.43 0.35 -4.09 4.39E-05 1.78E-03 NA NA ENSMUSG00000083087
31 126.76 -1.39 0.27 -5.21 1.93E-07 2.47E-05 Sox12 20667 ENSMUSG00000051817
32 272.08 -1.39 0.31 -4.44 8.90E-06 5.29E-04 Dpm3 68563 ENSMUSG00000042737
33 137.75 -1.38 0.26 -5.31 1.08E-07 1.54E-05 Lect1 16840 ENSMUSG00000022025
34 49.16 -1.38 0.35 -3.91 9.05E-05 3.11E-03 Gnas 14683 ENSMUSG00000027523
35 16.37 -1.37 0.35 -3.94 8.28E-05 2.93E-03 Mir5125 100628593 ENSMUSG00000092981
36 661.23 -1.37 0.24 -5.70 1.19E-08 2.19E-06 Ugt1a1 394436 ENSMUSG00000089960
37 16.39 -1.37 0.32 -4.32 1.58E-05 8.10E-04 NA NA ENSMUSG00000059830

Supporting S1: Significantly altered genes between Pten and Tko (E2F7,8,PTEN) deleted liver
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SN baseMean Log2FoldChange lfcSE stat pvalue Padj Genesymbol entrez Ensembl ID
Supporting S1: Significantly altered genes between Pten and Tko (E2F7,8,PTEN) deleted liver

38 2301.91 -1.36 0.23 -6.03 1.67E-09 3.78E-07 Nfix 18032 ENSMUSG00000001911
39 51.42 -1.36 0.34 -3.95 7.76E-05 2.78E-03 NA NA ENSMUSG00000081619
40 51.93 -1.36 0.33 -4.08 4.59E-05 1.85E-03 Cyp4a31 666168 ENSMUSG00000028712
41 266.77 -1.35 0.32 -4.18 2.91E-05 1.29E-03 Fzd8 14370 ENSMUSG00000036904
42 8809.67 -1.35 0.21 -6.51 7.32E-11 2.69E-08 Cyp2c44 226143 ENSMUSG00000025197
43 808.11 -1.35 0.32 -4.23 2.29E-05 1.08E-03 NA NA ENSMUSG00000097554
44 1582.53 -1.34 0.33 -4.07 4.80E-05 1.90E-03 Etnppl 71760 ENSMUSG00000019232
45 154.49 -1.34 0.26 -5.17 2.31E-07 2.81E-05 Emp2 13731 ENSMUSG00000022505
46 21.01 -1.33 0.35 -3.79 1.50E-04 4.57E-03 NA NA ENSMUSG00000057829
47 111.41 -1.33 0.29 -4.54 5.57E-06 3.78E-04 NA NA ENSMUSG00000082815
48 150.09 -1.33 0.30 -4.40 1.06E-05 6.00E-04 Tpgs1 110012 ENSMUSG00000020308
49 62.61 -1.32 0.33 -4.04 5.24E-05 2.06E-03 Rps2 16898 ENSMUSG00000044533
50 55.88 -1.31 0.34 -3.86 1.12E-04 3.68E-03 NA NA ENSMUSG00000082345
51 100.07 -1.31 0.32 -4.03 5.55E-05 2.14E-03 Rab43 69834 ENSMUSG00000030055
52 38.45 -1.30 0.32 -4.08 4.50E-05 1.82E-03 NA NA ENSMUSG00000047370
53 20.31 -1.29 0.35 -3.68 2.37E-04 6.41E-03 NA NA ENSMUSG00000081061
54 986.28 -1.29 0.32 -4.00 6.22E-05 2.32E-03 NA NA ENSMUSG00000094344
55 382.80 -1.28 0.27 -4.72 2.34E-06 1.88E-04 Zfhx3 11906 ENSMUSG00000038872
56 132.04 -1.28 0.23 -5.51 3.49E-08 5.86E-06 Tgfb1 21803 ENSMUSG00000002603
57 685.97 -1.27 0.28 -4.49 7.06E-06 4.46E-04 Prex2 109294 ENSMUSG00000048960
58 490.25 -1.26 0.22 -5.77 7.87E-09 1.50E-06 Scnn1a 20276 ENSMUSG00000030340
59 17.94 -1.26 0.33 -3.83 1.27E-04 4.01E-03 1190005I06Rik 68918 ENSMUSG00000043687
60 245.91 -1.26 0.22 -5.86 4.53E-09 9.35E-07 Map2k6 26399 ENSMUSG00000020623
61 162.08 -1.26 0.20 -6.46 1.04E-10 3.46E-08 Dusp7 235584 ENSMUSG00000053716
62 47.09 -1.26 0.34 -3.73 1.92E-04 5.57E-03 NA NA ENSMUSG00000106846
63 46.83 -1.25 0.28 -4.48 7.60E-06 4.69E-04 NA NA ENSMUSG00000103597
64 566.88 -1.25 0.29 -4.25 2.18E-05 1.03E-03 NA NA ENSMUSG00000045055
65 37.65 -1.24 0.33 -3.70 2.12E-04 5.93E-03 NA NA ENSMUSG00000090460
66 221.14 -1.23 0.23 -5.30 1.13E-07 1.60E-05 Adamts7 108153 ENSMUSG00000032363
67 600.08 -1.23 0.19 -6.40 1.56E-10 4.82E-08 Mcc 328949 ENSMUSG00000071856
68 7260.25 -1.23 0.20 -6.10 1.06E-09 2.50E-07 Por 18984 ENSMUSG00000005514
69 123.93 -1.23 0.29 -4.22 2.39E-05 1.10E-03 NA NA ENSMUSG00000104126
70 17.08 -1.22 0.34 -3.63 2.82E-04 7.27E-03 NA NA ENSMUSG00000090737
71 224.32 -1.22 0.25 -4.95 7.31E-07 7.11E-05 Car1 12346 ENSMUSG00000027556
72 16.28 -1.22 0.31 -3.98 6.81E-05 2.50E-03 Igf1r 16001 ENSMUSG00000005533
73 837.60 -1.21 0.28 -4.34 1.42E-05 7.51E-04 Gm4604 100043718 ENSMUSG00000091845
74 40.48 -1.21 0.31 -3.85 1.19E-04 3.83E-03 NA NA ENSMUSG00000024205
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75 16.45 -1.21 0.34 -3.52 4.31E-04 9.93E-03 NA NA ENSMUSG00000083453
76 183.55 -1.20 0.29 -4.14 3.42E-05 1.48E-03 Bola1 69168 ENSMUSG00000015943
77 102.65 -1.20 0.32 -3.76 1.67E-04 5.03E-03 NA NA ENSMUSG00000081086
78 15.64 -1.19 0.35 -3.40 6.71E-04 1.39E-02 Adnp 11538 ENSMUSG00000051149
79 109.94 -1.19 0.22 -5.28 1.27E-07 1.73E-05 Steap2 74051 ENSMUSG00000015653
80 30.88 -1.18 0.34 -3.48 5.03E-04 1.12E-02 Scarf2 224024 ENSMUSG00000012017
81 75.59 -1.17 0.32 -3.66 2.53E-04 6.70E-03 NA NA ENSMUSG00000096789
82 30463.02 -1.17 0.15 -7.81 5.88E-15 3.83E-12 Pigr 18703 ENSMUSG00000026417
83 131.35 -1.17 0.33 -3.55 3.83E-04 9.06E-03 Tmem238 664968 ENSMUSG00000030431
84 271.01 -1.17 0.35 -3.32 8.84E-04 1.70E-02 Tpt1 22070 ENSMUSG00000060126
85 11.93 -1.17 0.34 -3.40 6.77E-04 1.40E-02 NA NA ENSMUSG00000095562
86 51.21 -1.17 0.29 -4.01 6.02E-05 2.27E-03 Odf3b 70113 ENSMUSG00000047394
87 1309.92 -1.17 0.32 -3.70 2.18E-04 6.04E-03 Rplp1 56040 ENSMUSG00000007892
88 331.80 -1.17 0.26 -4.41 1.02E-05 5.88E-04 Ier2 15936 ENSMUSG00000053560
89 84.94 -1.16 0.29 -3.96 7.41E-05 2.70E-03 Ccdc85c 668158 ENSMUSG00000084883
90 7.15 -1.16 0.35 -3.32 8.90E-04 1.71E-02 NA NA ENSMUSG00000084307
91 839.12 -1.16 0.26 -4.52 6.18E-06 4.08E-04 Zfpm1 22761 ENSMUSG00000049577
92 9.06 -1.15 0.34 -3.39 7.05E-04 1.44E-02 NA NA ENSMUSG00000082117
93 3130.78 -1.14 0.25 -4.51 6.58E-06 4.25E-04 Uqcrq 22272 ENSMUSG00000044894
94 747.58 -1.14 0.29 -3.92 8.74E-05 3.05E-03 NA NA ENSMUSG00000091449
95 25.77 -1.14 0.33 -3.44 5.84E-04 1.25E-02 NA NA ENSMUSG00000082337
96 104.92 -1.14 0.31 -3.71 2.11E-04 5.92E-03 NA NA ENSMUSG00000092056
97 26.29 -1.14 0.35 -3.26 1.10E-03 1.97E-02 NA NA ENSMUSG00000105892
98 44.46 -1.13 0.35 -3.23 1.23E-03 2.13E-02 1110065P20Rik 68920 ENSMUSG00000078570
99 22.95 -1.13 0.33 -3.44 5.72E-04 1.23E-02 NA NA ENSMUSG00000083757
100 97.57 -1.13 0.34 -3.27 1.07E-03 1.93E-02 Mrps34 79044 ENSMUSG00000038880
101 5.78 -1.13 0.35 -3.24 1.21E-03 2.10E-02 NA NA ENSMUSG00000097578
102 151.80 -1.12 0.28 -3.99 6.61E-05 2.45E-03 Gm5617 434402 ENSMUSG00000042293
103 89.99 -1.11 0.35 -3.20 1.39E-03 2.30E-02 NA NA ENSMUSG00000057160
104 87.35 -1.11 0.26 -4.18 2.86E-05 1.27E-03 Nkd1 93960 ENSMUSG00000031661
105 47.49 -1.10 0.28 -3.97 7.08E-05 2.59E-03 Fbxl8 50788 ENSMUSG00000033313
106 23.16 -1.10 0.32 -3.47 5.11E-04 1.13E-02 Cks2 66197 ENSMUSG00000062248
107 24.09 -1.09 0.35 -3.10 1.93E-03 2.91E-02 NA NA ENSMUSG00000082465
108 7.57 -1.09 0.35 -3.11 1.87E-03 2.85E-02 NA NA ENSMUSG00000067199
109 5.96 -1.08 0.35 -3.11 1.89E-03 2.87E-02 Hist2h2ac 319176 ENSMUSG00000068855
110 261.20 -1.08 0.35 -3.11 1.84E-03 2.83E-02 Erdr1 170942 ENSMUSG00000096768
111 1422.73 -1.08 0.25 -4.41 1.01E-05 5.88E-04 NA NA ENSMUSG00000081604
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112 34.26 -1.07 0.35 -3.05 2.31E-03 3.30E-02 NA NA ENSMUSG00000080237
113 194.33 -1.07 0.32 -3.38 7.25E-04 1.48E-02 Junb 16477 ENSMUSG00000052837
114 50.53 -1.07 0.28 -3.83 1.31E-04 4.10E-03 Hist2h3c2 97114 ENSMUSG00000081058
115 10.62 -1.07 0.35 -3.09 2.01E-03 3.01E-02 Nudt10 102954 ENSMUSG00000073293
116 502.82 -1.07 0.23 -4.59 4.51E-06 3.21E-04 Mospd3 68929 ENSMUSG00000037221
117 160.47 -1.07 0.28 -3.76 1.73E-04 5.16E-03 Sulf2 72043 ENSMUSG00000006800
118 271.03 -1.07 0.26 -4.07 4.79E-05 1.90E-03 Sf3b5 66125 ENSMUSG00000078348
119 3547.83 -1.07 0.28 -3.83 1.26E-04 3.98E-03 Chchd10 103172 ENSMUSG00000049422
120 66.02 -1.06 0.32 -3.30 9.71E-04 1.81E-02 Timm23 53600 ENSMUSG00000013701
121 23.78 -1.06 0.35 -3.01 2.58E-03 3.54E-02 NA NA ENSMUSG00000094843
122 385.35 -1.06 0.24 -4.34 1.41E-05 7.51E-04 Irf2bpl 238330 ENSMUSG00000034168
123 148.61 -1.06 0.35 -3.03 2.41E-03 3.40E-02 NA NA ENSMUSG00000062461
124 335.79 -1.05 0.23 -4.50 6.69E-06 4.27E-04 NA NA ENSMUSG00000102869
125 20.81 -1.05 0.34 -3.05 2.32E-03 3.31E-02 Pdha2 18598 ENSMUSG00000047674
126 51.16 -1.03 0.27 -3.87 1.09E-04 3.62E-03 Fscn1 14086 ENSMUSG00000029581
127 249.80 -1.03 0.29 -3.53 4.11E-04 9.64E-03 Gm8290 666790 ENSMUSG00000078126
128 180.58 -1.03 0.28 -3.68 2.29E-04 6.27E-03 NA NA ENSMUSG00000089931
129 13.92 -1.03 0.33 -3.08 2.05E-03 3.05E-02 Ranbp3l 223332 ENSMUSG00000048424
130 114.32 -1.03 0.28 -3.68 2.37E-04 6.41E-03 NA NA ENSMUSG00000083670
131 441.33 -1.03 0.21 -4.78 1.76E-06 1.50E-04 Notum 77583 ENSMUSG00000042988
132 496.20 -1.03 0.32 -3.20 1.39E-03 2.30E-02 Foxa1 15375 ENSMUSG00000035451
133 593.20 -1.03 0.22 -4.61 3.94E-06 2.86E-04 Rps21 66481 ENSMUSG00000039001
134 79.71 -1.03 0.27 -3.85 1.19E-04 3.83E-03 Slc27a1 26457 ENSMUSG00000031808
135 12.31 -1.02 0.35 -2.92 3.52E-03 4.28E-02 NA NA ENSMUSG00000066632
136 44.53 -1.02 0.25 -4.01 5.96E-05 2.26E-03 Srcap 100043597 ENSMUSG00000053877
137 134.00 -1.02 0.23 -4.49 7.15E-06 4.50E-04 NA NA ENSMUSG00000080869
138 240.93 -1.02 0.27 -3.81 1.40E-04 4.33E-03 Rnaseh2c 68209 ENSMUSG00000024925
139 37.36 -1.02 0.35 -2.92 3.55E-03 4.30E-02 NA NA ENSMUSG00000091460
140 410.92 -1.02 0.30 -3.38 7.30E-04 1.48E-02 Nr2f6 13864 ENSMUSG00000002393
141 30.60 -1.02 0.28 -3.63 2.78E-04 7.20E-03 NA NA ENSMUSG00000081505
142 836.51 -1.01 0.30 -3.41 6.40E-04 1.34E-02 Cldn3 12739 ENSMUSG00000070473
143 43.28 -1.01 0.32 -3.17 1.53E-03 2.47E-02 Cd3e 12501 ENSMUSG00000032093
144 539.65 -1.01 0.26 -3.83 1.30E-04 4.09E-03 Gltscr2 68077 ENSMUSG00000041560
145 37.18 -1.01 0.29 -3.48 5.01E-04 1.12E-02 NA NA ENSMUSG00000082625
146 1319.65 -1.01 0.16 -6.29 3.14E-10 9.04E-08 Sgms2 74442 ENSMUSG00000050931
147 409.40 -1.00 0.22 -4.65 3.39E-06 2.53E-04 Foxn3 71375 ENSMUSG00000033713
148 36.62 -1.00 0.30 -3.31 9.17E-04 1.75E-02 Klf1 16596 ENSMUSG00000054191
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149 1098.35 -0.99 0.23 -4.24 2.26E-05 1.06E-03 Ncor2 20602 ENSMUSG00000029478
150 1741.95 -0.99 0.25 -3.95 7.75E-05 2.78E-03 Plec 18810 ENSMUSG00000022565
151 16.43 -0.99 0.32 -3.13 1.73E-03 2.72E-02 NA NA ENSMUSG00000108252
152 126.47 -0.99 0.24 -4.13 3.55E-05 1.53E-03 Gas1 14451 ENSMUSG00000052957
153 35.81 -0.98 0.29 -3.42 6.19E-04 1.31E-02 1810046K07Rik 69809 ENSMUSG00000036027
154 25.30 -0.98 0.32 -3.08 2.06E-03 3.05E-02 Car11 12348 ENSMUSG00000003273
155 102.68 -0.98 0.31 -3.20 1.39E-03 2.30E-02 Ppargc1b 170826 ENSMUSG00000033871
156 226.06 -0.98 0.25 -3.97 7.11E-05 2.59E-03 Prr12 233210 ENSMUSG00000046574
157 193.36 -0.98 0.27 -3.57 3.51E-04 8.46E-03 Znhit2 29805 ENSMUSG00000075227
158 264.38 -0.98 0.25 -3.87 1.09E-04 3.61E-03 NA NA ENSMUSG00000081957
159 90.21 -0.98 0.22 -4.48 7.58E-06 4.69E-04 Rcn3 52377 ENSMUSG00000019539
160 532.24 -0.97 0.23 -4.22 2.47E-05 1.13E-03 Zfp36l2 12193 ENSMUSG00000045817
161 12.38 -0.97 0.34 -2.89 3.87E-03 4.57E-02 Itgb4 192897 ENSMUSG00000020758
162 67.59 -0.96 0.26 -3.73 1.89E-04 5.50E-03 Shank3 58234 ENSMUSG00000022623
163 42.50 -0.96 0.30 -3.21 1.34E-03 2.25E-02 Crlf2 57914 ENSMUSG00000033467
164 20.79 -0.95 0.27 -3.49 4.90E-04 1.09E-02 Kazn 71529 ENSMUSG00000040606
165 21.43 -0.95 0.30 -3.22 1.29E-03 2.19E-02 Ppp1cc 19047 ENSMUSG00000004455
166 921.13 -0.95 0.20 -4.82 1.42E-06 1.25E-04 Zbtb7a 16969 ENSMUSG00000035011
167 328.90 -0.95 0.29 -3.26 1.12E-03 2.00E-02 2810428I15Rik 66462 ENSMUSG00000058833
168 129.64 -0.95 0.21 -4.58 4.58E-06 3.22E-04 NA NA ENSMUSG00000046372
169 1942.30 -0.94 0.24 -3.86 1.11E-04 3.67E-03 Rbm47 245945 ENSMUSG00000070780
170 748.24 -0.94 0.17 -5.43 5.76E-08 9.11E-06 Setd1b 208043 ENSMUSG00000038384
171 1174.15 -0.93 0.31 -3.05 2.32E-03 3.31E-02 Rps26 27370 ENSMUSG00000025362
172 272.97 -0.93 0.31 -2.96 3.03E-03 3.92E-02 Pcsk4 18551 ENSMUSG00000020131
173 766.74 -0.93 0.20 -4.65 3.27E-06 2.46E-04 Rpsa 16785 ENSMUSG00000032518
174 623.73 -0.92 0.27 -3.46 5.41E-04 1.18E-02 H2-Q4 15015 ENSMUSG00000035929
175 72.91 -0.91 0.30 -3.03 2.46E-03 3.44E-02 Zfp628 232816 ENSMUSG00000074406
176 246.30 -0.91 0.22 -4.23 2.29E-05 1.08E-03 Dclk3 245038 ENSMUSG00000032500
177 244.15 -0.91 0.29 -3.16 1.59E-03 2.56E-02 NA NA ENSMUSG00000092116
178 26.65 -0.91 0.30 -2.99 2.79E-03 3.74E-02 Cdkn1c 12577 ENSMUSG00000037664
179 138.48 -0.91 0.25 -3.60 3.16E-04 7.80E-03 Spry4 24066 ENSMUSG00000024427
180 133.06 -0.91 0.24 -3.79 1.51E-04 4.60E-03 NA NA ENSMUSG00000074092
181 435.67 -0.91 0.29 -3.14 1.69E-03 2.67E-02 Macrod1 107227 ENSMUSG00000036278
182 646.05 -0.91 0.17 -5.35 8.60E-08 1.27E-05 Zfp871 208292 ENSMUSG00000024298
183 48.10 -0.91 0.27 -3.36 7.85E-04 1.57E-02 Mex3d 237400 ENSMUSG00000048696
184 60.76 -0.90 0.22 -4.12 3.85E-05 1.61E-03 Ppp1r35 69871 ENSMUSG00000029725
185 16.18 -0.90 0.31 -2.90 3.73E-03 4.48E-02 Slc13a2 20500 ENSMUSG00000001095

71



SN baseMean Log2FoldChange lfcSE stat pvalue Padj Genesymbol entrez Ensembl ID
Supporting S1: Significantly altered genes between Pten and Tko (E2F7,8,PTEN) deleted liver

186 349.90 -0.90 0.27 -3.33 8.59E-04 1.67E-02 Rnf126 70294 ENSMUSG00000035890
187 914.44 -0.89 0.21 -4.32 1.57E-05 8.10E-04 Pitpnm2 19679 ENSMUSG00000029406
188 345.37 -0.89 0.23 -3.82 1.34E-04 4.20E-03 Dvl3 13544 ENSMUSG00000003233
189 141.77 -0.89 0.27 -3.33 8.61E-04 1.67E-02 Tfeb 21425 ENSMUSG00000023990
190 30.91 -0.89 0.30 -2.91 3.56E-03 4.31E-02 Eva1b 230752 ENSMUSG00000050212
191 594.89 -0.89 0.21 -4.23 2.34E-05 1.09E-03 Mif 17319 ENSMUSG00000033307
192 112.69 -0.88 0.24 -3.74 1.87E-04 5.50E-03 P2ry4 57385 ENSMUSG00000044359
193 234.66 -0.88 0.20 -4.31 1.66E-05 8.29E-04 Zfp574 232976 ENSMUSG00000045252
194 171.51 -0.88 0.30 -2.94 3.28E-03 4.09E-02 NA NA ENSMUSG00000058603
195 50.63 -0.88 0.26 -3.34 8.47E-04 1.65E-02 Dchs1 233651 ENSMUSG00000036862
196 285.45 -0.88 0.19 -4.55 5.30E-06 3.63E-04 NA NA ENSMUSG00000086688
197 100.08 -0.88 0.30 -2.88 3.95E-03 4.64E-02 NA NA ENSMUSG00000092454
198 31.31 -0.88 0.28 -3.12 1.81E-03 2.81E-02 Rybp-ps 628746 ENSMUSG00000055763
199 1147.39 -0.88 0.21 -4.11 3.94E-05 1.65E-03 Rpl19 19921 ENSMUSG00000017404
200 120.83 -0.87 0.28 -3.15 1.61E-03 2.58E-02 Ino80b 70020 ENSMUSG00000030034
201 135.13 -0.87 0.23 -3.70 2.19E-04 6.07E-03 Prex1 277360 ENSMUSG00000039621
202 30.63 -0.87 0.28 -3.11 1.86E-03 2.85E-02 Notch4 18132 ENSMUSG00000015468
203 200.99 -0.87 0.23 -3.80 1.45E-04 4.46E-03 Sipa1l3 74206 ENSMUSG00000030583
204 859.56 -0.86 0.22 -3.91 9.38E-05 3.19E-03 Kmt2d 381022 ENSMUSG00000048154
205 1766.32 -0.86 0.22 -3.84 1.22E-04 3.90E-03 Abcg8 67470 ENSMUSG00000024254
206 100.99 -0.86 0.26 -3.33 8.65E-04 1.67E-02 Esrrg 26381 ENSMUSG00000026610
207 132.06 -0.86 0.23 -3.74 1.87E-04 5.50E-03 Sema6a 20358 ENSMUSG00000019647
208 1944.88 -0.85 0.13 -6.47 1.00E-10 3.46E-08 Gch1 14528 ENSMUSG00000037580
209 65.46 -0.85 0.26 -3.29 9.93E-04 1.83E-02 Arhgef17 207212 ENSMUSG00000032875
210 173.77 -0.85 0.21 -4.12 3.83E-05 1.61E-03 Thap7 69009 ENSMUSG00000022760
211 60.56 -0.85 0.20 -4.18 2.97E-05 1.31E-03 Ppp1r16b 228852 ENSMUSG00000037754
212 62.19 -0.85 0.29 -2.97 2.98E-03 3.87E-02 Cox16 66272 ENSMUSG00000091803
213 1116.80 -0.85 0.21 -3.95 7.82E-05 2.79E-03 Ndufs7 75406 ENSMUSG00000020153
214 395.23 -0.85 0.23 -3.63 2.88E-04 7.37E-03 Atp13a2 74772 ENSMUSG00000036622
215 64.47 -0.84 0.23 -3.59 3.30E-04 8.08E-03 Ano8 382014 ENSMUSG00000034863
216 236.56 -0.84 0.18 -4.67 3.07E-06 2.33E-04 NA NA ENSMUSG00000040540
217 331.23 -0.84 0.19 -4.43 9.41E-06 5.54E-04 Zfp467 68910 ENSMUSG00000068551
218 807.96 -0.84 0.25 -3.34 8.30E-04 1.63E-02 Crebbp 12914 ENSMUSG00000022521
219 352.17 -0.84 0.21 -3.91 9.24E-05 3.15E-03 Mfsd4a 213006 ENSMUSG00000059149
220 238.98 -0.84 0.24 -3.50 4.73E-04 1.07E-02 Anapc11 66156 ENSMUSG00000025135
221 91.33 -0.84 0.26 -3.20 1.37E-03 2.27E-02 Smad6 17130 ENSMUSG00000036867
222 655.97 -0.83 0.21 -4.03 5.57E-05 2.14E-03 NA NA ENSMUSG00000059775
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223 43.44 -0.83 0.23 -3.59 3.37E-04 8.19E-03 Mtss1l 244654 ENSMUSG00000033763
224 992.51 -0.83 0.22 -3.72 1.98E-04 5.67E-03 Hipk2 15258 ENSMUSG00000061436
225 290.58 -0.83 0.23 -3.55 3.85E-04 9.10E-03 Ccdc124 234388 ENSMUSG00000007721
226 216.91 -0.83 0.22 -3.81 1.37E-04 4.26E-03 Dleu2 668253 ENSMUSG00000097589
227 129.32 -0.82 0.23 -3.57 3.53E-04 8.50E-03 Cbx7 52609 ENSMUSG00000053411
228 106.99 -0.82 0.29 -2.87 4.07E-03 4.70E-02 NA NA ENSMUSG00000082516
229 3595.23 -0.82 0.26 -3.12 1.78E-03 2.77E-02 Osgin1 71839 ENSMUSG00000074063
230 644.20 -0.82 0.17 -4.81 1.47E-06 1.28E-04 Trim8 93679 ENSMUSG00000025034
231 36.87 -0.82 0.27 -3.02 2.53E-03 3.50E-02 Hlx 15284 ENSMUSG00000039377
232 441.89 -0.82 0.15 -5.47 4.50E-08 7.26E-06 Kdm6b 216850 ENSMUSG00000018476
233 67.53 -0.81 0.24 -3.35 8.19E-04 1.61E-02 NA NA ENSMUSG00000103733
234 28276.03 -0.81 0.17 -4.85 1.20E-06 1.09E-04 Gpx1 14775 ENSMUSG00000063856
235 968.83 -0.80 0.27 -2.93 3.42E-03 4.22E-02 Zfp36l1 12192 ENSMUSG00000021127
236 111.99 -0.80 0.26 -3.13 1.75E-03 2.74E-02 Gadd45gip1 102060 ENSMUSG00000033751
237 64.72 -0.80 0.23 -3.40 6.75E-04 1.40E-02 Ptger1 19216 ENSMUSG00000019464
238 648.14 -0.80 0.19 -4.13 3.58E-05 1.54E-03 Mrpl14 68463 ENSMUSG00000023939
239 3518.13 -0.80 0.16 -5.11 3.20E-07 3.61E-05 Rplp0 11837 ENSMUSG00000067274
240 677.10 -0.80 0.21 -3.86 1.14E-04 3.73E-03 Rpl6 19988 ENSMUSG00000029614
241 510.16 -0.79 0.24 -3.26 1.11E-03 1.99E-02 Nr1i3 12355 ENSMUSG00000005677
242 1127.64 -0.79 0.18 -4.36 1.28E-05 7.10E-04 Eng 13805 ENSMUSG00000026814
243 560.64 -0.79 0.25 -3.23 1.25E-03 2.16E-02 Mrpl52 68836 ENSMUSG00000010406
244 1666.03 -0.79 0.19 -4.06 4.95E-05 1.94E-03 Dnase1l3 13421 ENSMUSG00000025279
245 69.98 -0.79 0.22 -3.52 4.29E-04 9.90E-03 NA NA ENSMUSG00000049414
246 427.20 -0.79 0.16 -4.79 1.63E-06 1.40E-04 Syt1 20979 ENSMUSG00000035864
247 130.75 -0.78 0.22 -3.56 3.76E-04 8.94E-03 BC021891 234878 ENSMUSG00000031853
248 699.95 -0.78 0.13 -5.87 4.33E-09 9.05E-07 Spen 56381 ENSMUSG00000040761
249 221.75 -0.78 0.19 -4.07 4.70E-05 1.87E-03 Cbx4 12418 ENSMUSG00000039989
250 627.68 -0.78 0.23 -3.44 5.82E-04 1.24E-02 NA NA ENSMUSG00000069188
251 265.08 -0.77 0.24 -3.18 1.45E-03 2.37E-02 Dohh 102115 ENSMUSG00000078440
252 48.77 -0.77 0.25 -3.15 1.64E-03 2.61E-02 Gm15545 100502630 ENSMUSG00000087138
253 362.69 -0.77 0.22 -3.50 4.59E-04 1.04E-02 Zfp385b 241494 ENSMUSG00000027016
254 92.47 -0.77 0.24 -3.17 1.54E-03 2.49E-02 NA NA ENSMUSG00000089735
255 515.30 -0.77 0.25 -3.08 2.06E-03 3.05E-02 NA NA ENSMUSG00000080242
256 10923.31 -0.77 0.23 -3.27 1.09E-03 1.96E-02 Upp2 76654 ENSMUSG00000026839
257 335.44 -0.76 0.18 -4.30 1.69E-05 8.41E-04 Fbrsl1 381668 ENSMUSG00000043323
258 410.58 -0.76 0.25 -3.05 2.30E-03 3.29E-02 Ints1 68510 ENSMUSG00000029547
259 226.20 -0.76 0.20 -3.81 1.38E-04 4.29E-03 Tgfbr3 21814 ENSMUSG00000029287
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260 3387.95 -0.76 0.22 -3.38 7.35E-04 1.49E-02 Nfic 18029 ENSMUSG00000055053
261 40.21 -0.76 0.24 -3.19 1.44E-03 2.37E-02 Fat4 329628 ENSMUSG00000046743
262 269.81 -0.75 0.26 -2.93 3.35E-03 4.16E-02 2310039H08Rik 67101 ENSMUSG00000062619
263 28.39 -0.75 0.25 -3.04 2.35E-03 3.33E-02 Rgmb 68799 ENSMUSG00000048027
264 46.35 -0.75 0.25 -2.97 2.96E-03 3.86E-02 NA NA ENSMUSG00000094410
265 141.68 -0.75 0.21 -3.55 3.88E-04 9.13E-03 NA NA ENSMUSG00000105706
266 748.74 -0.75 0.20 -3.71 2.10E-04 5.90E-03 Tmem94 71947 ENSMUSG00000020747
267 214.46 -0.75 0.19 -3.93 8.53E-05 3.00E-03 NA NA ENSMUSG00000057036
268 64.12 -0.75 0.22 -3.33 8.78E-04 1.70E-02 Ttc28 209683 ENSMUSG00000033209
269 2047.20 -0.75 0.24 -3.11 1.88E-03 2.87E-02 Scap 235623 ENSMUSG00000032485
270 115.66 -0.74 0.24 -3.10 1.92E-03 2.90E-02 Tle2 21886 ENSMUSG00000034771
271 3017.44 -0.74 0.19 -3.95 7.82E-05 2.79E-03 Urah 76974 ENSMUSG00000025481
272 486.68 -0.74 0.17 -4.31 1.61E-05 8.17E-04 Tshz1 110796 ENSMUSG00000046982
273 121.23 -0.74 0.19 -3.92 8.69E-05 3.05E-03 NA NA ENSMUSG00000081382
274 33.40 -0.74 0.24 -3.04 2.35E-03 3.34E-02 Exoc3l 277978 ENSMUSG00000043251
275 448.29 -0.73 0.21 -3.52 4.28E-04 9.89E-03 Polr2i 69920 ENSMUSG00000019738
276 134.08 -0.73 0.20 -3.68 2.31E-04 6.31E-03 Tert 21752 ENSMUSG00000021611
277 186.70 -0.73 0.24 -3.03 2.47E-03 3.44E-02 NA NA ENSMUSG00000085521
278 293.66 -0.73 0.25 -2.86 4.23E-03 4.84E-02 Triobp 110253 ENSMUSG00000033088
279 104.56 -0.73 0.23 -3.11 1.87E-03 2.85E-02 Lamb2 16779 ENSMUSG00000052911
280 828.17 -0.73 0.20 -3.61 3.12E-04 7.74E-03 Nr2f2 11819 ENSMUSG00000030551
281 274.82 -0.73 0.24 -3.03 2.45E-03 3.43E-02 Klf12 16597 ENSMUSG00000072294
282 1155.90 -0.72 0.18 -4.04 5.45E-05 2.12E-03 Dlc1 50768 ENSMUSG00000031523
283 91.72 -0.72 0.22 -3.22 1.28E-03 2.18E-02 Trmt112 67674 ENSMUSG00000038812
284 187.28 -0.72 0.24 -3.01 2.63E-03 3.58E-02 1500011K16Rik 67885 ENSMUSG00000051319
285 648.28 -0.72 0.25 -2.90 3.71E-03 4.46E-02 Tnrc18 231861 ENSMUSG00000039477
286 227.71 -0.72 0.25 -2.90 3.75E-03 4.49E-02 Tmtc2 278279 ENSMUSG00000036019
287 498.30 -0.71 0.21 -3.35 8.11E-04 1.60E-02 NA NA ENSMUSG00000091086
288 372.76 -0.71 0.23 -3.07 2.12E-03 3.10E-02 Tmem201 230917 ENSMUSG00000044700
289 81.16 -0.71 0.24 -2.99 2.79E-03 3.74E-02 Phldb3 232970 ENSMUSG00000074277
290 355.78 -0.70 0.16 -4.27 1.93E-05 9.28E-04 Sh2b3 16923 ENSMUSG00000042594
291 426.63 -0.70 0.14 -5.03 4.98E-07 5.27E-05 Tnrc6c 217351 ENSMUSG00000025571
292 91.31 -0.70 0.22 -3.18 1.45E-03 2.37E-02 Pde1a 18573 ENSMUSG00000059173
293 104.15 -0.70 0.25 -2.85 4.44E-03 4.99E-02 NA NA ENSMUSG00000103658
294 1650.32 -0.70 0.15 -4.71 2.45E-06 1.94E-04 Abcg5 27409 ENSMUSG00000040505
295 141.42 -0.70 0.22 -3.17 1.50E-03 2.43E-02 NA NA ENSMUSG00000100554
296 570.91 -0.70 0.24 -2.94 3.28E-03 4.09E-02 Scaf1 233208 ENSMUSG00000038406
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297 537.51 -0.69 0.23 -2.99 2.83E-03 3.77E-02 Znhit1 70103 ENSMUSG00000059518
298 333.13 -0.69 0.19 -3.59 3.36E-04 8.19E-03 2310001H17Rik 76432 ENSMUSG00000097354
299 481.20 -0.69 0.16 -4.29 1.78E-05 8.75E-04 Tet3 194388 ENSMUSG00000034832
300 792.95 -0.69 0.14 -5.03 4.79E-07 5.10E-05 Jup 16480 ENSMUSG00000001552
301 186.90 -0.69 0.19 -3.62 2.95E-04 7.46E-03 Bola2 66162 ENSMUSG00000047721
302 350.41 -0.69 0.24 -2.89 3.90E-03 4.60E-02 Llgl2 217325 ENSMUSG00000020782
303 1159.24 -0.69 0.19 -3.57 3.59E-04 8.59E-03 NA NA ENSMUSG00000081051
304 243.93 -0.68 0.14 -4.85 1.24E-06 1.11E-04 Hdac4 208727 ENSMUSG00000026313
305 132.31 -0.68 0.22 -3.01 2.59E-03 3.54E-02 Magix 54634 ENSMUSG00000031147
306 1956.24 -0.68 0.14 -4.96 7.03E-07 6.92E-05 Dock8 76088 ENSMUSG00000052085
307 400.01 -0.67 0.21 -3.21 1.32E-03 2.23E-02 Mrpl34 94065 ENSMUSG00000034880
308 2035.96 -0.66 0.13 -5.21 1.94E-07 2.47E-05 Slc35e2 320541 ENSMUSG00000042202
309 833.56 -0.66 0.23 -2.92 3.46E-03 4.25E-02 Pcnx3 104401 ENSMUSG00000054874
310 196.65 -0.66 0.15 -4.31 1.65E-05 8.27E-04 Stub1 56424 ENSMUSG00000039615
311 178.78 -0.66 0.22 -2.96 3.11E-03 3.99E-02 1190007I07Rik 544717 ENSMUSG00000063320
312 343.49 -0.66 0.13 -5.08 3.79E-07 4.17E-05 Slc25a48 328258 ENSMUSG00000021509
313 62.02 -0.66 0.21 -3.12 1.84E-03 2.83E-02 Prickle1 106042 ENSMUSG00000036158
314 312.74 -0.65 0.15 -4.34 1.44E-05 7.59E-04 Dyrk2 69181 ENSMUSG00000028630
315 77.79 -0.65 0.21 -3.18 1.49E-03 2.42E-02 Arhgap39 223666 ENSMUSG00000033697
316 376.76 -0.65 0.18 -3.67 2.39E-04 6.43E-03 Rps18 20084 ENSMUSG00000008668
317 192.42 -0.65 0.22 -2.96 3.05E-03 3.93E-02 Zfp335 329559 ENSMUSG00000039834
318 405.96 -0.65 0.21 -3.02 2.49E-03 3.46E-02 Pik3r2 18709 ENSMUSG00000031834
319 538.37 -0.65 0.18 -3.56 3.65E-04 8.71E-03 Dazap1 70248 ENSMUSG00000069565
320 106.39 -0.65 0.19 -3.37 7.61E-04 1.53E-02 Zfp516 329003 ENSMUSG00000058881
321 3562.57 -0.65 0.15 -4.20 2.68E-05 1.20E-03 Rps5 20103 ENSMUSG00000012848
322 1243.40 -0.65 0.19 -3.47 5.15E-04 1.14E-02 Tns2 209039 ENSMUSG00000037003
323 176.58 -0.65 0.17 -3.70 2.12E-04 5.93E-03 Sned1 208777 ENSMUSG00000047793
324 1230.80 -0.65 0.18 -3.52 4.34E-04 9.98E-03 Brd4 57261 ENSMUSG00000024002
325 634.92 -0.65 0.21 -3.08 2.05E-03 3.05E-02 Zmiz2 52915 ENSMUSG00000041164
326 1122.15 -0.64 0.19 -3.45 5.66E-04 1.23E-02 Gcn1l1 231659 ENSMUSG00000041638
327 232.79 -0.64 0.17 -3.75 1.76E-04 5.22E-03 Arhgap23 58996 ENSMUSG00000049807
328 63.70 -0.64 0.21 -3.13 1.76E-03 2.75E-02 Klhl11 217194 ENSMUSG00000048732
329 2415.46 -0.64 0.19 -3.27 1.08E-03 1.94E-02 Gna12 14673 ENSMUSG00000000149
330 707.96 -0.64 0.18 -3.61 3.04E-04 7.62E-03 Midn 59090 ENSMUSG00000035621
331 421.75 -0.63 0.18 -3.45 5.57E-04 1.21E-02 Adcy9 11515 ENSMUSG00000005580
332 468.65 -0.63 0.18 -3.41 6.39E-04 1.34E-02 Arl6ip4 65105 ENSMUSG00000029404
333 161.24 -0.63 0.16 -3.90 9.46E-05 3.20E-03 Sh3rf1 59009 ENSMUSG00000031642

75



SN baseMean Log2FoldChange lfcSE stat pvalue Padj Genesymbol entrez Ensembl ID
Supporting S1: Significantly altered genes between Pten and Tko (E2F7,8,PTEN) deleted liver

334 2082.70 -0.63 0.20 -3.13 1.74E-03 2.73E-02 Slc25a22 68267 ENSMUSG00000019082
335 350.10 -0.63 0.19 -3.25 1.15E-03 2.02E-02 Pom121 107939 ENSMUSG00000053293
336 286.81 -0.62 0.20 -3.13 1.73E-03 2.72E-02 Dedd2 67379 ENSMUSG00000054499
337 336.52 -0.62 0.22 -2.85 4.43E-03 4.99E-02 Med16 216154 ENSMUSG00000013833
338 1627.34 -0.62 0.16 -3.89 1.02E-04 3.40E-03 Ube4b 63958 ENSMUSG00000028960
339 267.72 -0.61 0.18 -3.35 8.11E-04 1.60E-02 2510002D24Rik 72307 ENSMUSG00000071632
340 129.88 -0.61 0.20 -3.07 2.14E-03 3.13E-02 Smim4 66487 ENSMUSG00000058351
341 222.53 -0.61 0.21 -2.92 3.51E-03 4.28E-02 Pias4 59004 ENSMUSG00000004934
342 5523.86 -0.61 0.12 -4.99 5.99E-07 6.04E-05 Dpys 64705 ENSMUSG00000022304
343 112.19 -0.61 0.19 -3.24 1.21E-03 2.10E-02 Fbxo46 243867 ENSMUSG00000050428
344 61.40 -0.60 0.19 -3.11 1.85E-03 2.83E-02 NA NA ENSMUSG00000097062
345 1753.01 -0.60 0.19 -3.11 1.88E-03 2.86E-02 Wdtc1 230796 ENSMUSG00000037622
346 791.31 -0.60 0.16 -3.66 2.49E-04 6.64E-03 Clpp 53895 ENSMUSG00000002660
347 3690.21 -0.60 0.14 -4.31 1.62E-05 8.19E-04 Dhtkd1 209692 ENSMUSG00000025815
348 559.38 -0.60 0.15 -3.95 7.87E-05 2.79E-03 Foxk1 17425 ENSMUSG00000056493
349 976.97 -0.60 0.15 -3.90 9.58E-05 3.23E-03 Iqsec1 232227 ENSMUSG00000034312
350 8186.03 -0.59 0.17 -3.58 3.40E-04 8.24E-03 Proc 19123 ENSMUSG00000024386
351 1973.49 -0.59 0.20 -2.88 3.93E-03 4.62E-02 Amdhd1 71761 ENSMUSG00000015890
352 141.50 -0.59 0.19 -3.01 2.57E-03 3.53E-02 Dus3l 224907 ENSMUSG00000007603
353 436.36 -0.59 0.19 -3.08 2.07E-03 3.05E-02 Psmb10 19171 ENSMUSG00000031897
354 178.51 -0.59 0.15 -3.84 1.25E-04 3.95E-03 Mark4 232944 ENSMUSG00000030397
355 169.85 -0.58 0.18 -3.21 1.31E-03 2.22E-02 Stard8 236920 ENSMUSG00000031216
356 163.98 -0.58 0.15 -3.84 1.24E-04 3.95E-03 Zfp358 140482 ENSMUSG00000047264
357 3718.79 -0.58 0.14 -4.03 5.57E-05 2.14E-03 Hal 15109 ENSMUSG00000020017
358 311.45 -0.58 0.20 -2.97 3.00E-03 3.90E-02 Kdm4b 193796 ENSMUSG00000024201
359 2321.14 -0.58 0.18 -3.26 1.13E-03 2.00E-02 Nfib 18028 ENSMUSG00000008575
360 1834.23 -0.58 0.17 -3.44 5.89E-04 1.25E-02 Sptbn2 20743 ENSMUSG00000067889
361 65.59 -0.58 0.20 -2.87 4.04E-03 4.69E-02 Mamdc2 71738 ENSMUSG00000033207
362 5262.18 -0.58 0.17 -3.40 6.83E-04 1.41E-02 Furin 18550 ENSMUSG00000030530
363 546.82 -0.58 0.13 -4.52 6.12E-06 4.05E-04 Kcnn2 140492 ENSMUSG00000054477
364 201.78 -0.58 0.16 -3.49 4.82E-04 1.08E-02 Arhgef40 268739 ENSMUSG00000004562
365 1570.04 -0.57 0.19 -2.95 3.18E-03 4.04E-02 Abca2 11305 ENSMUSG00000026944
366 178.24 -0.57 0.13 -4.36 1.31E-05 7.15E-04 4931406P16Rik 233103 ENSMUSG00000066571
367 134.50 -0.57 0.17 -3.37 7.60E-04 1.53E-02 Wdfy2 268752 ENSMUSG00000014547
368 489.42 -0.56 0.15 -3.66 2.51E-04 6.68E-03 NA NA ENSMUSG00000084153
369 898.55 -0.56 0.17 -3.36 7.92E-04 1.57E-02 Gm15800 269700 ENSMUSG00000042744
370 560.53 -0.56 0.13 -4.40 1.08E-05 6.05E-04 Brd1 223770 ENSMUSG00000022387
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371 80.41 -0.56 0.18 -3.09 1.99E-03 2.99E-02 Xrcc6bp1 68876 ENSMUSG00000025436
372 979.06 -0.56 0.17 -3.36 7.78E-04 1.56E-02 Mafg 17134 ENSMUSG00000051510
373 704.88 -0.56 0.19 -2.94 3.24E-03 4.07E-02 Pgap1 241062 ENSMUSG00000073678
374 833.38 -0.56 0.17 -3.28 1.05E-03 1.90E-02 Elk4 13714 ENSMUSG00000026436
375 255.34 -0.56 0.16 -3.39 6.90E-04 1.42E-02 Exosc4 109075 ENSMUSG00000034259
376 389.82 -0.55 0.16 -3.49 4.76E-04 1.07E-02 Gab1 14388 ENSMUSG00000031714
377 983.50 -0.55 0.17 -3.23 1.23E-03 2.13E-02 Rab11b 19326 ENSMUSG00000077450
378 507.09 -0.55 0.15 -3.65 2.63E-04 6.87E-03 Mrps24 64660 ENSMUSG00000020477
379 8755.63 -0.55 0.19 -2.92 3.46E-03 4.25E-02 F12 58992 ENSMUSG00000021492
380 1249.54 -0.55 0.17 -3.29 9.98E-04 1.84E-02 N4bp2 333789 ENSMUSG00000037795
381 320.80 -0.54 0.16 -3.30 9.63E-04 1.80E-02 Mllt6 246198 ENSMUSG00000038437
382 564.00 -0.54 0.15 -3.65 2.63E-04 6.87E-03 Atp5sl 66349 ENSMUSG00000057229
383 544.33 -0.54 0.13 -4.10 4.18E-05 1.72E-03 Phf2 18676 ENSMUSG00000038025
384 254.21 -0.53 0.13 -4.04 5.34E-05 2.08E-03 Mtx3 382793 ENSMUSG00000021704
385 2176.87 -0.53 0.08 -6.50 7.87E-11 2.84E-08 Eif4ebp2 13688 ENSMUSG00000020091
386 1334.15 -0.53 0.18 -2.95 3.17E-03 4.03E-02 Cep170b 217882 ENSMUSG00000072825
387 635.54 -0.53 0.15 -3.47 5.24E-04 1.15E-02 Cxxc1 74322 ENSMUSG00000024560
388 315.57 -0.52 0.14 -3.62 2.94E-04 7.46E-03 Nr2c2 22026 ENSMUSG00000005893
389 246.88 -0.52 0.18 -2.85 4.43E-03 4.99E-02 Slc25a28 246696 ENSMUSG00000040414
390 444.57 -0.52 0.17 -3.05 2.26E-03 3.26E-02 Ypel3 66090 ENSMUSG00000042675
391 451.67 -0.52 0.16 -3.33 8.79E-04 1.70E-02 Polr2e 66420 ENSMUSG00000004667
392 179.40 -0.52 0.18 -2.89 3.84E-03 4.56E-02 Rnf166 68718 ENSMUSG00000014470
393 520.44 -0.52 0.17 -3.11 1.89E-03 2.87E-02 Adarb1 110532 ENSMUSG00000020262
394 1351.55 -0.51 0.16 -3.13 1.73E-03 2.72E-02 Pcbp2 18521 ENSMUSG00000056851
395 699.63 -0.51 0.15 -3.34 8.47E-04 1.65E-02 Arid1b 239985 ENSMUSG00000069729
396 1637.45 -0.51 0.18 -2.87 4.07E-03 4.70E-02 Atp5g1 11951 ENSMUSG00000006057
397 446.02 -0.51 0.11 -4.57 4.94E-06 3.43E-04 Ldb1 16825 ENSMUSG00000025223
398 1208.72 -0.51 0.17 -2.95 3.19E-03 4.04E-02 Pigt 78928 ENSMUSG00000017721
399 529.54 -0.51 0.17 -3.02 2.52E-03 3.49E-02 Cic 71722 ENSMUSG00000005442
400 183.88 -0.50 0.17 -2.97 2.96E-03 3.86E-02 Pabpc4 230721 ENSMUSG00000011257
401 143.76 -0.50 0.17 -2.97 2.98E-03 3.88E-02 Zswim4 212168 ENSMUSG00000035671
402 1109.39 -0.50 0.16 -3.12 1.83E-03 2.83E-02 Ptbp1 19205 ENSMUSG00000006498
403 1044.98 -0.50 0.15 -3.25 1.14E-03 2.01E-02 Csnk1g2 103236 ENSMUSG00000003345
404 899.96 -0.50 0.17 -2.99 2.80E-03 3.74E-02 Hgs 15239 ENSMUSG00000025793
405 733.53 -0.49 0.10 -4.75 2.08E-06 1.73E-04 Cwf19l1 72502 ENSMUSG00000025200
406 374.06 -0.49 0.14 -3.40 6.68E-04 1.39E-02 Tm2d3 68634 ENSMUSG00000078681
407 506.18 -0.49 0.13 -3.73 1.88E-04 5.50E-03 Farp2 227377 ENSMUSG00000034066
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408 938.79 -0.49 0.13 -3.86 1.11E-04 3.67E-03 Mfsd4b1 215929 ENSMUSG00000038522
409 428.89 -0.49 0.15 -3.21 1.32E-03 2.22E-02 NA NA ENSMUSG00000062093
410 117.72 -0.48 0.16 -2.94 3.26E-03 4.08E-02 Plekhg2 101497 ENSMUSG00000037552
411 3347.88 -0.47 0.14 -3.27 1.08E-03 1.94E-02 Clmn 94040 ENSMUSG00000021097
412 734.00 -0.47 0.14 -3.46 5.46E-04 1.19E-02 Ncoa3 17979 ENSMUSG00000027678
413 842.97 -0.47 0.16 -2.90 3.71E-03 4.46E-02 Per3 18628 ENSMUSG00000028957
414 869.02 -0.47 0.11 -4.09 4.26E-05 1.74E-03 Atg9a 245860 ENSMUSG00000033124
415 139.72 -0.47 0.16 -2.85 4.42E-03 4.99E-02 Tead3 21678 ENSMUSG00000002249
416 2543.28 -0.46 0.13 -3.58 3.40E-04 8.24E-03 Pdk2 18604 ENSMUSG00000038967
417 1814.45 -0.46 0.16 -2.88 3.95E-03 4.64E-02 Vegfa 22339 ENSMUSG00000023951
418 1278.71 -0.46 0.15 -3.13 1.76E-03 2.75E-02 Tbc1d9b 76795 ENSMUSG00000036644
419 188.61 -0.46 0.15 -3.10 1.96E-03 2.95E-02 Sik2 235344 ENSMUSG00000037112
420 133.61 -0.46 0.14 -3.20 1.36E-03 2.27E-02 Nudt16 75686 ENSMUSG00000032565
421 277.07 -0.45 0.16 -2.86 4.21E-03 4.82E-02 Zfp275 27081 ENSMUSG00000031365
422 4745.35 -0.45 0.15 -3.04 2.38E-03 3.37E-02 Npc1 18145 ENSMUSG00000024413
423 24402.09 -0.45 0.09 -4.92 8.54E-07 8.13E-05 Ndrg2 29811 ENSMUSG00000004558
424 1138.76 -0.44 0.15 -2.97 2.94E-03 3.85E-02 Zfp652 268469 ENSMUSG00000075595
425 2041.33 -0.44 0.15 -2.93 3.37E-03 4.17E-02 Wwc1 211652 ENSMUSG00000018849
426 4163.42 -0.44 0.10 -4.50 6.85E-06 4.34E-04 Fam120a 218236 ENSMUSG00000038014
427 252.23 -0.44 0.15 -2.86 4.24E-03 4.85E-02 Slc9a1 20544 ENSMUSG00000028854
428 12106.93 -0.44 0.15 -2.93 3.42E-03 4.22E-02 Serpinf1 20317 ENSMUSG00000000753
429 1463.10 -0.43 0.10 -4.48 7.43E-06 4.65E-04 R3hdm2 71750 ENSMUSG00000025404
430 1453.03 -0.43 0.12 -3.60 3.17E-04 7.82E-03 Cdc42bpb 217866 ENSMUSG00000021279
431 502.69 -0.42 0.11 -3.73 1.89E-04 5.50E-03 Mxi1 17859 ENSMUSG00000025025
432 1180.14 -0.42 0.14 -2.95 3.18E-03 4.04E-02 Numa1 101706 ENSMUSG00000066306
433 1507.52 -0.42 0.13 -3.08 2.06E-03 3.05E-02 Zfand3 21769 ENSMUSG00000044477
434 3353.65 -0.41 0.11 -3.68 2.29E-04 6.27E-03 Ndst1 15531 ENSMUSG00000054008
435 574.32 -0.41 0.14 -2.99 2.76E-03 3.72E-02 Sirt7 209011 ENSMUSG00000025138
436 631.14 -0.40 0.13 -3.05 2.26E-03 3.26E-02 Rere 68703 ENSMUSG00000039852
437 1021.35 -0.39 0.12 -3.11 1.88E-03 2.86E-02 Stat5b 20851 ENSMUSG00000020919
438 976.40 -0.38 0.12 -3.14 1.68E-03 2.66E-02 Bcr 110279 ENSMUSG00000009681
439 286.07 -0.38 0.13 -2.92 3.47E-03 4.25E-02 Uqcc3 107197 ENSMUSG00000071654
440 4364.80 -0.37 0.11 -3.31 9.27E-04 1.76E-02 Gns 75612 ENSMUSG00000034707
441 1079.72 -0.36 0.11 -3.30 9.63E-04 1.80E-02 Snrk 20623 ENSMUSG00000038145
442 214.66 -0.36 0.13 -2.87 4.15E-03 4.78E-02 Zbtb39 320080 ENSMUSG00000044617
443 606.97 -0.36 0.11 -3.27 1.07E-03 1.93E-02 Eefsec 65967 ENSMUSG00000033216
444 1015.81 -0.34 0.10 -3.31 9.45E-04 1.78E-02 Rbl2 19651 ENSMUSG00000031666
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445 917.63 -0.32 0.09 -3.57 3.61E-04 8.63E-03 Ago1 236511 ENSMUSG00000041530
446 1250.34 -0.32 0.11 -2.97 2.93E-03 3.85E-02 Pi4ka 224020 ENSMUSG00000041720
447 956.04 -0.31 0.09 -3.50 4.58E-04 1.04E-02 Pcnx 54604 ENSMUSG00000021140
448 8522.70 -0.29 0.09 -3.12 1.78E-03 2.77E-02 Slc25a23 66972 ENSMUSG00000046329
449 751.81 0.26 0.08 3.35 8.01E-04 1.59E-02 Tnfaip1 21927 ENSMUSG00000017615
450 332.09 0.30 0.10 3.20 1.37E-03 2.28E-02 Hps5 246694 ENSMUSG00000014418
451 629.71 0.31 0.11 2.90 3.67E-03 4.43E-02 Ubxn8 108159 ENSMUSG00000052906
452 528.17 0.33 0.11 3.00 2.71E-03 3.66E-02 Ap3s2 11778 ENSMUSG00000063801
453 591.84 0.33 0.11 2.95 3.20E-03 4.04E-02 Cdk11b 12537 ENSMUSG00000029062
454 1641.16 0.34 0.10 3.25 1.14E-03 2.01E-02 Psma1 26440 ENSMUSG00000030751
455 3432.67 0.34 0.10 3.53 4.14E-04 9.68E-03 C1rl 232371 ENSMUSG00000038527
456 1291.08 0.35 0.12 2.92 3.56E-03 4.30E-02 Gars 353172 ENSMUSG00000029777
457 326.07 0.35 0.11 3.31 9.30E-04 1.76E-02 Stk38l 232533 ENSMUSG00000001630
458 582.90 0.36 0.12 3.11 1.86E-03 2.85E-02 Gdap2 14547 ENSMUSG00000027865
459 1541.90 0.36 0.11 3.36 7.77E-04 1.56E-02 Cops6 26893 ENSMUSG00000019494
460 1617.22 0.37 0.13 2.86 4.25E-03 4.86E-02 Cct3 12462 ENSMUSG00000001416
461 968.15 0.37 0.12 3.09 2.01E-03 3.00E-02 Scyl2 213326 ENSMUSG00000069539
462 656.36 0.37 0.11 3.49 4.77E-04 1.07E-02 Fam98a 72722 ENSMUSG00000002017
463 1193.79 0.37 0.10 3.68 2.31E-04 6.31E-03 Pex13 72129 ENSMUSG00000020283
464 1921.27 0.37 0.10 3.72 1.95E-04 5.62E-03 Capns1 12336 ENSMUSG00000001794
465 482.48 0.37 0.12 3.03 2.43E-03 3.42E-02 Nrbf2 641340 ENSMUSG00000075000
466 866.68 0.38 0.12 3.10 1.95E-03 2.94E-02 Lars 107045 ENSMUSG00000024493
467 741.17 0.39 0.10 3.87 1.09E-04 3.61E-03 Rap2c 72065 ENSMUSG00000050029
468 2374.09 0.39 0.09 4.27 1.92E-05 9.26E-04 Rer1 67830 ENSMUSG00000029048
469 679.63 0.39 0.12 3.30 9.52E-04 1.79E-02 Rpe 66646 ENSMUSG00000026005
470 523.52 0.39 0.14 2.87 4.15E-03 4.78E-02 Ube2g2 22213 ENSMUSG00000009293
471 340.18 0.39 0.11 3.66 2.56E-04 6.74E-03 Fpgt 75540 ENSMUSG00000053870
472 1879.18 0.40 0.13 2.96 3.10E-03 3.98E-02 Psmc2 19181 ENSMUSG00000028932
473 1655.21 0.40 0.12 3.27 1.06E-03 1.91E-02 Cebpg 12611 ENSMUSG00000056216
474 304.58 0.41 0.14 2.99 2.83E-03 3.77E-02 Magoh 17149 ENSMUSG00000028609
475 434.18 0.42 0.14 2.89 3.83E-03 4.56E-02 Rnf121 75212 ENSMUSG00000070426
476 1204.09 0.42 0.14 3.03 2.44E-03 3.43E-02 Psmb7 19177 ENSMUSG00000026750
477 275.90 0.43 0.13 3.26 1.10E-03 1.97E-02 Prune 229589 ENSMUSG00000015711
478 364.65 0.44 0.14 3.11 1.86E-03 2.85E-02 Diablo 66593 ENSMUSG00000029433
479 224.76 0.44 0.15 2.94 3.27E-03 4.09E-02 NA NA ENSMUSG00000106294
480 338.07 0.44 0.12 3.53 4.19E-04 9.74E-03 Armt1 73419 ENSMUSG00000061759
481 966.58 0.44 0.11 3.85 1.17E-04 3.80E-03 Glod4 67201 ENSMUSG00000017286
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482 960.03 0.44 0.14 3.26 1.13E-03 2.01E-02 Tmx2 66958 ENSMUSG00000050043
483 99.30 0.44 0.15 2.89 3.86E-03 4.56E-02 Ublcp1 79560 ENSMUSG00000041231
484 487.73 0.44 0.14 3.12 1.78E-03 2.77E-02 Aasdhppt 67618 ENSMUSG00000025894
485 299.50 0.45 0.12 3.63 2.85E-04 7.33E-03 Zfp410 52708 ENSMUSG00000042472
486 501.90 0.45 0.12 3.86 1.15E-04 3.76E-03 Mrpl16 94063 ENSMUSG00000024683
487 515.06 0.45 0.12 3.73 1.95E-04 5.62E-03 Nudcd2 52653 ENSMUSG00000020328
488 834.58 0.45 0.15 3.12 1.79E-03 2.78E-02 Drg1 13494 ENSMUSG00000020457
489 1370.97 0.46 0.15 3.01 2.59E-03 3.54E-02 Cmpk1 66588 ENSMUSG00000028719
490 390.93 0.46 0.14 3.22 1.29E-03 2.19E-02 Gtf2b 229906 ENSMUSG00000028271
491 159.25 0.46 0.15 3.01 2.58E-03 3.54E-02 Dus2 66369 ENSMUSG00000031901
492 389.36 0.46 0.13 3.63 2.83E-04 7.29E-03 Gmcl1 23885 ENSMUSG00000001157
493 164.31 0.46 0.14 3.35 8.05E-04 1.59E-02 Fam118b 109229 ENSMUSG00000050471
494 143.49 0.46 0.15 3.08 2.04E-03 3.03E-02 Stard3nl 76205 ENSMUSG00000003062
495 1033.18 0.46 0.16 2.86 4.19E-03 4.81E-02 Shtn1 71653 ENSMUSG00000041362
496 1079.26 0.46 0.16 2.85 4.33E-03 4.92E-02 Ufc1 66155 ENSMUSG00000062963
497 2420.21 0.47 0.14 3.35 8.18E-04 1.61E-02 Pafah2 100163 ENSMUSG00000037366
498 509.34 0.47 0.13 3.70 2.13E-04 5.96E-03 Atp6v1g1 66290 ENSMUSG00000039105
499 423.43 0.47 0.13 3.71 2.10E-04 5.90E-03 Thumpd1 233802 ENSMUSG00000030942
500 259.35 0.47 0.16 2.95 3.19E-03 4.04E-02 Ube2n 93765 ENSMUSG00000074781
501 957.38 0.47 0.16 2.89 3.90E-03 4.60E-02 Taf15 70439 ENSMUSG00000020680
502 380.00 0.48 0.16 3.03 2.41E-03 3.40E-02 Anapc4 52206 ENSMUSG00000029176
503 3809.86 0.48 0.14 3.53 4.14E-04 9.68E-03 Mlec 109154 ENSMUSG00000048578
504 4051.81 0.48 0.16 2.96 3.09E-03 3.97E-02 Sar1b 66397 ENSMUSG00000020386
505 1283.10 0.48 0.12 4.08 4.43E-05 1.79E-03 Cpq 54381 ENSMUSG00000039007
506 268.69 0.48 0.17 2.91 3.57E-03 4.31E-02 Ap3s1 11777 ENSMUSG00000024480
507 217.69 0.49 0.14 3.38 7.37E-04 1.49E-02 Twistnb 28071 ENSMUSG00000020561
508 160.18 0.49 0.16 3.01 2.61E-03 3.56E-02 D17H6S53E 114585 ENSMUSG00000043311
509 432.57 0.49 0.14 3.62 2.96E-04 7.46E-03 Nt5c2 76952 ENSMUSG00000025041
510 383.79 0.50 0.17 2.90 3.71E-03 4.47E-02 Srsf7 225027 ENSMUSG00000024097
511 812.80 0.50 0.16 3.20 1.35E-03 2.26E-02 Mlx 21428 ENSMUSG00000017801
512 490.11 0.51 0.13 3.93 8.62E-05 3.03E-03 Wtap 60532 ENSMUSG00000060475
513 794.03 0.51 0.14 3.68 2.33E-04 6.33E-03 Tpm1 22003 ENSMUSG00000032366
514 525.57 0.51 0.14 3.59 3.27E-04 8.02E-03 Chmp2b 68942 ENSMUSG00000004843
515 180.52 0.51 0.13 3.98 6.76E-05 2.49E-03 Dbr1 83703 ENSMUSG00000032469
516 331.59 0.52 0.16 3.17 1.50E-03 2.43E-02 Tra2a 101214 ENSMUSG00000029817
517 1008.10 0.53 0.12 4.33 1.48E-05 7.75E-04 Fkbp1a 14225 ENSMUSG00000032966
518 211.01 0.53 0.17 3.23 1.26E-03 2.16E-02 NA NA ENSMUSG00000059237
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519 792.52 0.53 0.15 3.63 2.87E-04 7.37E-03 G3bp2 23881 ENSMUSG00000029405
520 285.62 0.53 0.15 3.61 3.05E-04 7.62E-03 Fam126a 84652 ENSMUSG00000028995
521 847.74 0.54 0.14 3.90 9.48E-05 3.20E-03 Pdzk1 59020 ENSMUSG00000038298
522 2016.47 0.54 0.17 3.15 1.62E-03 2.59E-02 Cxadr 13052 ENSMUSG00000022865
523 181.95 0.54 0.13 4.02 5.81E-05 2.22E-03 Exosc9 50911 ENSMUSG00000027714
524 157.04 0.54 0.12 4.36 1.29E-05 7.11E-04 Snrnp40 66585 ENSMUSG00000074088
525 717.36 0.54 0.12 4.41 1.03E-05 5.89E-04 Arl6ip5 65106 ENSMUSG00000035199
526 475.89 0.55 0.16 3.44 5.75E-04 1.24E-02 Slc35g1 240660 ENSMUSG00000044026
527 107.84 0.55 0.18 3.04 2.34E-03 3.32E-02 Thyn1 77862 ENSMUSG00000035443
528 2479.30 0.56 0.15 3.69 2.24E-04 6.16E-03 Apoc2 11813 ENSMUSG00000002992
529 627.96 0.56 0.17 3.25 1.14E-03 2.01E-02 Slc39a11 69806 ENSMUSG00000041654
530 345.17 0.56 0.13 4.48 7.56E-06 4.69E-04 Thumpd3 14911 ENSMUSG00000030264
531 231.21 0.56 0.17 3.33 8.54E-04 1.66E-02 Chd1l 68058 ENSMUSG00000028089
532 191.58 0.57 0.17 3.36 7.91E-04 1.57E-02 Adamts1 11504 ENSMUSG00000022893
533 655.39 0.57 0.17 3.32 9.12E-04 1.74E-02 Gusb 110006 ENSMUSG00000025534
534 826.89 0.57 0.14 3.99 6.64E-05 2.45E-03 Ccng1 12450 ENSMUSG00000020326
535 459.78 0.58 0.13 4.36 1.32E-05 7.16E-04 Commd6 66200 ENSMUSG00000075486
536 93.99 0.58 0.17 3.42 6.23E-04 1.31E-02 Snupn 66069 ENSMUSG00000055334
537 145.63 0.58 0.19 3.03 2.47E-03 3.44E-02 Bloc1s2 73689 ENSMUSG00000057506
538 105.62 0.58 0.19 3.00 2.74E-03 3.69E-02 NA NA ENSMUSG00000081712
539 926.84 0.58 0.12 4.67 3.01E-06 2.32E-04 Nap1l1 53605 ENSMUSG00000058799
540 121.59 0.58 0.20 2.96 3.07E-03 3.95E-02 Rnf24 51902 ENSMUSG00000048911
541 324.16 0.58 0.14 4.20 2.65E-05 1.18E-03 Cyp2r1 244209 ENSMUSG00000030670
542 271.42 0.58 0.17 3.41 6.40E-04 1.34E-02 Pgm3 109785 ENSMUSG00000056131
543 2766.54 0.59 0.12 4.72 2.38E-06 1.90E-04 Rnf11 29864 ENSMUSG00000028557
544 340.53 0.60 0.14 4.39 1.12E-05 6.27E-04 Stat1 20846 ENSMUSG00000026104
545 120.50 0.60 0.21 2.85 4.43E-03 4.99E-02 Cdc25a 12530 ENSMUSG00000032477
546 89.01 0.60 0.17 3.63 2.88E-04 7.37E-03 Maged2 80884 ENSMUSG00000025268
547 242.80 0.60 0.18 3.31 9.27E-04 1.76E-02 NA NA ENSMUSG00000085611
548 77.51 0.60 0.18 3.29 9.93E-04 1.83E-02 Ovca2 246257 ENSMUSG00000038268
549 86.70 0.62 0.18 3.44 5.78E-04 1.24E-02 NA NA ENSMUSG00000107852
550 42.16 0.62 0.21 3.01 2.59E-03 3.54E-02 NA NA ENSMUSG00000097891
551 15804.93 0.63 0.21 3.02 2.51E-03 3.48E-02 C6 12274 ENSMUSG00000022181
552 106.90 0.63 0.19 3.32 8.94E-04 1.71E-02 D030056L22Rik 225995 ENSMUSG00000047044
553 392.45 0.63 0.21 2.93 3.35E-03 4.16E-02 NA NA ENSMUSG00000053038
554 61.37 0.63 0.18 3.48 5.06E-04 1.12E-02 Rad1 19355 ENSMUSG00000022248
555 82.92 0.64 0.22 2.87 4.07E-03 4.70E-02 Fkbp14 231997 ENSMUSG00000038074
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556 122.72 0.64 0.19 3.42 6.31E-04 1.32E-02 Trmt5 76357 ENSMUSG00000034442
557 520.15 0.64 0.16 3.91 9.04E-05 3.11E-03 1700123O20Rik 58248 ENSMUSG00000040822
558 230.23 0.64 0.22 2.95 3.21E-03 4.04E-02 NA NA ENSMUSG00000081920
559 268.73 0.64 0.17 3.70 2.18E-04 6.04E-03 Tmem128 66309 ENSMUSG00000067365
560 259.32 0.65 0.18 3.67 2.41E-04 6.49E-03 Serpinb6a 20719 ENSMUSG00000060147
561 93.60 0.65 0.16 4.03 5.62E-05 2.16E-03 Polr2d 69241 ENSMUSG00000024258
562 1055.73 0.65 0.20 3.21 1.31E-03 2.21E-02 Hopx 74318 ENSMUSG00000059325
563 42.44 0.67 0.22 3.01 2.58E-03 3.54E-02 Isg20 57444 ENSMUSG00000039236
564 25.61 0.67 0.23 2.87 4.09E-03 4.72E-02 NA NA ENSMUSG00000081656
565 252.95 0.68 0.17 4.10 4.21E-05 1.72E-03 Tmem43 74122 ENSMUSG00000030095
566 35.43 0.68 0.22 3.16 1.60E-03 2.56E-02 NA NA ENSMUSG00000080759
567 67.10 0.69 0.24 2.89 3.89E-03 4.59E-02 NA NA ENSMUSG00000106313
568 209.90 0.69 0.16 4.26 2.04E-05 9.74E-04 NA NA ENSMUSG00000052419
569 1401.29 0.70 0.14 4.87 1.09E-06 9.99E-05 Nek6 59126 ENSMUSG00000026749
570 326.12 0.70 0.14 5.13 2.90E-07 3.32E-05 Desi2 78825 ENSMUSG00000026502
571 1124.04 0.71 0.19 3.73 1.92E-04 5.57E-03 Tfpi2 21789 ENSMUSG00000029664
572 119.19 0.71 0.20 3.62 2.98E-04 7.50E-03 Car2 12349 ENSMUSG00000027562
573 44.01 0.72 0.25 2.90 3.79E-03 4.53E-02 NA NA ENSMUSG00000082740
574 54.01 0.72 0.20 3.53 4.16E-04 9.69E-03 NA NA ENSMUSG00000093671
575 363.09 0.72 0.17 4.22 2.48E-05 1.13E-03 Plekha1 101476 ENSMUSG00000040268
576 59.29 0.72 0.20 3.61 3.09E-04 7.70E-03 Gpr39 71111 ENSMUSG00000026343
577 1358.84 0.72 0.17 4.21 2.57E-05 1.16E-03 Ube2l6 56791 ENSMUSG00000027078
578 379.94 0.73 0.25 2.88 4.02E-03 4.69E-02 Lamtor1 66508 ENSMUSG00000030842
579 40.83 0.73 0.22 3.30 9.72E-04 1.81E-02 Sarnp 66118 ENSMUSG00000078427
580 71.17 0.74 0.17 4.36 1.31E-05 7.15E-04 Gm5434 432649 ENSMUSG00000059301
581 67.43 0.75 0.23 3.23 1.25E-03 2.15E-02 Snrnp35 76167 ENSMUSG00000029402
582 1568.53 0.75 0.17 4.30 1.69E-05 8.41E-04 St3gal4 20443 ENSMUSG00000032038
583 153.33 0.76 0.24 3.11 1.84E-03 2.83E-02 NA NA ENSMUSG00000097815
584 116.55 0.76 0.16 4.75 2.05E-06 1.72E-04 NA NA ENSMUSG00000105943
585 2010.97 0.76 0.23 3.35 7.97E-04 1.58E-02 Tgm2 21817 ENSMUSG00000037820
586 1289.54 0.78 0.18 4.37 1.27E-05 7.05E-04 Rhou 69581 ENSMUSG00000039960
587 204.97 0.78 0.20 3.96 7.65E-05 2.76E-03 NA NA ENSMUSG00000060467
588 32.29 0.78 0.26 3.02 2.51E-03 3.48E-02 NA NA ENSMUSG00000058463
589 1080.03 0.78 0.19 4.21 2.59E-05 1.16E-03 Ormdl3 66612 ENSMUSG00000038150
590 223.58 0.79 0.22 3.66 2.53E-04 6.70E-03 6330416G13Rik 230279 ENSMUSG00000045917
591 234.57 0.79 0.26 3.03 2.42E-03 3.41E-02 Gale 74246 ENSMUSG00000028671
592 132.64 0.79 0.22 3.63 2.81E-04 7.25E-03 Ccdc51 66658 ENSMUSG00000025645
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593 42.34 0.80 0.24 3.27 1.07E-03 1.93E-02 NA NA ENSMUSG00000082070
594 70.36 0.81 0.28 2.87 4.17E-03 4.79E-02 NA NA ENSMUSG00000056836
595 52.95 0.81 0.24 3.36 7.69E-04 1.54E-02 Treh 58866 ENSMUSG00000032098
596 664.32 0.82 0.15 5.30 1.15E-07 1.61E-05 Alas2 11656 ENSMUSG00000025270
597 160.56 0.82 0.24 3.41 6.45E-04 1.34E-02 Lacc1 210808 ENSMUSG00000044350
598 526.91 0.82 0.15 5.32 1.01E-07 1.45E-05 Dpp7 83768 ENSMUSG00000026958
599 741.37 0.83 0.23 3.62 2.96E-04 7.46E-03 Gstm2 14863 ENSMUSG00000040562
600 1012.49 0.83 0.25 3.31 9.48E-04 1.78E-02 NA NA ENSMUSG00000092274
601 23.55 0.84 0.28 2.99 2.79E-03 3.74E-02 Efr3b 668212 ENSMUSG00000020658
602 45.53 0.85 0.26 3.33 8.81E-04 1.70E-02 2010107G23Rik 69894 ENSMUSG00000020083
603 35668.34 0.85 0.26 3.26 1.12E-03 1.99E-02 Trf 22041 ENSMUSG00000032554
604 25.74 0.86 0.28 3.02 2.53E-03 3.50E-02 Cdr2 12585 ENSMUSG00000030878
605 785.09 0.86 0.18 4.66 3.13E-06 2.37E-04 Cutal 77996 ENSMUSG00000026870
606 50.79 0.87 0.22 3.89 9.84E-05 3.31E-03 NA NA ENSMUSG00000083199
607 51.26 0.88 0.27 3.28 1.04E-03 1.89E-02 Fam92a 68099 ENSMUSG00000028218
608 327.66 0.88 0.31 2.89 3.84E-03 4.56E-02 NA NA ENSMUSG00000078291
609 48.76 0.90 0.27 3.32 8.91E-04 1.71E-02 NA NA ENSMUSG00000083126
610 367.88 0.90 0.17 5.28 1.28E-07 1.73E-05 Nabp1 109019 ENSMUSG00000026107
611 90.24 0.91 0.19 4.87 1.09E-06 9.99E-05 Vopp1 232023 ENSMUSG00000037788
612 120.72 0.91 0.26 3.47 5.30E-04 1.16E-02 Endod1 71946 ENSMUSG00000037419
613 33.16 0.91 0.30 3.07 2.16E-03 3.14E-02 NA NA ENSMUSG00000036045
614 609.75 0.92 0.25 3.60 3.18E-04 7.85E-03 Slc13a3 114644 ENSMUSG00000018459
615 148.16 0.92 0.20 4.63 3.71E-06 2.74E-04 Ctps 51797 ENSMUSG00000028633
616 17.70 0.92 0.32 2.92 3.54E-03 4.30E-02 NA NA ENSMUSG00000107907
617 29.11 0.93 0.29 3.17 1.51E-03 2.44E-02 NA NA ENSMUSG00000090142
618 39.75 0.93 0.23 4.10 4.20E-05 1.72E-03 NA NA ENSMUSG00000083041
619 35.43 0.94 0.28 3.30 9.61E-04 1.80E-02 Rps6kl1 238323 ENSMUSG00000019235
620 221.21 0.94 0.22 4.36 1.32E-05 7.15E-04 Anxa2 12306 ENSMUSG00000032231
621 160.49 0.94 0.27 3.44 5.77E-04 1.24E-02 Gm13139 666532 ENSMUSG00000067916
622 353.72 0.95 0.21 4.54 5.62E-06 3.79E-04 Unc13b 22249 ENSMUSG00000028456
623 19.39 0.96 0.26 3.70 2.16E-04 6.00E-03 NA NA ENSMUSG00000106734
624 16.23 0.96 0.33 2.94 3.25E-03 4.07E-02 Sult2a7 638251 ENSMUSG00000094156
625 423.78 0.97 0.20 4.83 1.35E-06 1.19E-04 Tuba1c 22146 ENSMUSG00000043091
626 32.71 0.97 0.27 3.61 3.07E-04 7.66E-03 Hilpda 69573 ENSMUSG00000043421
627 1550.35 0.97 0.22 4.41 1.03E-05 5.88E-04 Pter 19212 ENSMUSG00000026730
628 4670.85 0.97 0.23 4.16 3.17E-05 1.39E-03 Sult1a1 20887 ENSMUSG00000030711
629 100.87 0.98 0.24 4.01 6.10E-05 2.28E-03 Plcb4 18798 ENSMUSG00000039943
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630 34442.21 0.98 0.34 2.85 4.33E-03 4.92E-02 NA NA ENSMUSG00000082644
631 414.57 0.98 0.19 5.16 2.53E-07 2.94E-05 Reep5 13476 ENSMUSG00000005873
632 183.17 0.98 0.18 5.41 6.33E-08 9.84E-06 Cdkl2 53886 ENSMUSG00000029403
633 27.20 0.98 0.31 3.12 1.80E-03 2.79E-02 Ccr2 12772 ENSMUSG00000049103
634 79.35 0.99 0.21 4.62 3.92E-06 2.86E-04 Psd4 215632 ENSMUSG00000026979
635 13.41 0.99 0.34 2.93 3.40E-03 4.20E-02 Asf1b 66929 ENSMUSG00000005470
636 23.56 0.99 0.28 3.52 4.25E-04 9.84E-03 NA NA ENSMUSG00000071040
637 29.74 1.00 0.25 4.02 5.75E-05 2.20E-03 Rccd1 269955 ENSMUSG00000038930
638 33.92 1.00 0.25 4.00 6.28E-05 2.34E-03 Haus8 76478 ENSMUSG00000035439
639 5.29 1.01 0.35 2.87 4.13E-03 4.76E-02 Xlr3c 22446 ENSMUSG00000058147
640 135.06 1.01 0.25 4.01 6.00E-05 2.26E-03 Lgals1 16852 ENSMUSG00000068220
641 65.05 1.01 0.25 4.06 4.90E-05 1.93E-03 Fam187b 76415 ENSMUSG00000046826
642 122.35 1.02 0.26 3.96 7.55E-05 2.74E-03 NA NA ENSMUSG00000106558
643 932.56 1.02 0.24 4.32 1.58E-05 8.10E-04 S100a10 20194 ENSMUSG00000041959
644 15.20 1.03 0.35 2.97 3.01E-03 3.91E-02 Glipr2 384009 ENSMUSG00000028480
645 8.77 1.04 0.33 3.11 1.87E-03 2.86E-02 NA NA ENSMUSG00000108433
646 874.84 1.04 0.23 4.54 5.50E-06 3.74E-04 Snx10 71982 ENSMUSG00000038301
647 202.20 1.04 0.27 3.86 1.15E-04 3.75E-03 Ttc39a 230603 ENSMUSG00000028555
648 38.31 1.05 0.30 3.43 5.96E-04 1.27E-02 Ica1 15893 ENSMUSG00000062995
649 7.30 1.05 0.35 2.99 2.81E-03 3.76E-02 NA NA ENSMUSG00000080711
650 10.01 1.05 0.34 3.10 1.91E-03 2.90E-02 NA NA ENSMUSG00000093861
651 7737.05 1.06 0.32 3.26 1.12E-03 1.99E-02 Mup20 381530 ENSMUSG00000078672
652 92.05 1.06 0.29 3.71 2.07E-04 5.84E-03 Cyfip2 76884 ENSMUSG00000020340
653 1257.87 1.07 0.14 7.49 6.96E-14 4.37E-11 Ermp1 226090 ENSMUSG00000046324
654 361.66 1.07 0.35 3.06 2.23E-03 3.23E-02 Fabp5 16592 ENSMUSG00000027533
655 349.72 1.07 0.21 5.18 2.20E-07 2.72E-05 Mkrn2os 70291 ENSMUSG00000068011
656 16.03 1.08 0.32 3.38 7.17E-04 1.46E-02 St14 19143 ENSMUSG00000031995
657 92.87 1.08 0.33 3.23 1.25E-03 2.16E-02 Pgam1 18648 ENSMUSG00000011752
658 58.78 1.09 0.21 5.18 2.25E-07 2.76E-05 Lrp11 237253 ENSMUSG00000019796
659 27.83 1.09 0.27 4.06 4.95E-05 1.94E-03 Hk2 15277 ENSMUSG00000000628
660 13.76 1.10 0.31 3.57 3.62E-04 8.64E-03 NA NA ENSMUSG00000092257
661 158.16 1.11 0.21 5.19 2.11E-07 2.65E-05 1700024P16Rik 242594 ENSMUSG00000078612
662 27.74 1.12 0.30 3.68 2.32E-04 6.32E-03 Cnbd2 70873 ENSMUSG00000038085
663 30.38 1.12 0.27 4.11 4.01E-05 1.67E-03 Casp12 12364 ENSMUSG00000025887
664 33.58 1.12 0.25 4.44 8.82E-06 5.26E-04 B4galt4 56375 ENSMUSG00000022793
665 272.63 1.12 0.30 3.76 1.68E-04 5.04E-03 Pik3c2g 18705 ENSMUSG00000030228
666 762.17 1.12 0.31 3.60 3.14E-04 7.79E-03 NA NA ENSMUSG00000074280
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667 46.97 1.12 0.35 3.19 1.44E-03 2.36E-02 Chrna4 11438 ENSMUSG00000027577
668 681.20 1.13 0.15 7.43 1.10E-13 6.40E-11 Micu2 68514 ENSMUSG00000021973
669 17.01 1.13 0.32 3.51 4.41E-04 1.01E-02 Ncaph 215387 ENSMUSG00000034906
670 90.41 1.15 0.20 5.73 1.00E-08 1.86E-06 NA NA ENSMUSG00000079362
671 9.78 1.15 0.35 3.26 1.10E-03 1.97E-02 NA NA ENSMUSG00000086813
672 363.90 1.15 0.31 3.73 1.88E-04 5.50E-03 NA NA ENSMUSG00000095419
673 5.51 1.15 0.35 3.32 8.94E-04 1.71E-02 Junos 230451 ENSMUSG00000087366
674 10.68 1.16 0.35 3.33 8.71E-04 1.68E-02 NA NA ENSMUSG00000098238
675 69.90 1.17 0.23 5.16 2.50E-07 2.94E-05 Nipa1 233280 ENSMUSG00000047037
676 142.38 1.18 0.32 3.73 1.93E-04 5.60E-03 Btg2 12227 ENSMUSG00000020423
677 43.27 1.18 0.30 3.92 8.92E-05 3.08E-03 Gm13251 433791 ENSMUSG00000070605
678 31.26 1.18 0.27 4.32 1.55E-05 8.04E-04 Ttll11 74410 ENSMUSG00000026885
679 24.86 1.19 0.34 3.45 5.53E-04 1.21E-02 Pfkfb4 270198 ENSMUSG00000025648
680 8.50 1.20 0.35 3.41 6.42E-04 1.34E-02 Kl 16591 ENSMUSG00000058488
681 25.77 1.20 0.34 3.52 4.36E-04 1.00E-02 NA NA ENSMUSG00000063245
682 81.04 1.21 0.34 3.50 4.74E-04 1.07E-02 Asns 27053 ENSMUSG00000029752
683 44.86 1.21 0.24 4.94 7.94E-07 7.69E-05 Kctd17 72844 ENSMUSG00000033287
684 81.65 1.21 0.28 4.29 1.76E-05 8.69E-04 Synpo 104027 ENSMUSG00000043079
685 377.71 1.22 0.35 3.49 4.81E-04 1.08E-02 Scara5 71145 ENSMUSG00000022032
686 4.93 1.22 0.35 3.49 4.89E-04 1.09E-02 Treml2 328833 ENSMUSG00000071068
687 19.32 1.23 0.32 3.82 1.33E-04 4.17E-03 Cgref1 68567 ENSMUSG00000029161
688 37.94 1.23 0.32 3.85 1.18E-04 3.82E-03 Marveld3 73608 ENSMUSG00000001672
689 4.35 1.24 0.35 3.54 3.99E-04 9.37E-03 Rad51ap1 19362 ENSMUSG00000030346
690 2830.16 1.24 0.25 4.87 1.13E-06 1.03E-04 Insig2 72999 ENSMUSG00000003721
691 137.92 1.24 0.31 4.04 5.33E-05 2.08E-03 Prss8 76560 ENSMUSG00000030800
692 82.60 1.25 0.26 4.76 1.96E-06 1.65E-04 Mthfd2 17768 ENSMUSG00000005667
693 11.89 1.26 0.35 3.59 3.35E-04 8.19E-03 Rasl10b 276952 ENSMUSG00000020684
694 37.02 1.26 0.35 3.59 3.26E-04 8.01E-03 Chrm3 12671 ENSMUSG00000046159
695 11.60 1.27 0.35 3.62 2.89E-04 7.38E-03 Hsf2bp 74377 ENSMUSG00000002076
696 4.39 1.29 0.35 3.72 1.98E-04 5.67E-03 NA NA ENSMUSG00000078967
697 191.54 1.29 0.26 5.05 4.32E-07 4.66E-05 Nudt18 213484 ENSMUSG00000045211
698 146.95 1.30 0.21 6.22 4.99E-10 1.32E-07 Atg16l2 73683 ENSMUSG00000047767
699 33.91 1.30 0.34 3.84 1.24E-04 3.95E-03 E2f7 52679 ENSMUSG00000020185
700 119.21 1.30 0.35 3.71 2.08E-04 5.85E-03 Pdk4 27273 ENSMUSG00000019577
701 9.91 1.31 0.35 3.76 1.71E-04 5.10E-03 NA NA ENSMUSG00000097317
702 5.71 1.32 0.32 4.15 3.38E-05 1.47E-03 Gypa 14934 ENSMUSG00000051839
703 93.54 1.33 0.30 4.44 8.99E-06 5.32E-04 Gimd1 433653 ENSMUSG00000091721
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704 13.34 1.34 0.33 4.06 4.89E-05 1.93E-03 Prr15l 217138 ENSMUSG00000047040
705 64.34 1.35 0.34 3.96 7.62E-05 2.76E-03 Cntnap1 53321 ENSMUSG00000017167
706 515.47 1.36 0.22 6.11 9.76E-10 2.36E-07 Arsg 74008 ENSMUSG00000020604
707 9.53 1.39 0.34 4.11 3.95E-05 1.65E-03 Sema3b 20347 ENSMUSG00000057969
708 34.19 1.40 0.29 4.85 1.23E-06 1.11E-04 Atf3 11910 ENSMUSG00000026628
709 10.61 1.41 0.34 4.21 2.53E-05 1.15E-03 Stag3 50878 ENSMUSG00000036928
710 12.76 1.42 0.35 4.03 5.49E-05 2.13E-03 Fignl1 60530 ENSMUSG00000035455
711 30.43 1.42 0.30 4.75 2.08E-06 1.73E-04 Calml4 75600 ENSMUSG00000032246
712 92.77 1.44 0.25 5.86 4.66E-09 9.50E-07 Uap1l1 227620 ENSMUSG00000026956
713 30.36 1.45 0.26 5.64 1.72E-08 3.10E-06 Adrb2 11555 ENSMUSG00000045730
714 6568.78 1.46 0.31 4.69 2.76E-06 2.14E-04 Hbb-b1 15129 ENSMUSG00000073940
715 30.03 1.46 0.35 4.16 3.16E-05 1.39E-03 Snhg11 319317 ENSMUSG00000044349
716 11.40 1.46 0.34 4.31 1.65E-05 8.27E-04 Tnfrsf10b 21933 ENSMUSG00000022074
717 5.06 1.46 0.35 4.17 3.06E-05 1.35E-03 NA NA ENSMUSG00000090138
718 372.86 1.46 0.30 4.81 1.52E-06 1.32E-04 Slc10a2 20494 ENSMUSG00000023073
719 23.62 1.49 0.32 4.63 3.70E-06 2.74E-04 Ccdc120 54648 ENSMUSG00000031150
720 15.41 1.51 0.34 4.40 1.07E-05 6.02E-04 Gngt1 14699 ENSMUSG00000029663
721 8.49 1.51 0.35 4.34 1.41E-05 7.51E-04 Spta1 20739 ENSMUSG00000026532
722 35.46 1.52 0.28 5.36 8.38E-08 1.25E-05 Acyp2 75572 ENSMUSG00000060923
723 15.94 1.52 0.29 5.19 2.09E-07 2.64E-05 NA NA ENSMUSG00000086176
724 7.44 1.54 0.34 4.47 7.84E-06 4.76E-04 Wisp2 22403 ENSMUSG00000027656
725 29.63 1.54 0.32 4.73 2.19E-06 1.79E-04 Elf3 13710 ENSMUSG00000003051
726 247.12 1.56 0.24 6.60 4.04E-11 1.59E-08 Tceal8 66684 ENSMUSG00000051579
727 786.10 1.57 0.24 6.49 8.57E-11 3.02E-08 Leap2 259301 ENSMUSG00000036216
728 10.05 1.58 0.35 4.50 6.64E-06 4.27E-04 Ptges 64292 ENSMUSG00000050737
729 43.79 1.58 0.34 4.59 4.33E-06 3.11E-04 Slpi 20568 ENSMUSG00000017002
730 14.97 1.59 0.35 4.58 4.71E-06 3.30E-04 Sdr16c5 242285 ENSMUSG00000028236
731 15.05 1.61 0.34 4.67 3.04E-06 2.32E-04 NA NA ENSMUSG00000085840
732 52.24 1.61 0.24 6.62 3.71E-11 1.50E-08 Gm16432 545391 ENSMUSG00000091476
733 6.69 1.61 0.35 4.58 4.56E-06 3.22E-04 Inpp5j 170835 ENSMUSG00000034570
734 25.21 1.62 0.35 4.60 4.24E-06 3.05E-04 Gucy2c 14917 ENSMUSG00000042638
735 15.57 1.65 0.35 4.74 2.12E-06 1.75E-04 NA NA ENSMUSG00000106382
736 31.46 1.65 0.29 5.63 1.83E-08 3.26E-06 Acot10 64833 ENSMUSG00000047565
737 50.04 1.67 0.31 5.29 1.20E-07 1.65E-05 S100a11 20195 ENSMUSG00000027907
738 27.06 1.67 0.32 5.19 2.16E-07 2.69E-05 Snca 20617 ENSMUSG00000025889
739 293.40 1.69 0.27 6.22 5.05E-10 1.32E-07 1810011O10Rik 69068 ENSMUSG00000056313
740 47.57 1.76 0.34 5.17 2.38E-07 2.84E-05 NA NA ENSMUSG00000081169
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741 73.36 1.79 0.34 5.27 1.34E-07 1.80E-05 Mogat1 68393 ENSMUSG00000012187
742 41.41 1.80 0.33 5.38 7.33E-08 1.11E-05 Dusp8 18218 ENSMUSG00000037887
743 8.56 1.83 0.35 5.24 1.58E-07 2.09E-05 B430212C06Rik 338360 ENSMUSG00000046415
744 646.71 1.84 0.16 11.16 6.26E-29 1.77E-25 Anxa5 11747 ENSMUSG00000027712
745 41.10 1.84 0.33 5.54 2.99E-08 5.12E-06 2610305D13Rik 112422 ENSMUSG00000066000
746 482.27 1.86 0.16 11.60 4.28E-31 1.45E-27 Nxpe2 78252 ENSMUSG00000032028
747 6.57 1.89 0.33 5.76 8.34E-09 1.57E-06 Slc22a12 20521 ENSMUSG00000061742
748 27.24 1.92 0.33 5.87 4.29E-09 9.05E-07 NA NA ENSMUSG00000078238
749 22.87 1.93 0.30 6.46 1.04E-10 3.46E-08 Mtmr11 194126 ENSMUSG00000045934
750 35.75 1.98 0.29 6.81 9.58E-12 4.27E-09 NA NA ENSMUSG00000063628
751 43.87 2.00 0.31 6.41 1.50E-10 4.71E-08 Gm19619 100503265 ENSMUSG00000107198
752 19.56 2.00 0.34 5.85 4.78E-09 9.63E-07 Ppbp 57349 ENSMUSG00000029372
753 57.94 2.06 0.33 6.22 5.07E-10 1.32E-07 Cdkn1a 12575 ENSMUSG00000023067
754 4.65 2.07 0.35 5.96 2.60E-09 5.64E-07 D830032E09Rik 319596 ENSMUSG00000100457
755 62.20 2.09 0.33 6.39 1.61E-10 4.87E-08 Cidea 12683 ENSMUSG00000024526
756 250.37 2.12 0.35 6.06 1.38E-09 3.15E-07 Cidec 14311 ENSMUSG00000030278
757 451.72 2.13 0.32 6.57 5.00E-11 1.88E-08 Tubb2a 22151 ENSMUSG00000058672
758 14.21 2.22 0.35 6.34 2.27E-10 6.75E-08 Tinag 26944 ENSMUSG00000032357
759 14.38 2.27 0.34 6.60 4.21E-11 1.62E-08 NA NA ENSMUSG00000100141
760 136.45 2.32 0.34 6.92 4.47E-12 2.16E-09 Rims4 241770 ENSMUSG00000035226
761 8.06 2.45 0.35 6.97 3.08E-12 1.58E-09 Fam83b 208994 ENSMUSG00000032358
762 9.91 2.54 0.35 7.32 2.41E-13 1.32E-10 Bmp8b 12164 ENSMUSG00000002384
763 211.80 2.54 0.29 8.84 9.62E-19 1.09E-15 2010003K11Rik 69861 ENSMUSG00000042041
764 32.91 2.55 0.34 7.43 1.08E-13 6.40E-11 Hr 15460 ENSMUSG00000022096
765 24.23 2.63 0.34 7.82 5.13E-15 3.48E-12 Dntt 21673 ENSMUSG00000025014
766 41.99 2.72 0.33 8.28 1.19E-16 1.12E-13 Pak6 214230 ENSMUSG00000074923
767 51.70 2.73 0.33 8.39 4.98E-17 4.96E-14 Ifi27l2b 217845 ENSMUSG00000021208
768 7372.65 2.76 0.25 11.11 1.13E-28 2.55E-25 Apoa4 11808 ENSMUSG00000032080
769 10.10 2.79 0.35 7.93 2.16E-15 1.52E-12 NA NA ENSMUSG00000090486
770 141.02 3.15 0.29 10.67 1.45E-26 2.46E-23 Gnai1 14677 ENSMUSG00000057614
771 11.09 3.17 0.33 9.65 5.04E-22 7.12E-19 Shc2 216148 ENSMUSG00000020312
772 68.65 3.27 0.32 10.32 5.96E-25 9.18E-22 Fam83a 239463 ENSMUSG00000051225
773 17.40 3.65 0.33 11.10 1.21E-28 2.55E-25 Mas1 17171 ENSMUSG00000068037
774 26.83 3.74 0.35 10.79 3.85E-27 7.25E-24 Mab21l3 242125 ENSMUSG00000044313
775 26.72 4.07 0.34 11.85 2.10E-32 8.88E-29 Sdcbp2 228765 ENSMUSG00000027456
776 64.84 4.18 0.28 14.71 5.29E-49 8.96E-45 Nipal2 223473 ENSMUSG00000038879
777 33.92 4.51 0.32 14.26 3.62E-46 3.07E-42 Gipc2 54120 ENSMUSG00000039131
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Abstract 

Atypical E2F transcription factors are key regulators of the cell cycle and 

are essential for tumor suppression in the liver. These atypical E2Fs, 

E2F7 and E2F8, are rarely mutated but highly expressed in human 

patients with liver cancer. To determine whether atypical E2Fs can 

compensate for the loss of other tumor suppressor proteins, we 

performed liver specific single or combined deletions in mice to 

investigate possible cooperation between atypical E2Fs and PTEN, a 

negative regulator of the PI3K/AKT pathway that is frequently altered in 

human hepatocellular carcinomas. Here, we demonstrate that combined 

loss of atypical E2Fs and PTEN accelerated liver tumor formation. Liver 

specific inactivation of Pten was accompanied by severe lipid 

accumulation and increased expression of P53-dependent stress response 

genes, including P21. Remarkably this steatosis and stress response was 

partially rescued through additional deletion of E2f7/8, indicating that 

atypical E2Fs contribute to lipid accumulation and a proper P53 stress 

response in hepatocytes. Together, these studies show that atypical E2Fs 

and PTEN cooperate in suppressing liver tumor formation. These findings 

and the fact that atypical E2Fs are highly expressed in liver cancer 

patients provide evidence that atypical E2Fs might function as a backup 

system to compensate for the loss of other tumor suppressor genes. 

Key words: E2f7, E2f8, Pten, Hepatocellular carcinoma, mice  

90



Introduction 

Liver cancer in humans is ranked number five concerning cancer related 

deaths accounted worldwide 1. Many risk factors related to liver cancer 

have been identified including hepatitis B and C infection, exposure to 

mycotoxins, alcoholic abuse and high fat diets. These risk factors 

predispose livers to develop cancer in part by modifying cell metabolism 

and tumor suppression mechanism 2.  For example hepatitis B and C 

viruses generate viral oncoproteins that can bind to the tumor suppressor 

proteins P53 and Retinoblastoma (RB) in the host cells and thereby 

inactivate their critical checkpoint functions during cell cycle progression 3,

4. The transcription factor P53, also called the guardian of the cell, is

activated upon DNA damage to arrest the cell cycle by binding to its target 

genes 5. One of these target genes is P21, an inhibitor of cyclin dependent 

kinases which are essential for the cells to progress properly through the 

cell cycle 6. Cyclin dependent kinases phosphorylate RB which results in 

the release of its binding partners, the E2F transcription factors which turn 

on transcription of genes required for progression through S-phase 7, 8 . 

Hence, viral oncoproteins that inactivate P53 and RB results in the 

activation of E2Fs and uncontrolled cell proliferation by releasing key 

break mechanism of the cell cycle. The critical role of P53 and RB in 

preventing liver cancer has been also demonstrated through liver specific 

deletions of both factors in mice, resulting in the spontaneous formation of 

HCCs 9 .   
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E2F transcription factors are well known for their functions leading 

to stimulation of cell proliferation, but studies have also shown that some 

E2Fs can inhibit proliferation10. Based on their regulatory functions, E2Fs 

factors have been categorized into three categories, which are classical 

activators (E2F1,2,3) and repressors (E2F4,5,6)  as well as atypical 

repressors (E2F7,8) 10. Activator E2Fs can bind to the target gene 

promoters to induce transcription of target genes in favour of cell 

proliferation. In contrast, repressor E2Fs binds on their target promoters 

to inhibit the expression of their target genes thereby block cell 

proliferation and tumor development 11. Recent studies demonstrated that 

increasing the copy numbers of E2f1 or E2f3b in mice results in 

spontaneous HCC formation, demonstrating that E2F activators can 

functions as oncogenes in the liver 12. Liver specific deletion of atypical E2f 

repressors resulted as well in the formation of spontaneous liver tumors, 

providing strong evidence that these act as tumor suppressors 12.  

However, a new revelation suggests that tumor suppressive functions of 

repressor E2Fs are not universal, and these transcription factors can 

switch their roles of repressors to activators in a tissue specific manner. 

This phenomenon has been demonstrated in the lungs of mice where loss 

of E2f8 has been reported to promote lung cancer 13. The typical 

repressors E2F4, 5 & 6 are known to function in concert with pocket 

proteins to exert their repressive functions whereas atypical repressors 

E2F7 and 8 lacks pocket protein binding domain, and their functions occur 

most likely independent of pocket proteins 14, 15. Interestingly, E2F7 can 

92



also function downstream of P53 to supress cell proliferation upon DNA 

damage 5, 16. Together these studies demonstrate that the p53 and 

Rb/E2F pathways are critical to prevent tumorigenesis in the liver. 

Another pathway that is commonly altered in human patients with 

liver cancer is the PI3K/AKT signalling pathway 17. A negative regulator of 

the PI3K/AKT pathway is the Phosphatase and Tensin Homolog (PTEN) 

which functions as a tumor suppressor in the liver mainly through 

reducing intracellular levels of phosphatidylinositol-3,4,5-trisphosphate 

and inhibiting AKT signalling 18. Several studies suggest the existence of a 

crosstalk between the Rb/E2F and PI3K/AKT pathways in regulating cell 

proliferation and apoptosis 19-21; however it is unknown whether these two 

pathways cooperate in tumorigenesis. In this study we aimed to identify a 

possible cooperation between the tumor suppressor functions of atypical 

E2Fs and PTEN. We used a conditional knockout approach in mice to 

induce a liver specific deletion of E2f7, E2f8, and Pten and discovered that 

their combined deletion accelerate HCC formation.  

Methods 

Animals 

Animal experiments were approved by the Utrecht University Animal 

Ethics Committee (approval number: 2011.III.02.019) and performed 

according to institutional and national guidelines (experimental protocol: 

103976-2). Breeding and generation of Albumin-cre, R26R-LacZf/f, Ptenf/f, 

and E2f7/8f/f mice for experiment have been previously described 9, 18, 22. 
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Genotyping was performed using allele-specific primers (Supporting Table 

1).  

Cross sectional tumor study 

Male and female mice with liver specific deletion of E2f7/8 (78∆/∆, n=18), 

Pten (Pten∆/∆, n=18), E2f7/8 and Pten   (78Pten∆/∆, n=21) and non-

deleted controls (78Ptenf/f, n=20) were sacrificed at the age of 10 months 

and analyzed for macroscopic and microscopic tumors. The number of 

male and female mice is shown in (Supporting Table 2). 

Neutral lipid staining 

Oil red O staining was done as previously described 23. Briefly frozen liver 

samples from mice at the age of one month and 10 months were cut at 

8µm thickness, air dried and stained with filtered oil red O dye (642335, 

Klinipath). Images were taken within 3hours after staining. All histological 

images were acquired using Labsens soft imaging software version 1.1 

and DP25 camera mounted on Olympus BX45 microscope, all from 

Olympus (Olympus, Zoeterwoude, The Netherlands). 

Western blot and immunohistochemistry 

Western blot analyses were performed on livers lysed in RIPA buffer 

supplemented with protease and phosphatase inhibitor cocktail, 40µg 

protein was used for SDS-page protein separation, as described previously 

22. PVDF membranes were blocked in 5% non-fat milk for P53 or 5%

bovine serum albumin for pAKT blots respectively for 30 minutes at room 
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temperature and incubated with the target antibody overnight in blocking 

solution. Antibodies used for western blots include P53 (CM5, Novocastra) 

and pAKT-T308 (9272, cell signalling) at 1:1000 dilution and signal was 

visualized using ECL Western Blotting Substrates (32106, ThermoFisher 

scientific) or (RPN2106, Amersham) according to instructions from the 

manufacturer.  

Immunohistochemical staining was done on formalin fixed and 

paraffin embedded liver cut at 4µm thick. Heat induced antigen retrieval 

was done using 10mM Citrate buffer adjusted to a pH 6 and pre-boiled for 

10 minutes before slides were immersed and heated for additional 15 

minutes. Antibodies and reagents used include Rabbit anti-Ki67 at 1:75 

dilution in PBS (RM-9106-S0, Labvision/Neomarkers); Rabbit anti-P21 at 

1:400 dilution in PBS (Sc-471, Santa Cruz); biotinylated goat anti rabbit 

at 1:250 in PBS (BA-1000, Vector Laboratories), ABC basic kit 1:25 (PK-

4000, Vector Laboratories) and 3-3’-Diaminobenzene (DAB) (SK-4100, 

Vector Laboratories) in the presence of 0.005% (v/v) hydrogen peroxide 

(H2O2). 

Chromatin immunoprecipitation and quantitative PCR 

ChIP-qPCR using IgG, E2F1, E2F7 or E2F8 antibodies on human 

hepatocellular carcinoma cell line (HEPG2) was done as previously 

described 12. RNA isolation from liver tissue lysates, generation of cDNA 

for qPCR and library preparation for RNA sequencing as well as 

determination of differentially expressed genes between 78Ptenf/f, 78∆/∆, 
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Pten∆/∆, and 78Pten∆/∆ groups were done as previously described 12. List of 

primers used for PCR experiments is provided in (Supporting Table 1) and 

as previously described 12, 22, 24   

RNA-sequencing 

Liver samples harvested from 4 month old mice were used. Library 

preparation and RNA sequencing were done at the Utrecht Sequencing 

Facility according to standard procedures. Barcoded cDNA libraries were 

prepared with a cDNA TruSeq® Stranded mRNA poly A kit (Illumina). All 

16 barcoded samples were mixed and sequenced simultaneously with a 

1x75 bp run on a NextSeq500 sequencer (Illumina). All samples passed a 

quality control using FastQC v0.10.1. The sequencing reads were then 

mapped to the mouse genome assembly GRCm38/mm10 using ENCODE’s 

STAR software (version 2.4.2a). The mapped reads were further analysed 

using the R packages EdgeR 25, Deseq2 26, and Pheatmap 27. Differential 

expression analysis was done on raw counts using Deseq2, and an FDR-

corrected value of P<0.05 was considered statistically significant. Gene 

ontology analysis was done by analysing overlap GSEA Hallmark gene sets 

in the Molecular Signatures Database 

(http://software.broadinstitute.org/gsea/msigdb). A minimum of 5 genes 

and FDR-corrected P<0.005 were taken as cut-off for significant 

enrichment.   
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Pathological analysis of tumors 

Pathological analysis was performed by a board-certified veterinary 

pathologist. Pathological changes were classified according to the 

nomenclature and diagnostic criteria for hepatobiliary lesions in rats and 

mice 28. 

Statistics 

Graphs represent the mean and error bar represent standard error of the 

mean. Differences between groups were compared with one-way analysis 

of variance with Tukey’s correction. Where data were not normally 

distributed, groups were tested by Kruskal–Wallis tests with Dunn’s post 

hoc correction. Differences were considered significant at the level of 

P<0.05.  

Results 

Loss of E2f7/8 accelerates HCC formation in Pten-deficient livers. 

Liver specific deletion of E2f7/8 or Pten is known to cause spontaneous 

hepatocellular carcinoma (HCC) 12, 18. To determine whether atypical E2Fs 

and PTEN cooperate to suppress HCC formation, we used homologous 

recombination techniques and Cre-loxP technology to disrupt E2f7, E2f8 

and Pten function in the liver by crossing Alb-cre+/- to E2f7f/f; E2f8f/f  or 

Ptenf/f mice 18, 22. We performed a cross sectional study and all mice were 

analysed at the age of 10 months. Similar to previous findings18, 29, 

homozygous deletion of Pten alone (Alb-cre+/-; Pten∆/∆ = Pten∆/∆) resulted 

in an increase in liver size and livers appeared more pale with grossly 
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visible boundaries of the liver lobules (Figure 1A), but visible tumors were 

not apparent yet at the age 10 months (Figure1A-B). 

Figure 1. Loss of E2f7/8 accelerates HCC formation in Pten-deficient livers. (A) 

Macroscopic images of livers from 10 months old mice of the indicated genotypes,  (B) 

percentage of mice with macroscopic liver tumors , (C) percentage of mice with 

microscopic liver tumors and  (D) dot plot of  liver mass/ body weight percentage. n=18-

21; # = P>0.05;   FCA, foci of cellular alteration; HCC, hepatocellular carcinoma; CC, 

cholangiocarcinoma. 

Mice with liver specific deletion of E2f7/8 (Alb-cre+/-; E2f7∆/∆; 

E2f8∆/∆ = 78∆/∆) had also not developed  liver tumors at this age (Figure 

1A-B). However, macroscopic and microscopic hepatocellular adenomas 
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and carcinomas were present in livers with combined deletion of E2f7, 

E2f8 and Pten (Alb-cre+/-; E2f7∆/∆; E2f8∆/∆; Pten∆/∆ =78Pten∆/∆; Figure 1A-

C, S. Figure 1A-B, supporting S2). Pre-neoplastic microscopic lesions 

identified as foci of cellular alterations (FCA) were observed in both 

Pten∆/∆ and 78Pten∆/∆ livers (Figure 1C, S. Figure 1C, Supporting S2). 

Surprisingly no significant differences in overall liver mass were observed 

between Pten∆/∆ and 78Pten∆/∆ livers (Figure 1D). However the variation in 

liver mass was more apparent in 78Pten∆/∆ livers including outliers that 

displayed a double or triple increase in liver mass. Control livers (Alb-cre-/-

; E2f7f/f; E2f8f/f; Ptenf/f = 78Ptenf/f) and 78∆/∆ livers did not differ in liver 

mass (Figure 1D). These findings demonstrate that atypical E2Fs and 

PTEN cooperate in preventing liver tumorigenesis. 

Loss of PTEN results in enhanced expression of P21 mediated 

through atypical E2Fs  

To understand how loss of atypical E2Fs accelerates HCC formation in Pten 

deficient livers, we analyzed the transcriptional profile of livers from all 

four genetic groups by performing RNA sequencing. Livers were analyzed 

at the age of 4 months where no liver tumors were observed yet in any of 

the genetic groups. Differential gene expression analysis revealed minimal 

differences between 78Ptenf/f  and 78∆/∆; distinct differences between 

Pten∆/∆ and 78Ptenf/f, and moderate differences between 78Pten∆/∆  and 

78Ptenf/f livers respectively (Figure 2A-B and  Supporting S1). 

Interestingly, the effect of PTEN loss was partially reversed in 78Pten∆/∆

livers (Figure 2A-D).  
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Figure 2.  E2F7/8 moderates PTEN induced deregulation of  stress response 

genes. (A) Differential gene expression analysis of 4514 gene transcripts in all four 

genetic groups (n=4). Heatmap showing 2log-fold change in expression of transcripts 

that were differentially expressed in Pten∆/∆ compared to 78Ptenf/f livers, and “rescued” 

in 78Pten∆/∆   livers. The fold changes are relative to the mean of the 4 78Ptenf/f livers. 

Expression values above 3 and -3 were given the same colour value as 3, and -3, 

respectively (B) Bars indicate total numbers of altered genes in comparisons of indicated 
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genotypes. (C) Venn diagrams showing overlap of upregulated genes between indicated 

group comparisons. The sizes of circles and overlaps are proportional to the numbers of 

genes. (D) Venn diagrams showing overlap of downregulated genes between indicated 

group comparisons. The sizes of circles and overlaps are proportional to the numbers of 

genes. (E) Heat maps showing P values of the 5 relevant pathways (GSEA hallmark 

pathways) most strongly enriched among the genes that were upregulated in Pten∆/∆ 

compared to 78Ptenf/f livers. The columns represent P values of indicated gene sets, 

numbered as in C. Biologically non-relevant pathways are omitted from the figure, but 

are found in supporting S1. (F) Heat maps showing P values of the 5 pathways (GSEA 

hallmark pathways) most strongly enriched among the genes that were downregulated 

in Pten∆/∆ compared to 78Ptenf/f livers. The columns represent P values of indicated gene 

sets, numbered as in D.  Biologically non-relevant pathways are omitted and can be 

found in supporting S1. (G). Heatmap of transcripts belonging to P53 pathway that were 

upregulated in Pten∆/∆ livers and reversed to normal levels in 78Pten∆/∆ livers. 

These findings demonstrate that deletion of atypical E2Fs alone has 

no major effect on the transcription profile of adult livers, but when livers 

are exposed to stress through Pten deletion then additional loss of atypical 

E2Fs has major impact on the transcription profile, indicating that atypical 

E2Fs action is important during stress conditions. 
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Figure 3. RNA expression analysis of E2f7/8, Pten, and P53 target genes. RNA 

levels of E2f7 (A), E2f8 (B), Pten (C), Cdkn1a (D), St14 (E) and Btg2 (F) as measured by 

quantitative PCR. Bar graphs represents mean and standard error; n=4 per genotype and 

asterisk (*) indicate: P<0.05 

Analysis of top 5 enriched pathways among the upregulated genes 

between Pten∆/∆ and 78Ptenf/f liver were those related to cholesterol, E2Fs 

targets, P53, adipogenesis and hypoxia pathways (Figure 2E and 

Supporting S1) whereas top 5 enriched pathways among the 
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downregulated genes between Pten∆/∆ and 78Ptenf/f were related to 

xenobiotic and bile acid metabolism as well as TGF beta and IL2-STAT5 

signalling pathways (Figure 2F and Supporting S1). The upregulated and 

downregulated pathways were partially rescued on additional deletion of 

atypical E2Fs in the liver deficient of PTEN (Figure 2A-F and Supporting 

S1).    

Furthermore, some genes which were relatively highly expressed in 

Pten∆/∆ livers and reduced expressed in 78Pten∆/∆ livers were related to 

cellular stress response and P53 pathway such as Atf3, St14, Btg2 and 

Cdkn1a (P21) (Figure 2E, 2G and Figure 3A-F). To verify the expression 

pattern of this stress response genes, we performed quantitative PCR and 

show that loss of E2f7/8 alone was sufficient to reduce expression of 

stress response gene St14 and Btg2 (Figure 3E-F), but we could not 

confirm that these genes were upregulated in Pten-deficient livers. 

Chromatin-immunoprecipitation experiments with HepG2 cells did not 

show significant enrichment of either E2F7 or E2F8 on P21, St14, Btg2 or 

Atf3 promoters (data not shown), suggesting indirect regulation. However, 

the RNA levels of P21, a known tumor suppressor gene in the liver 30, 

increased up to 7 fold in Pten∆/∆ livers compared to wild type control 

(78Ptenf/f) and this increase was reversed to 3 fold upon additional 

deletion of E2f7/8 (Figure 3D). 
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Figure 4. Number of P21-positive hepatocytes is increased in Pten-deficient 

non tumor livers. (A) Immunohistochemical staining of P21 and Ki67 in liver of 78Pten 

f/f and 78∆/∆, (B) early tumor (ET), tumor (T) and non-tumor (NT) liver tissues of Pten∆/∆  

and 78Pten∆/∆ mice, (C) Quantification of Ki67  and (D) p21 positive nuclei per 200x 
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microscopic field. Image magnified 400x, *P<0.05, bar graphs represents mean and 

standard error of 25 five fields (5 fields per mouse), n=5 per genotype. 

Notably, liver deficient of E2f7/8 but with functional Pten 

demonstrated no significant changes in P21 expression compared to wild 

type controls (Figure 3D). Immunohistochemical analysis of P21 protein 

expression in non-tumor liver tissues of 10 months old mice verified that 

E2F7/8 contribute to the high expression of P21 in Pten-deficient livers 

(Figure 4A-D). In contrast to non-tumor liver tissue, tumors which 

developed in Pten∆/∆ and 78Pten∆/∆ livers did not display apparent 

difference in the number of p21-positive hepatocytes (Figure 4B, D).  

These studies indicate that atypical E2Fs contribute to the increased 

expression of the tumor suppressor gene P21 when PTEN is inactivated in 

non-neoplastic hepatocytes. Furthermore we observed that increased 

expression of P21 protein corresponded with increased lipid loads and the 

degree of polyploidization in non-neoplastic hepatocytes (S. Figure 2, 

Supporting S2, Figure 4B, and data not shown). Together these findings 

suggest that suppression of polyploidy, lipid accumulation, and/or p21 

expression through inactivation of atypical E2Fs might contribute to 

increase susceptibility of 78Pten∆/∆ livers to develop HCCs. 

Loss of atypical E2Fs does not alter the protein levels of P53 or 

phosphorylation of AKT  

The tumor suppressor P53 is well known for its importance in inhibiting 

cell proliferation via inducing the expression of its downstream target P21 
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31. Previous studies have shown that PTEN/AKT signalling can stabilized

P53 through inhibition of MDM2, an E3 ubiquitin-protein ligase, that 

targets P53 for proteosomal degradation 32.  To investigate whether 

deletion of E2f7/8 has an effect on AKT activation or P53 stability and 

thereby regulate the expression of P21, we performed western blot 

analysis on non-tumor liver lysates obtained from mice at the age of 10 

months. Surprisingly, P53 protein levels were relatively similar across all 

four genetic groups (S. Figure 3A-B, Supporting S2). Furthermore, the 

phosphorylation status of AKT at threonine 308 (T308) was relatively 

equal between Pten∆/∆/ and 78Pten∆/∆ livers (S. Figure 3C-D, Supporting 

S2). In addition, we could not detect phosphorylated AKT at the T308 

phosphorylation site in 78Ptenf/f and 78∆/∆ mice. Together, the results 

suggest that E2F7/8 regulates P21 expression not via altering AKT 

phosphorylation at T308 or modifying P53 protein levels. 

Discussion  

PTEN and E2F7/8 are known for their role in hepatocyte polyploid 29  and 

prevention of liver cancer 12, 18.  In these studies we demonstrate that 

their functions synergize in suppressing tumorigenesis in the liver. We 

observed that mice with combined deletion of Pten and E2f7/8 developed 

visible tumors at the age 10 months whereas mice with individual 

deletion of these factors displayed no visible tumors. This increased 

incidence of 78Pten∆/∆ tumors was accompanied with a higher number of 

Ki67-positive neoplastic cells compared to early Pten∆/∆ tumors (Figure 

4B,C), suggesting that the earlier appearance of 78Pten∆/∆ tumors might 
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be related to an increased proliferation rate of the neoplastic hepatocytes 

in these mice. Analysis of adjacent non-neoplastic regions revealed that 

the number of Ki67-positive non-neoplastic hepatocytes was increased in 

Pten∆/∆ livers compared to wildtype liver (Figure 4A-C). Surprisingly in 

78Pten∆/∆ livers the number of Ki67-positive non-neoplastic cells was not 

increased but reduced compared to Pten∆/∆ livers, indicating that the 

synergistic functions of PTEN and atypical E2Fs in suppressing cellular 

proliferation might occur after the transformation of hepatocytes.  

PTEN is also well known for its role to maintain lipid homeostasis in 

the liver 18. Consistent with its role, we have observed that liver specific 

loss of Pten resulted in enhanced expression of cholesterol and 

adipogenic pathways (Figure 2E). This increase was accompanied with 

enhanced AKT signaling and increased accumulation of large lipid 

droplets in hepatocytes (S.Figures 2 and 3C-D). Moreover Pten- deficient 

hepatocytes contained larger nuclei, which are in line with previous 

studies that showed that enhanced AKT signalling promotes 

polyploidization, where nuclei increase in size due to a higher rate of 

genome duplications 18, 33, 34. This increase in nuclear size and lipid loads 

of Pten-deficient hepatocytes was accompanied with higher expression of 

several stress response genes of the P53 pathway, including P21. Given 

that increased accumulation of lipids can lead to more oxidative stress 

and possibly more DNA damage in hepatocytes 29, this could explain the 

increased expression of P53 response genes in Pten∆/∆ livers. Previous 

studies utilizing CRISPR/Cas9 technology in mice have demonstrated that 
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PTEN and P53 can cooperate in suppressing  tumorigenesis in the liver 35, 

suggesting that the p53-dependent stress response in Pten -deficient 

livers might act as a tumor suppressor mechanism.  

Importantly, inactivation of atypical E2Fs in Pten -deficient livers 

resulted in the downregulation of this P53-dependent stress response 

without notable change in E2F target genes (Figure 2E). In particular, 

P21 RNA levels were markedly upregulated in Pten∆/∆ livers and rescued 

to almost normal levels in 78Pten∆/∆ livers. Since previous studies in mice 

have shown that inhibition of p21 expression alone can promote liver 

tumorigenesis 36 , one could speculate that the reduced p21 expression in 

78Pten∆/∆ accelerated tumorigenesis phenotype compared to Pten∆/∆ 

livers. The mechanism how atypical E2Fs regulate P21 and other P53-

dependent stress response genes is still unknown. We have investigated 

whether E2F7/8 can bind directly to the promoters of these stress 

response genes utilizing ChIP but we were unable to detect any 

significant enrichment on these promoters. Alternatively atypical E2Fs 

might regulate P21 via modifying P53 or AKT; however we could not 

detect any differences in P53 protein levels or AKT Thr308 

phosphorylation between Pten∆/∆ livers and 78Pten∆/∆ livers. 

Nevertheless, it is possible that atypical E2Fs might alter the 

phosphorylation status of P53 at Ser15, which can be phosphorylated 

upon DNA damage 37. With increasing age, Pten∆/∆ livers accumulate 

large amounts of lipids (S. Figure 2, Supporting S2) which can result in 

oxidative stress and DNA damage 29. On the other hand,  78Pten∆/∆ 
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accumulate less lipids, partially through reduced polyploidization (Chapter 

2), and might therefore be less exposed to oxidative stress and DNA 

damage. Hence Ser15 phosphorylation of P53 in 78Pten∆/∆ livers might be 

reduced compared to Pten∆/∆ livers, and could explain the differences in 

P21 expression.  

Another observation we made, namely the reduced polyploidy 

status of 78Pten∆/∆ livers compared to Pten∆/∆ livers, might also 

contributed to the enhanced cancer phenotype.  Previous studies 

provided evidence that diploid hepatocytes are more susceptible to 

develop cancer than polyploid hepatocytes in mouse models of liver 

cancer 38. In this context, polyploidization might serve as a backup 

through providing extra copies of tumor suppressor genes in the liver.  

Further studies are required to test whether polyploidy and/or P21 have a 

causal role in the enhanced cancer phenotype of 78Pten∆/∆ livers. For 

example, by increasing the expression of P21 in these livers through an 

adenoviral overexpression approach, we would expect that tumorigenesis 

will be delayed potentially by inhibiting cancer cell cycle progression.   
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Supporting Tables 

Supporting Table 1: Primer sequences 

Chip primers (human) 

Gene  Forward primer Reverse primer 

Ccng1 ccgccctccaatatattcct gaggagaggggactcgtagg 

Btg2 agggtaacgctgtcttgtgg ttaagcctctgctcgctcac 

Cdkn1a taccagtgtgtctccgcttg cccgagaccaacttaatcca 

Atf3 tccgatcttttcacgctctt cgaaactagggcgagtggta 

RT-PCR primers (mouse) 

Beta-actin agctccttcgttgccggtcca tttgcacatgccggagccgttg 

Gapdh gaaggtcggtgtgaacgg tgaaggggtcgttgatgg 

E2f8 gagaaatcccagccgagtc  cataaatccgccgacgtt  

E2f7 gatgcgttcgtgaactccctg  agaaacttctggcacagcagcc 

P21(Cdkn1a) aagtgtgccgttgtctcttcg  agtcaaagttccaccgttctcg 

Pten agaccataacccaccacagc tacaccagtccgtccctttc 

Btg2 ctcttgaagccgtgtctcgt tgggaagcaagctcttcagg 

St14 accacagcgtcttgtcttcc agggcctggcttacaagtga 

 

Supporting Table 2: Distribution of tumors in male and females 

Genotype Male/Female Mice 
analysed  

Mice with visible 
liver tumors 

Mice with microscopic 
liver tumors 

78Ptenf/f Male 10 0 0 
Female 10 0 0 

78∆/∆ Male 10 0 0 
Female 7 0 0 

Pten∆/∆ Male 11 0 5 
Female 7 0 3 

78Pten∆/∆ Male 11 5 8 
Female 10 9 9 
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S.Figure 1. Loss of E2f7/8 in liver accelerates tumor formation in Pten deficient

liver. (A) Haematoxylin and Eosin (H&E) staining of pre-neoplastic liver tissues, and (B) 

tumor. (C) Histological classification shows percentage of liver diagnosed as non-tumor 

(NT), adenoma (Aden), hepatocellular carcinoma (HCC) or mixed Aden & HCC 

phenotypes. C: Clear foci of cellular alteration, E: Eosinophilic foci of cellular alteration 
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S. Figure 2. Steatosis increases with age, suppressed by loss of E2f7 and E2f8. 

Oil red O staining of liver tissues at the age of 1 and 10 months. Images show reduced 

lipid accumulation and smaller lipid droplets in78Pten∆/∆   liver compared to Pten∆/∆   

liver. Microscopic images magnified 400x. 
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S. Figure 3. Expression of P53 and phosphorylated AKT (Thr308)

Western blots using antibodies against (A) P53 and (B) phosphorylated AKT. Bar graphs 

represent relative quantification of protein band intensity as mean gray value in pixels. 
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Supplementary S1 

Gene set enrichment analysis (GSEA), showing GSEA hallmark pathways most strongly 

enriched when different sets of genetic groups were compared (78Ptenf/f , 78∆/∆, Pten∆/∆, 

and 78Pten∆/∆ ) (n=4 in each group) 
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Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 0 50 10 45956
No overlaps found

Converted 672 submitted identifiers into 592 
entrez genes. 

Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 34 50 592 45956

Gene Set Name [# Genes (K)] Description
# Genes in Overlap 
(k) k/K p-value FDR q-value 

HALLMARK_ESTROGEN_RESPONSE_LATE 
[200] Genes defining late response to estrogen. 23             2.32 e-15 1.16 e-13

HALLMARK_HEME_METABOLISM [200]
Genes involved in metabolism of heme (a cofactor consisting of iron and 
porphyrin) and erythroblast differentiation. 18             1.58 e-10 3.31 e-9

HALLMARK_CHOLESTEROL_HOMEOSTAS
IS [74] Genes involved in cholesterol homeostasis. 12             1.99 e-10 3.31 e-9
HALLMARK_ADIPOGENESIS [200] Genes up-regulated during adipocyte differentiation (adipogenesis). 17             1.23 e-9 1.23 e-8
HALLMARK_HYPOXIA [200] Genes up-regulated in response to low oxygen levels (hypoxia). 17             1.23 e-9 1.23 e-8
HALLMARK_E2F_TARGETS [200] Genes encoding cell cycle related targets of E2F transcription factors. 16             8.99 e-9 6.42 e-8
HALLMARK_P53_PATHWAY [200] Genes involved in p53 pathways and networks. 16             8.99 e-9 6.42 e-8
HALLMARK_EPITHELIAL_MESENCHYMA
L_TRANSI

NSITION [200]
Genes defining epithelial-mesenchymal transition, as in wound healing, fibrosis 
and metastasis. 14             3.93 e-7 1.64 e-6

HALLMARK_ESTROGEN_RESPONSE_EAR
LY [200] Genes defining early response to estrogen. 14             3.93 e-7 1.64 e-6
HALLMARK_GLYCOLYSIS [200] Genes encoding proteins involved in glycolysis and gluconeogenesis. 14             3.93 e-7 1.64 e-6
HALLMARK_INTERFERON_GAMMA_RESP
ONSE [200] Genes up-regulated in response to IFNG [GeneID=3458]. 14             3.93 e-7 1.64 e-6
HALLMARK_MTORC1_SIGNALING [200] Genes up-regulated through activation of mTORC1 complex. 14             3.93 e-7 1.64 e-6
HALLMARK_INTERFERON_ALPHA_RESPO
NSE [97] Genes up-regulated in response to alpha interferon proteins. 10             5.38 e-7 2.07 e-6
HALLMARK_FATTY_ACID_METABOLISM 
[158] Genes encoding proteins involved in metabolism of fatty acids. 12             1.12 e-6 4 e-6

HALLMARK_COMPLEMENT [200]
Genes encoding components of the complement system, which is part of the 
innate immune system. 13             2.33 e-6 7.28 e-6

HALLMARK_KRAS_SIGNALING_UP [200] Genes up-regulated by KRAS activation. 13             2.33 e-6 7.28 e-6
HALLMARK_UV_RESPONSE_DN [144] Genes down-regulated in response to ultraviolet (UV) radiation. 11             2.95 e-6 8.68 e-6
HALLMARK_UV_RESPONSE_UP [158] Genes up-regulated in response to ultraviolet (UV) radiation. 11             7.22 e-6 2.01 e-5

HALLMARK_APOPTOSIS [161] Genes mediating programmed cell death (apoptosis) by activation of caspases. 11             8.64 e-6 2.27 e-5
HALLMARK_XENOBIOTIC_METABOLISM 
[200] Genes encoding proteins involved in processing of drugs and other xenobiotics. 12             1.28 e-5 3.19 e-5

UPREGULATED  in Pten ∆/∆   versus 78Pten f/f
Gene Ontology Analysis

UPREGULATED in 78 ∆/∆  versus 78Pten f/f
Gene Ontology Analysis

Converted 13 submitted identifiers into 10 entrez genes
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Converted 672 submitted identifiers into 592 
entrez genes. 

Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 34 50 592 45956

Gene Set Name [# Genes (K)] Description
# Genes in Overlap 
(k) k/K p-value FDR q-value 

UPREGULATED  in Pten ∆/∆   versus 78Pten f/f
Gene Ontology Analysis

HALLMARK_IL2_STAT5_SIGNALING [200] Genes up-regulated by STAT5 in response to IL2 stimulation. 11            6.42 e-5 1.53 e-4
HALLMARK_UNFOLDED_PROTEIN_RESPO
NSE [113]

Genes up-regulated during unfolded protein response, a cellular stress response 
related to the endoplasmic reticulum. 8             1.13 e-4 2.57 e-4

HALLMARK_IL6_JAK_STAT3_SIGNALING 
[87]

Genes up-regulated by IL6 [GeneID=3569] via STAT3 [GeneID=6774], e.g., 
during acute phase response. 7             1.36 e-4 2.96 e-4

HALLMARK_G2M_CHECKPOINT [200]
Genes involved in the G2/M checkpoint, as in progression through the cell 
division cycle. 9          1.23 e-3 2.57 e-3

HALLMARK_PEROXISOME [104] Genes encoding components of peroxisome. 6            2.33 e-3 4.66 e-3
HALLMARK_PI3K_AKT_MTOR_SIGNALIN
G [105] Genes up-regulated by activation of the PI3K/AKT/mTOR pathway. 6            2.45 e-3 4.7 e-3
HALLMARK_PROTEIN_SECRETION [96] Genes involved in protein secretion pathway. 5           8.16 e-3 1.48 e-2

HALLMARK_SPERMATOGENESIS [135]
Genes up-regulated during production of male gametes (sperm), as in 
spermatogenesis. 6         8.28 e-3 1.48 e-2

HALLMARK_COAGULATION [138]
Genes encoding components of blood coagulation system; also up-regulated in 
platelets. 6         9.18 e-3 1.58 e-2

HALLMARK_DNA_REPAIR [150] Genes involved in DNA repair. 6         1.34 e-2 2.24 e-2
HALLMARK_BILE_ACID_METABOLISM 
[112] Genes involve in metabolism of bile acids and salts. 5         1.52 e-2 2.28 e-2
HALLMARK_KRAS_SIGNALING_DN [200] Genes down-regulated by KRAS activation. 7        1.55 e-2 2.28 e-2
HALLMARK_MYC_TARGETS_V1 [200] A subgroup of genes regulated by MYC - version 1 (v1). 7        1.55 e-2 2.28 e-2
HALLMARK_MYOGENESIS [200] Genes involved in development of skeletal muscle (myogenesis). 7        1.55 e-2 2.28 e-2
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Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 15 50 164 45956

Gene Set Name [# Genes (K)] Description
# Genes in Overlap 
(k) k/K p-value FDR q-value 

HALLMARK_CHOLESTEROL_HOMEOSTAS
IS [74] Genes involved in cholesterol homeostasis. 5 7.19 e-6 3.59 e-4
HALLMARK_ADIPOGENESIS [200] Genes up-regulated during adipocyte differentiation (adipogenesis). 6 8.78 e-5 7.31 e-4

HALLMARK_COMPLEMENT [200]
Genes encoding components of the complement system, which is part of the 
innate immune system. 6 8.78 e-5 7.31 e-4

HALLMARK_ESTROGEN_RESPONSE_LATE
[200] Genes defining late response to estrogen. 6 8.78 e-5 7.31 e-4
HALLMARK_HYPOXIA [200] Genes up-regulated in response to low oxygen levels (hypoxia). 6 8.78 e-5 7.31 e-4
HALLMARK_TNFA_SIGNALING_VIA_NFKB
[200] Genes regulated by NF-kB in response to TNF [GeneID=7124]. 6 8.78 e-5 7.31 e-4
HALLMARK_E2F_TARGETS [200] Genes encoding cell cycle related targets of E2F transcription factors. 5 7.89 e-4 4.38 e-3
HALLMARK_INFLAMMATORY_RESPONSE 
[200] Genes defining inflammatory response. 5 7.89 e-4 4.38 e-3
HALLMARK_MYOGENESIS [200] Genes involved in development of skeletal muscle (myogenesis). 5 7.89 e-4 4.38 e-3
HALLMARK_UV_RESPONSE_DN [144] Genes down-regulated in response to ultraviolet (UV) radiation. 4 1.82 e-3 9.11 e-3

HALLMARK_APOPTOSIS [161] Genes mediating programmed cell death (apoptosis) by activation of caspases. 4 2.73 e-3 1.24 e-2

HALLMARK_G2M_CHECKPOINT [200]
Genes involved in the G2/M checkpoint, as in progression through the cell 
division cycle. 4 5.89 e-3 2.1 e-2

HALLMARK_P53_PATHWAY [200] Genes involved in p53 pathways and networks. 4 5.89 e-3 2.1 e-2
HALLMARK_XENOBIOTIC_METABOLISM
[200] Genes encoding proteins involved in processing of drugs and other xenobiotics. 4 5.89 e-3 2.1 e-2
HALLMARK_BILE_ACID_METABOLISM
[112] Genes involve in metabolism of bile acids and salts. 3 7.65 e-3 2.55 e-2

Gene Ontology Analysis

Converted 186 submitted identifiers into 164 entrez genes. 

UPREGULATED  in 78Pten ∆/∆   versus 78Pten f/f
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Converted 800 submitted identifiers into 684 
entrez genes.

Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 36 50 684 45956

Gene Set Name [# Genes (K)] Description
# Genes in Overlap 
(k) k/K p-value FDR q-value 

HALLMARK_MTORC1_SIGNALING [200] Genes up-regulated through activation of mTORC1 complex. 40             5.81 e-33 2.91 e-31
HALLMARK_CHOLESTEROL_HOMEOSTAS
IS [74] Genes involved in cholesterol homeostasis. 21             2.27 e-21 5.67 e-20
HALLMARK_UNFOLDED_PROTEIN_RESPO
NSE [113]

Genes up-regulated during unfolded protein response, a cellular stress response 
related to the endoplasmic reticulum. 24             5.91 e-21 9.85 e-20

HALLMARK_MYC_TARGETS_V1 [200] A subgroup of genes regulated by MYC - version 1 (v1). 27             4.89 e-18 6.12 e-17
HALLMARK_DNA_REPAIR [150] Genes involved in DNA repair. 19             1.35 e-12 1.35 e-11
HALLMARK_ESTROGEN_RESPONSE_LATE 
[200] Genes defining late response to estrogen. 21             3.61 e-12 3.01 e-11
HALLMARK_PROTEIN_SECRETION [96] Genes involved in protein secretion pathway. 14             1.79 e-10 1.28 e-9
HALLMARK_GLYCOLYSIS [200] Genes encoding proteins involved in glycolysis and gluconeogenesis. 19             2.18 e-10 1.36 e-9
HALLMARK_E2F_TARGETS [200] Genes encoding cell cycle related targets of E2F transcription factors. 18             1.55 e-9 7.76 e-9
HALLMARK_XENOBIOTIC_METABOLISM 
[200] Genes encoding proteins involved in processing of drugs and other xenobiotics. 18             1.55 e-9 7.76 e-9
HALLMARK_FATTY_ACID_METABOLISM 
[158] Genes encoding proteins involved in metabolism of fatty acids. 14             1.23 e-7 5.59 e-7
HALLMARK_ESTROGEN_RESPONSE_EAR
LY [200] Genes defining early response to estrogen. 15             3.89 e-7 1.62 e-6
HALLMARK_PEROXISOME [104] Genes encoding components of peroxisome. 11             4.67 e-7 1.8 e-6

HALLMARK_HEME_METABOLISM [200]
Genes involved in metabolism of heme (a cofactor consisting of iron and 
porphyrin) and erythroblast differentiation. 14             2.14 e-6 7.13 e-6

HALLMARK_HYPOXIA [200] Genes up-regulated in response to low oxygen levels (hypoxia). 14             2.14 e-6 7.13 e-6
HALLMARK_ADIPOGENESIS [200] Genes up-regulated during adipocyte differentiation (adipogenesis). 13             1.09 e-5 3.42 e-5

HALLMARK_ANDROGEN_RESPONSE [101] Genes defining response to androgens. 9             2.1 e-5 6.19 e-5
HALLMARK_UV_RESPONSE_UP [158] Genes up-regulated in response to ultraviolet (UV) radiation. 11             2.74 e-5 7.56 e-5
HALLMARK_PI3K_AKT_MTOR_SIGNALIN
G [105] Genes up-regulated by activation of the PI3K/AKT/mTOR pathway. 9             2.87 e-5 7.56 e-5
HALLMARK_MYC_TARGETS_V2 [58] A subgroup of genes regulated by MYC - version 2 (v2). 6             2.23 e-4 4.91 e-4

HALLMARK_IL2_STAT5_SIGNALING [200] Genes up-regulated by STAT5 in response to IL2 stimulation. 11            2.26 e-4 4.91 e-4
HALLMARK_KRAS_SIGNALING_UP [200] Genes up-regulated by KRAS activation. 11            2.26 e-4 4.91 e-4
HALLMARK_P53_PATHWAY [200] Genes involved in p53 pathways and networks. 11            2.26 e-4 4.91 e-4
HALLMARK_ALLOGRAFT_REJECTION 
[200] Genes up-regulated during transplant rejection. 10           8.99 e-4 1.87 e-3
HALLMARK_IL6_JAK_STAT3_SIGNALING 
[87]

Genes up-regulated by IL6 [GeneID=3569] via STAT3 [GeneID=6774], e.g., 
during acute phase response. 6             1.94 e-3 3.87 e-3

HALLMARK_APOPTOSIS [161] Genes mediating programmed cell death (apoptosis) by activation of caspases. 8          2.97 e-3 5.4 e-3

Gene Ontology Analysis
UPREGULATED   in  Pten ∆/∆ versus  78Pten ∆/∆
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Converted 800 submitted identifiers into 684 
entrez genes.

Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 36 50 684 45956

Gene Set Name [# Genes (K)] Description
# Genes in Overlap 
(k) k/K p-value FDR q-value 

Gene Ontology Analysis
UPREGULATED   in  Pten ∆/∆ versus  78Pten ∆/∆

HALLMARK_COMPLEMENT [200]
Genes encoding components of the complement system, which is part of the 
innate immune system. 9          3.25 e-3 5.4 e-3

HALLMARK_G2M_CHECKPOINT [200]
Genes involved in the G2/M checkpoint, as in progression through the cell 
division cycle. 9          3.25 e-3 5.4 e-3

HALLMARK_INTERFERON_GAMMA_RESP
ONSE [200] Genes up-regulated in response to IFNG [GeneID=3458]. 9          3.25 e-3 5.4 e-3
HALLMARK_TNFA_SIGNALING_VIA_NFKB 
[200] Genes regulated by NF-kB in response to TNF [GeneID=7124]. 9          3.25 e-3 5.4 e-3
HALLMARK_INTERFERON_ALPHA_RESPO
NSE [97] Genes up-regulated in response to alpha interferon proteins. 6             3.35 e-3 5.4 e-3

HALLMARK_SPERMATOGENESIS [135]
Genes up-regulated during production of male gametes (sperm), as in 
spermatogenesis. 7           4.22 e-3 6.6 e-3

HALLMARK_COAGULATION [138]
Genes encoding components of blood coagulation system; also up-regulated in 
platelets. 7           4.76 e-3 7.21 e-3

HALLMARK_BILE_ACID_METABOLISM 
[112] Genes involve in metabolism of bile acids and salts. 5         2.63 e-2 3.87 e-2
HALLMARK_EPITHELIAL_MESENCHYMA
L_TRANSI

NSITION [200]
Genes defining epithelial-mesenchymal transition, as in wound healing, fibrosis 
and metastasis. 7        3.09 e-2 4.29 e-2

HALLMARK_KRAS_SIGNALING_DN [200] Genes down-regulated by KRAS activation. 7        3.09 e-2 4.29 e-2
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Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 24 50 240 45956

Gene Set Name [# Genes (K)] Description
# Genes in Overlap 
(k) k/K p-value FDR q-value 

HALLMARK_ESTROGEN_RESPONSE_LATE 
[200] Genes defining late response to estrogen. 13             5.78 e-11 2.89 e-9
HALLMARK_CHOLESTEROL_HOMEOSTAS
IS [74] Genes involved in cholesterol homeostasis. 8             5.51 e-9 1.38 e-7
HALLMARK_ESTROGEN_RESPONSE_EAR
LY [200] Genes defining early response to estrogen. 9          1.23 e-6 1.54 e-5

HALLMARK_HEME_METABOLISM [200]
Genes involved in metabolism of heme (a cofactor consisting of iron and 
porphyrin) and erythroblast differentiation. 9          1.23 e-6 1.54 e-5

HALLMARK_UNFOLDED_PROTEIN_RESPO
NSE [113]

Genes up-regulated during unfolded protein response, a cellular stress response 
related to the endoplasmic reticulum. 7             2.34 e-6 2.34 e-5

HALLMARK_E2F_TARGETS [200] Genes encoding cell cycle related targets of E2F transcription factors. 8         1.15 e-5 7.17 e-5
HALLMARK_GLYCOLYSIS [200] Genes encoding proteins involved in glycolysis and gluconeogenesis. 8         1.15 e-5 7.17 e-5
HALLMARK_MTORC1_SIGNALING [200] Genes up-regulated through activation of mTORC1 complex. 8         1.15 e-5 7.17 e-5
HALLMARK_HYPOXIA [200] Genes up-regulated in response to low oxygen levels (hypoxia). 7        9.44 e-5 4.29 e-4

HALLMARK_IL2_STAT5_SIGNALING [200] Genes up-regulated by STAT5 in response to IL2 stimulation. 7        9.44 e-5 4.29 e-4
HALLMARK_P53_PATHWAY [200] Genes involved in p53 pathways and networks. 7        9.44 e-5 4.29 e-4
HALLMARK_UV_RESPONSE_UP [158] Genes up-regulated in response to ultraviolet (UV) radiation. 6        1.93 e-4 8.05 e-4
HALLMARK_ADIPOGENESIS [200] Genes up-regulated during adipocyte differentiation (adipogenesis). 6       6.76 e-4 2.25 e-3
HALLMARK_MYC_TARGETS_V1 [200] A subgroup of genes regulated by MYC - version 1 (v1). 6       6.76 e-4 2.25 e-3
HALLMARK_XENOBIOTIC_METABOLISM 
[200] Genes encoding proteins involved in processing of drugs and other xenobiotics. 6       6.76 e-4 2.25 e-3
HALLMARK_FATTY_ACID_METABOLISM 
[158] Genes encoding proteins involved in metabolism of fatty acids. 5       1.5 e-3 4.69 e-3

HALLMARK_APOPTOSIS [161] Genes mediating programmed cell death (apoptosis) by activation of caspases. 5       1.63 e-3 4.79 e-3
HALLMARK_INTERFERON_GAMMA_RESP
ONSE [200] Genes up-regulated in response to IFNG [GeneID=3458]. 5      4.15 e-3 1.09 e-2
HALLMARK_KRAS_SIGNALING_UP [200] Genes up-regulated by KRAS activation. 5      4.15 e-3 1.09 e-2
HALLMARK_PROTEIN_SECRETION [96] Genes involved in protein secretion pathway. 3       1.41 e-2 3.52 e-2
HALLMARK_PI3K_AKT_MTOR_SIGNALIN
G [105] Genes up-regulated by activation of the PI3K/AKT/mTOR pathway. 3      1.78 e-2 4.25 e-2

HALLMARK_COMPLEMENT [200]
Genes encoding components of the complement system, which is part of the 
innate immune system. 4     2.12 e-2 4.42 e-2

HALLMARK_EPITHELIAL_MESENCHYMA
L_TRANSI

NSITION [200]
Genes defining epithelial-mesenchymal transition, as in wound healing, fibrosis 
and metastasis. 4     2.12 e-2 4.42 e-2

HALLMARK_TNFA_SIGNALING_VIA_NFKB 
[200] Genes regulated by NF-kB in response to TNF [GeneID=7124]. 4     2.12 e-2 4.42 e-2

UPREGULATED   in  Pten ∆/∆ ,  "rescued"   in 78Pten ∆/∆

Gene Ontology Analysis

Converted 275 submitted identifiers into 240 entrez genes
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Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 2 50 7 45956

Gene Set Name [# Genes (K)] Description
# Genes in Overlap 
(k) k/K p-value FDR q-value 

HALLMARK_G2M_CHECKPOINT [200]
Genes involved in the G2/M checkpoint, as in progression through the cell 
division cycle. 3    2.81 e-6 1.4 e-4

HALLMARK_E2F_TARGETS [200] Genes encoding cell cycle related targets of E2F transcription factors. 2   3.9 e-4 9.75 e-3

Converted 604 submitted identifiers into 513 
entrez genes.

Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 30 50 513 45956

Gene Set Name [# Genes (K)] Description
# Genes in Overlap 
(k) k/K p-value FDR q-value 

HALLMARK_XENOBIOTIC_METABOLISM 
[200] Genes encoding proteins involved in processing of drugs and other xenobiotics. 22             1.29 e-15 6.47 e-14
HALLMARK_ESTROGEN_RESPONSE_EAR
LY [200] Genes defining early response to estrogen. 17             1.4 e-10 3.5 e-9
HALLMARK_TGF_BETA_SIGNALING [54] Genes up-regulated in response to TGFB1 [GeneID=7040]. 9             8.55 e-9 1.42 e-7
HALLMARK_WNT_BETA_CATENIN_SIGNA
LING [42]

Genes up-regulated by activation of WNT signaling through accumulation of 
beta catenin CTNNB1 [GeneID=1499]. 8             1.93 e-8 2.41 e-7

HALLMARK_IL2_STAT5_SIGNALING [200] Genes up-regulated by STAT5 in response to IL2 stimulation. 14             6.97 e-8 6.97 e-7
HALLMARK_BILE_ACID_METABOLISM 
[112] Genes involve in metabolism of bile acids and salts. 9             4.99 e-6 3.98 e-5
HALLMARK_UV_RESPONSE_DN [144] Genes down-regulated in response to ultraviolet (UV) radiation. 10             5.57 e-6 3.98 e-5

HALLMARK_APOPTOSIS [161] Genes mediating programmed cell death (apoptosis) by activation of caspases. 10             1.49 e-5 9.29 e-5
HALLMARK_TNFA_SIGNALING_VIA_NFKB 
[200] Genes regulated by NF-kB in response to TNF [GeneID=7124]. 11            1.76 e-5 9.79 e-5
HALLMARK_ANGIOGENESIS [36] Genes up-regulated during formation of blood vessels (angiogenesis). 5             4.82 e-5 2.41 e-4
HALLMARK_APICAL_JUNCTION [200] Genes encoding components of apical junction complex. 10           9.36 e-5 3.6 e-4
HALLMARK_KRAS_SIGNALING_DN [200] Genes down-regulated by KRAS activation. 10           9.36 e-5 3.6 e-4
HALLMARK_MYC_TARGETS_V1 [200] A subgroup of genes regulated by MYC - version 1 (v1). 10           9.36 e-5 3.6 e-4
HALLMARK_DNA_REPAIR [150] Genes involved in DNA repair. 8           3.01 e-4 1.08 e-3
HALLMARK_ESTROGEN_RESPONSE_LATE 
[200] Genes defining late response to estrogen. 9          4.51 e-4 1.19 e-3
HALLMARK_GLYCOLYSIS [200] Genes encoding proteins involved in glycolysis and gluconeogenesis. 9          4.51 e-4 1.19 e-3
HALLMARK_KRAS_SIGNALING_UP [200] Genes up-regulated by KRAS activation. 9          4.51 e-4 1.19 e-3
HALLMARK_MITOTIC_SPINDLE [200] Genes important for mitotic spindle assembly. 9          4.51 e-4 1.19 e-3
HALLMARK_P53_PATHWAY [200] Genes involved in p53 pathways and networks. 9          4.51 e-4 1.19 e-3
HALLMARK_EPITHELIAL_MESENCHYMA
L_TRANSI

DOWN  in Pten ∆/∆   versus 78Pten f/f

DOWN in 78 ∆/∆  versus 78Pten f/f
Gene Ontology Analysis

Gene Ontology Analysis

Converted 8 submitted identifiers into 7 entrez genes

126



Converted 604 submitted identifiers into 513 
entrez genes.

Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 30 50 513 45956

Gene Set Name [# Genes (K)] Description
# Genes in Overlap 
(k) k/K p-value FDR q-value 

DOWN  in Pten ∆/∆   versus 78Pten f/f
Gene Ontology Analysis

NSITION [200]
Genes defining epithelial-mesenchymal transition, as in wound healing, fibrosis 
and metastasis. 8         1.95 e-3 4.65 e-3

HALLMARK_OXIDATIVE_PHOSPHORYLAT
ION [200] Genes encoding proteins involved in oxidative phosphorylation. 8         1.95 e-3 4.65 e-3
HALLMARK_UV_RESPONSE_UP [158] Genes up-regulated in response to ultraviolet (UV) radiation. 7         2.08 e-3 4.73 e-3
HALLMARK_HEDGEHOG_SIGNALING [36] Genes up-regulated by activation of hedgehog signaling. 3             7.51 e-3 1.45 e-2
HALLMARK_ADIPOGENESIS [200] Genes up-regulated during adipocyte differentiation (adipogenesis). 7        7.52 e-3 1.45 e-2

HALLMARK_G2M_CHECKPOINT [200]
Genes involved in the G2/M checkpoint, as in progression through the cell 
division cycle. 7        7.52 e-3 1.45 e-2

HALLMARK_HYPOXIA [200] Genes up-regulated in response to low oxygen levels (hypoxia). 7        7.52 e-3 1.45 e-2

HALLMARK_APICAL_SURFACE [44]
Genes encoding proteins over-represented on the apical surface of epithelial 
cells, e.g., important for cell polarity (apical area). 3             1.31 e-2 2.42 e-2

HALLMARK_HEME_METABOLISM [200]
Genes involved in metabolism of heme (a cofactor consisting of iron and 
porphyrin) and erythroblast differentiation. 6       2.54 e-2 4.24 e-2

HALLMARK_INFLAMMATORY_RESPONSE 
[200] Genes defining inflammatory response. 6       2.54 e-2 4.24 e-2
HALLMARK_INTERFERON_GAMMA_RESP
ONSE [200] Genes up-regulated in response to IFNG [GeneID=3458]. 6       2.54 e-2 4.24 e-2
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Converted 178 submitted identifiers into 154 
entrez genes

Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 13 50 154 45956

Gene Set Name [# Genes (K)] Description
# Genes in Overlap 
(k) k/K p-value FDR q-value 

HALLMARK_MTORC1_SIGNALING [200] Genes up-regulated through activation of mTORC1 complex. 19             3.22 e-22 1.61 e-20
HALLMARK_UNFOLDED_PROTEIN_RESPO
NSE [113]

Genes up-regulated during unfolded protein response, a cellular stress response 
related to the endoplasmic reticulum. 12             4.79 e-15 1.2 e-13

HALLMARK_XENOBIOTIC_METABOLISM
[200] Genes encoding proteins involved in processing of drugs and other xenobiotics. 9          2.87 e-8 4.78 e-7
HALLMARK_CHOLESTEROL_HOMEOSTAS
IS [74] Genes involved in cholesterol homeostasis. 6             1.97 e-7 2.46 e-6
HALLMARK_PI3K_AKT_MTOR_SIGNALIN
G [105] Genes up-regulated by activation of the PI3K/AKT/mTOR pathway. 5          2.92 e-5 2.92 e-4
HALLMARK_MYC_TARGETS_V1 [200] A subgroup of genes regulated by MYC - version 1 (v1). 6       6.2 e-5 5.17 e-4
HALLMARK_UV_RESPONSE_UP [158] Genes up-regulated in response to ultraviolet (UV) radiation. 5       2.02 e-4 1.44 e-3

HALLMARK_ANDROGEN_RESPONSE [101] Genes defining response to androgens. 4        3.85 e-4 2.4 e-3
HALLMARK_GLYCOLYSIS [200] Genes encoding proteins involved in glycolysis and gluconeogenesis. 5      5.94 e-4 3.3 e-3
HALLMARK_FATTY_ACID_METABOLISM
[158] Genes encoding proteins involved in metabolism of fatty acids. 4      2.03 e-3 1.02 e-2
HALLMARK_HYPOXIA [200] Genes up-regulated in response to low oxygen levels (hypoxia). 4     4.72 e-3 1.97 e-2
HALLMARK_INFLAMMATORY_RESPONSE 
[200] Genes defining inflammatory response. 4     4.72 e-3 1.97 e-2
HALLMARK_PANCREAS_BETA_CELLS 
[40] Genes specifically up-regulated in pancreatic beta cells. 2           8.01 e-3 3.08 e-2

DOWN  in 78Pten ∆/∆   versus 78Pten f/f
Gene Ontology Analysis
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Converted 826 submitted identifiers into 712 
entrez genes

Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 33 50 712 45956

Gene Set Name [# Genes (K)] Description
# Genes in Overlap 
(k) k/K p-value FDR q-value 

HALLMARK_TGF_BETA_SIGNALING [54] Genes up-regulated in response to TGFB1 [GeneID=7040]. 11             5.98 e-10 2.99 e-8
HALLMARK_UV_RESPONSE_DN [144] Genes down-regulated in response to ultraviolet (UV) radiation. 15             8.3 e-9 2.08 e-7
HALLMARK_ESTROGEN_RESPONSE_EAR
LY [200] Genes defining early response to estrogen. 16             1.13 e-7 1.42 e-6

HALLMARK_IL2_STAT5_SIGNALING [200] Genes up-regulated by STAT5 in response to IL2 stimulation. 16             1.13 e-7 1.42 e-6
HALLMARK_HYPOXIA [200] Genes up-regulated in response to low oxygen levels (hypoxia). 14             3.39 e-6 2.83 e-5
HALLMARK_MYOGENESIS [200] Genes involved in development of skeletal muscle (myogenesis). 14             3.39 e-6 2.83 e-5
HALLMARK_EPITHELIAL_MESENCHYMA
L_TRANSI

NSITION [200]
Genes defining epithelial-mesenchymal transition, as in wound healing, fibrosis 
and metastasis. 13             1.67 e-5 9.26 e-5

HALLMARK_OXIDATIVE_PHOSPHORYLAT
ION [200] Genes encoding proteins involved in oxidative phosphorylation. 13             1.67 e-5 9.26 e-5
HALLMARK_TNFA_SIGNALING_VIA_NFKB 
[200] Genes regulated by NF-kB in response to TNF [GeneID=7124]. 13             1.67 e-5 9.26 e-5
HALLMARK_WNT_BETA_CATENIN_SIGNA
LING [42]

Genes up-regulated by activation of WNT signaling through accumulation of 
beta catenin CTNNB1 [GeneID=1499]. 6             4.42 e-5 2.21 e-4

HALLMARK_GLYCOLYSIS [200] Genes encoding proteins involved in glycolysis and gluconeogenesis. 12             7.58 e-5 2.91 e-4
HALLMARK_P53_PATHWAY [200] Genes involved in p53 pathways and networks. 12             7.58 e-5 2.91 e-4
HALLMARK_XENOBIOTIC_METABOLISM 
[200] Genes encoding proteins involved in processing of drugs and other xenobiotics. 12             7.58 e-5 2.91 e-4
HALLMARK_ADIPOGENESIS [200] Genes up-regulated during adipocyte differentiation (adipogenesis). 11            3.17 e-4 1.06 e-3
HALLMARK_MITOTIC_SPINDLE [200] Genes important for mitotic spindle assembly. 11            3.17 e-4 1.06 e-3
HALLMARK_UV_RESPONSE_UP [158] Genes up-regulated in response to ultraviolet (UV) radiation. 9            8.49 e-4 2.65 e-3

HALLMARK_APOPTOSIS [161] Genes mediating programmed cell death (apoptosis) by activation of caspases. 9            9.7 e-4 2.85 e-3
HALLMARK_MYC_TARGETS_V1 [200] A subgroup of genes regulated by MYC - version 1 (v1). 10           1.21 e-3 3.37 e-3
HALLMARK_HEDGEHOG_SIGNALING [36] Genes up-regulated by activation of hedgehog signaling. 4             2.27 e-3 5.97 e-3
HALLMARK_APICAL_JUNCTION [200] Genes encoding components of apical junction complex. 9          4.22 e-3 9.59 e-3

HALLMARK_G2M_CHECKPOINT [200]
Genes involved in the G2/M checkpoint, as in progression through the cell 
division cycle. 9          4.22 e-3 9.59 e-3

HALLMARK_KRAS_SIGNALING_DN [200] Genes down-regulated by KRAS activation. 9          4.22 e-3 9.59 e-3

HALLMARK_APICAL_SURFACE [44]
Genes encoding proteins over-represented on the apical surface of epithelial 
cells, e.g., important for cell polarity (apical area). 4             4.75 e-3 1.03 e-2

HALLMARK_ANDROGEN_RESPONSE [101] Genes defining response to androgens. 6            4.95 e-3 1.03 e-2

HALLMARK_COAGULATION [138]
Genes encoding components of blood coagulation system; also up-regulated in 
platelets. 7           5.89 e-3 1.18 e-2

DOWN in Pten ∆/∆  versus  78Pten ∆/∆

Gene Ontology Analysis
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Converted 826 submitted identifiers into 712 
entrez genes

Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 33 50 712 45956

Gene Set Name [# Genes (K)] Description
# Genes in Overlap 
(k) k/K p-value FDR q-value 

DOWN in Pten ∆/∆  versus  78Pten ∆/∆

Gene Ontology Analysis

HALLMARK_REACTIVE_OXIGEN_SPECIES
_PATHW
THWAY [49] Genes up-regulated by reactive oxigen species (ROS). 4             6.97 e-3 1.34 e-2
HALLMARK_BILE_ACID_METABOLISM 
[112] Genes involve in metabolism of bile acids and salts. 6           8.12 e-3 1.5 e-2
HALLMARK_UNFOLDED_PROTEIN_RESPO
NSE [113]

Genes up-regulated during unfolded protein response, a cellular stress response 
related to the endoplasmic reticulum. 6           8.47 e-3 1.51 e-2

HALLMARK_NOTCH_SIGNALING [32] Genes up-regulated by activation of Notch signaling. 3             1.32 e-2 2.14 e-2
HALLMARK_ESTROGEN_RESPONSE_LATE 
[200] Genes defining late response to estrogen. 8         1.32 e-2 2.14 e-2
HALLMARK_INTERFERON_GAMMA_RESP
ONSE [200] Genes up-regulated in response to IFNG [GeneID=3458]. 8         1.32 e-2 2.14 e-2
HALLMARK_PI3K_AKT_MTOR_SIGNALIN
G [105] Genes up-regulated by activation of the PI3K/AKT/mTOR pathway. 5          2.4 e-2 3.75 e-2
HALLMARK_DNA_REPAIR [150] Genes involved in DNA repair. 6         2.99 e-2 4.53 e-2

130



Converted 361 submitted identifiers into 308 
entrez genes

Collections # Overlaps Shown
# Gene Sets in 
Collections

# Genes in 
Comparison (n) # Genes in Universe (N)

H 17 50 308 45956

Gene Set Name [# Genes (K)] Description
# Genes in Overlap 
(k) k/K p-value FDR q-value 

HALLMARK_TGF_BETA_SIGNALING [54 Genes up-regulated in response to TGFB1 [GeneID=7040]. 8 2.96 e-9 1.48 e-7
HALLMARK_ESTROGEN_RESPONSE_EAR
LY [200] Genes defining early response to estrogen. 8 6.74 e-5 1.68 e-3
HALLMARK_WNT_BETA_CATENIN_SIGNA
LING [42]

Genes up-regulated by activation of WNT signaling through accumulation of 
beta catenin CTNNB1 [GeneID=1499]. 4 1.81 e-4 3.02 e-3

HALLMARK_IL2_STAT5_SIGNALING [200] Genes up-regulated by STAT5 in response to IL2 stimulation. 7 4.31 e-4 5.39 e-3
HALLMARK_BILE_ACID_METABOLISM
[112] Genes involve in metabolism of bile acids and salts. 5 9.78 e-4 9.78 e-3
HALLMARK_HYPOXIA [200] Genes up-regulated in response to low oxygen levels (hypoxia). 6 2.4 e-3 1 e-2
HALLMARK_KRAS_SIGNALING_DN [200] Genes down-regulated by KRAS activation. 6 2.4 e-3 1 e-2
HALLMARK_MITOTIC_SPINDLE [200] Genes important for mitotic spindle assembly. 6 2.4 e-3 1 e-2
HALLMARK_MYC_TARGETS_V1 [200] A subgroup of genes regulated by MYC - version 1 (v1). 6 2.4 e-3 1 e-2
HALLMARK_P53_PATHWAY [200] Genes involved in p53 pathways and networks. 6 2.4 e-3 1 e-2
HALLMARK_TNFA_SIGNALING_VIA_NFKB
[200] Genes regulated by NF-kB in response to TNF [GeneID=7124]. 6 2.4 e-3 1 e-2
HALLMARK_XENOBIOTIC_METABOLISM
[200] Genes encoding proteins involved in processing of drugs and other xenobiotics. 6 2.4 e-3 1 e-2
HALLMARK_APICAL_JUNCTION [200] Genes encoding components of apical junction complex. 5 1.15 e-2 3.6 e-2
HALLMARK_EPITHELIAL_MESENCHYMA
L_TRANSI

NSITION [200]
Genes defining epithelial-mesenchymal transition, as in wound healing, fibrosis 
and metastasis. 5 1.15 e-2 3.6 e-2

HALLMARK_GLYCOLYSIS [200] Genes encoding proteins involved in glycolysis and gluconeogenesis. 5 1.15 e-2 3.6 e-2
HALLMARK_OXIDATIVE_PHOSPHORYLAT
ION [200] Genes encoding proteins involved in oxidative phosphorylation. 5 1.15 e-2 3.6 e-2
HALLMARK_UV_RESPONSE_DN [144] Genes down-regulated in response to ultraviolet (UV) radiation. 4 1.64 e-2 4.81 e-2

DOWN in Pten ∆/∆ , "rescued" in 78Pten ∆/∆
Gene Ontology Analysis
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Abstract 

The presence of polyploid cells in the endocrine and exocrine pancreas 

has been reported for four decades. In rodents, pancreatic 

polyploidization is initiated after weaning and the number of polyploid 

cells increases with age. Surprisingly the molecular regulators and 

biological functions of polyploidization in the pancreas are still unknown. 

We discovered that atypical E2f activity is essential for polyploidization 

in the pancreas, using an inducible Cre/LoxP approach in new-born mice 

to delete ubiquitously the atypical E2f transcription factors, E2f7 and 

E2f8. In contrast to its critical role in embryonic survival, conditional 

deletion of both of both atypical E2fs in newborn mice had no impact on  

postnatal survival and mice lived until old age. However, deficiency of 

E2f7 or E2f8 alone was sufficient to suppress polyploidization in the 

pancreas and associated with only a minor decrease in blood serum 

levels of glucose, insulin, amylase and lipase under 4 hours starvation 

condition compared to wildtype littermates. In mice with fewer 

pancreatic polyploid cells that were fed ad libitum, no major impact on 

hormones or enzymes levels was observed. In summary, we identified 

atypical E2fs to be essential for polyploidization in the pancreas and 

discovered that postnatal induced loss of both atypical E2fs in many 

organs is compatible with life until old age. 

 

Key words: E2f7, E2f8, polyploidy, pancreas, mice 
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Introduction 

Polyploidy has been described in mammals for well over 100 years 1 and is 

characterized by the addition of one or more complete sets of 

chromosomes within a cell. Polyploid cells contain either increased number 

of nuclei per cell or multiple genome duplications within a single nucleus 2. 

This phenomenon occurs in plants, flies, worms, and fungi and is well 

tolerated 3. In mammals, polyploid cells have been observed in different 

tissues including the placenta, bone marrow, heart, liver, and pancreas 2, 

4. Interestingly, in the pancreas both the endocrine and exocrine cells 

undergo programmed polyploidization when mice are weaned resulting in 

a heterogeneous population of cells with different ploidy status 4, 5. The 

biological significance of polyploid cells in the pancreas is not known. 

However, the timing of the appearance of polyploid pancreatic cells 

coincides with the formation of polyploid hepatocytes in the liver 2.  

Recent studies demonstrated that E2f transcription factors are key 

regulators of polyploidization in the liver and placenta, however, it is 

unknown as to whether E2fs control the generation of polyploid cells in 

other tissues, such as the pancreas. Inactivation of transcriptional 

activators E2f1/2/3 in trophoblast cells and hepatocytes enhanced 

polyploidization, whereas deletion of the transcriptional repressors E2f7/8 

prevented polyploidization 6-8. These studies demonstrated that the 

antagonistic functions of E2f1/2/3 and E2f7/8 are important in controlling 

the ploidy status of liver and placental cells. 
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In vivo studies in mice and zebrafish have demonstrated that 

atypical E2fs are not only required for hepatocyte and trophoblast 

polyploidization, but that they are also essential for embryonic and 

placental development 6, angiogenesis9, motor neuron guidance 10, and 

tumour suppression 11, 12. Complete loss of E2f7/8 in mice during early 

embryonic development resulted in utero death 6, 13. Although the 

consequences of the loss of atypical E2fs during embryonic development 

are well documented 8, 13, the effect of synchronized postnatal deletion of 

E2f7/8 in mice is currently not known. Here we use inducible mouse 

models to evaluate the physiological and pathological significance of 

postnatal E2f7/8 loss. Surprisingly, synchronized deficiency of atypical 

E2fs did not have significant effects on postnatal growth and survival. 

However, the generation of polyploid cells in the pancreas depended on 

E2f7/8. Intriguingly the inhibition of polyploidization, utilizing an inducible 

mouse model of postnatal E2f7/8 deletion, had no major effects on the 

production and release of pancreatic hormones and enzymes. 

 

Material and methods 

Animals 

Experiments were performed in accordance with the Utrecht Veterinary 

Experiment Commission guidelines on animal use in research (the DEC 

Utrecht), study approval numbers 2012.III.08.083 & 2013.III.10.073. 

Postnatal induction of CreERT2 expression was done as described 

previously 14 through intra-gastric injection of 50µg of tamoxifen in corn 
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oil  (Sigma, T5648-1G) per new born mouse per day for three days. 

Induction of CreERT2 expression in adult mice started from postnatal day 

56 through intraperitoneal injection of 1mg of tamoxifen in corn oil per 

mouse per day for five days. Mice were housed under controlled 

experimental conditions of 12hrs light/dark cycle and 21± 1 oC, and fed 

normal laboratory chow (CRM, Tecnilab-BMI) from weaning to old age. 

Food was either removed early in the morning for four hours (short 

starvation) or overnight (12 hours starvation) and then animals were 

sacrificed using CO2 method. Some animals subjected to 12-hour 

starvation were fed with laboratory chow for two hours before were 

sacrificed. The generation of E2f7 and E2f8 knockout mice (conditional 

and conventional) has been described previously 13. CreERT2 15 and R26R-

LacZLoxP/LoxP mice 16, 17 were derived from Jackson laboratory. Genotyping 

of mice was performed as described previously 8.  

Western blot, immunostaining and β-galactosidase 

Western blotting, immunostainings and β-galactosidase were performed 

as previously described8. Antibodies for indicated antigens include beta-

catenin 1:200 in PBS (AB6302, Abcam), insulin 1:800 in PBS (sc-9168, 

Santa cruz), glucagon 1:1200 in PBS (PA039-5P, BioGenex), e-cadherin 

1:500 in MOM diluent (610182, BD Bioscience), beta-galactosidase 

1:1000 in PBS (8559762, MP Biomedical), and amylase 1:5000 in Tris 

Buffered saline (Sc-46657, Santa Cruz). Reagents: DAPI (5mg/mL) 

1:4000 in PBS (D1306, Thermofisher) and 5-Bromo-4-chloro-3-indolyl β-

D-galactopyranoside 1mg/mL in PBS (Sigma-Aldrich, B4252-100MG) and
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mouse on mouse (MOM) basic kit (BMK-2202, Vector Laboratories) 

according to manufacturer’s descriptions, ABC basic kit 1:25 (PK-4000, 

Vector Laboratories) and 3-3’-Diaminobenzene (DAB) (SK-4100, Vector 

Laboratories) in the presence of 0.0005% (v/v) hydrogen peroxide (H2O2).   

Histological image acquisition and processing 

Digital bright field images were acquired using Olympus BX46 microscope 

equipped with DP26 camera and Labsens standard software (Olympus). 

Immunofluorescence images were acquired using Leica SP II confocal 

microscope and Leica Application Suite (Leica Microsystems B.V.). Image 

cytometry analysis of DAPI fluorescence intensity was done by using cell 

profiler software available at http://cellprofiler.org/ and previously 

described 18.  Quantification of binucleation using immunofluorescent and 

e-cadherin stained images obtained from three animals per genotype was

done as previously described 8. Total numbers of binucleated exocrine 

cells were counted under 63x objective and 1.5 zoom factor using 

immunofluorescent stained images. Percentage of binucleation was 

calculated by dividing total binucleated cells to the total number of cells 

counted in the field multiplied by 100%. Data are presented as average of 

five counted fields per genotype. Percentage of acinar cells with evidence 

of mitosis was obtained by using the formula: Total number of mitotic 

cells in 4-5 randomly selected high power fields (400x magnification) 

divided by 1000 multiplied by 100%. Other cell types such as duct cells, 

connective tissues and endothelial cells were excluded in the analysis. 
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Biochemical analysis 

Biochemical analysis for serum glucose, alpha amylase and lipase were 

performed at Utrecht University Veterinary Diagnostic Laboratory using 

the automated bio-analyser (AU680, Beckman Coulter) according to 

manufacturer’s instructions. Serum glucose values were validated using 

Mouse glucose kit (Cat 81692) kindly provided as gift by Crystal Chem. 

Insulin was measured using Ultra-Sensitive Mouse Insulin ELISA Kit, 

(Crystal chem, cat 90080). 

Flow cytometry analysis 

Prior to FACS analysis, tissues were lysed sequentially in ice cold PBS 

starting with 1mL pipette tip, followed by 18G and 21G needles 

respectively attached to a 2mL syringe. Then, nuclei suspensions were 

mixed with ice-cold absolute ethanol to 70% final concentration and 

refrigerated for storage. Samples were washed in cold phosphate buffered 

saline (PBS) by brief centrifugation for five minutes followed by digestion 

of membranes and cytosolic proteins using 0.5mg/mL pepsin (P700-25g, 

Sigma) in 0.1N HCL for 20 minutes at room temperature. After brief 

centrifugation to remove enzymes, pellets were washed with PBS buffer 

containing 0.1% bovine serum albumin (BSA) and 0.5% Tween once and 

digestion was completed by re-suspending the pellet in 2N HCL at 37oC for 

12 minutes. Samples were equilibrated with borate buffer pH 8.5, and 

then centrifuged and washed with BSA.  Membrane-free nuclei pellets 

were stained with 5µg/mL propidium iodide (P4170, Sigma) containing 

250µg/mL of RNAse (10109169001, Sigma), filtered with 40µm cell 
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strainer (BD 352340, BD Bioscience) and refrigerated overnight. Nuclei 

were analysed with FACS Calibur and CellQuest software (BD Bioscience) 

or Flow Jo (FlowJo LLC).  

RNA isolation, cDNA synthesis and qPCR. 

Isolation of RNA, preparation of cDNA and quantitativePCR (qPCR) were 

performed as described previously 8. PCR was performed on a BioRad CFX 

using SYBR green Supermix (BioRad). Reactions were performed in 

duplicate and relative amounts of cDNA were normalized to GAPDH and 

Actin using the ΔΔCt method. 

Statistics 

All statistical tests for bar graphs were computed using the Mann-Whitney 

U test method.  Mean and standard deviation were calculated using 

Microsoft excel (2010) ®.  

 

Results 

Synergistic loss of E2f7/8 in multiple organs has no impact on  
postnatal growth and survival of mice.  

Previous studies have demonstrated that synergistic functions of E2f7/8 

are essential for embryonic and placental development in mice 6, 13. To 

investigate whether atypical E2fs are required for postnatal development, 

we used homologous recombination techniques and Cre/LoxP technology 

to ablate E2f7/8 in newborn mice. Mice transgenic for the tamoxifen-

inducible CreERT2 at the Rosa26 locus 15 were crossed to E2f7LoxP/LoxP 

E2f8LoxP/LoxP mice that harbour LoxP sites flanking sequences that are 
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required for DNA binding 13. We confirmed ubiquitous Cre activity by 

interbreeding the CreERT2+/- E2f7LoxP/LoxP E2f8LoxP/LoxP mice with the Cre 

reporter mice (R26R-LacZLoxP/LoxP) in which LoxP sites flanking a stop 

cassette were placed upstream on the LacZ gene 16, 17. Cre expression was 

induced by intra-gastric injection of tamoxifen into newborn pups on three 

sequential days (P1-3) 14. LacZ expression was detected by X-gal staining 

in one-week-old pups (data not shown) and adult tissues of CreERT2+/- 

E2f7LoxP/LoxP E2f8LoxP/LoxP R26R-LacZLoxP/LoxP of 9 weeks old mice (Fig 1A and 

S1  Fig ). Quantitative PCR (qPCR) at 9 and 16 weeks showed a decrease 

of E2f7 and E2f8 mRNA levels in multiple adult tissues of CreERT2+/- 

E2f7LoxP/LoxP E2f8LoxP/LoxP mice after neonatal injection of tamoxifen (Fig 1B 

and S2 Fig). In addition, X-gal and beta-galactosidase staining at 22 and 

32 weeks showed that X-gal and beta-galactosidase positive cells were 

still detectable at 22 and 32 weeks respectively (S3 Fig A and S3 Fig B) 

 To investigate the impact of E2f7/8 loss on postnatal development 

and survival, CreERT2+/- E2f7LoxP/LoxP E2f8LoxP/LoxP newborn pups (referred 

to as 78∆/∆) and CreERT2-/- E2f7LoxP/LoxP E2f8LoxP/LoxP control newborn pups 

(referred to as 78f/f) were both injected with tamoxifen. Body weights 

were measured at different time-points up to two years of age. 78∆/∆ mice 

survived to old age similar to 78f/f mice and no significant differences in 

body weights were observed (Fig 1C).  

Full necropsy at different stages of postnatal development (1w, 9w, 

6m, 9m, 20m, 24m) revealed that neither 78∆/∆ mice nor 78f/f mice 

showed obvious changes in gross morphology (S1  Table). Likewise, 
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analysis of animals that died spontaneously did not reveal genotype-

specific macroscopic changes. The pathological changes that were 

observed in both genotype groups were related to normal aging in mice 

(data not shown). These findings indicate that functions of atypical E2fs 

might not be important for postnatal growth and survival, which is 

surprising because these factors are essential for proper embryonic 

development and survival.    

 

E2F8 is required for exocrine and endocrine cell polyploidization in 

the pancreas. 

Previous studies demonstrated that E2F8 is essential for hepatocyte 

polyploidization 8  and analysis of liver sections from our adult 78∆/∆ mice 

confirmed a reduced rate of liver cell polyploidization in comparison to 

adult 78f/f mice (S3. Fig A and C). Interestingly, polyploidization is a 

developmentally programmed process that starts after weaning of mice 

and occurs not only in the liver but also in the pancreas 4, 5, 8.  
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Fig 1. Deletion of atypical E2fs in mice has no effect on growth and survival of 

mice.   
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(A) Xgal staining of different organs derived from 9 weeks old CreERT2-/- E2f7LoxP/LoxP 

E2f8LoxP/LoxP R26R-LacZLoxP/LoxP mice (78R26Rf/f) and CreERT2+/- E2f7LoxP/LoxP E2f8LoxP/LoxP 

R26R-LacZLoxP/LoxP (78R26RΔ/Δ). Newborn pups of both groups were injected with 

tamoxifen for three days from postnatal day 2. (B) qPCR for E2f7 and E2f8 mRNA levels 

in indicated organs of 78f/f  and 78∆/∆ mice aged 9 weeks. (C) Body weight measurements 

over time of 78f/f mice and 78∆/∆ mice. Bar graphs represent mean and standard error. 

We, therefore, performed histological analysis of pancreas sections 

of 78∆/∆ mice of different age groups, and discovered that the nuclei of 

exocrine and endocrine cells were smaller in size when compared to 

pancreatic nuclei of control littermates (Fig 2A and data not shown). To 

quantify the number of nuclei in relation to nuclear size, we stained 

pancreatic nuclei with 4',6-diamidino-2-phenylindole (DAPI). In exocrine 

as well as in endocrine regions of the pancreas we observed that the 

number of larger nuclei was dramatically reduced in 78∆/∆ mice (Fig 2A-B). 

Flow cytometry analysis of isolated pancreatic nuclei stained with 

propidium iodide revealed that the pancreas of 78∆/∆ mice were 

predominantly composed of diploid (2C) and some tetraploid (4C) cells, 

whereas the pancreas of control 78f/f mice contained large populations of 

tetraploid (4C) and octaploid (8C) cells (Fig 2C-D). In addition, the 

number of exocrine bi-nucleated ductal cells was decreased in 78∆/∆ mice 

when compared to  78f/f mice (Fig 2E and S4 Fig A-B).  
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Fig 2. E2f7/8 are essential for polyploidization in the pancreas  

(A) Hematoxylin & Eosin staining (400x magnification), top panel and DAPI (630x 

magnification, 1.5x zoom factor for exocrine, and 630x, 3x zoom factor for endocrine 
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pancreas) lower panel, showing decreased nuclear sizes in 78∆/∆ compared to control 78f/f 

mice injected with tamoxifen at day 2 after birth and analysed at the age of 22 weeks. 

(B) Quantification of DAPI fluorescence intensity in pixels. (C) Representative flow 

cytometry histograms of pancreas tissues showing increased number of diploid cells and 

decreased number of tetraploid cells in 78∆/∆ compared to control 78f/f mice. (D) 

Summary histograms of flow cytometry profiles for each genetic group (n=5). (E) 

Quantification of binucleation in exocrine pancreas; *P<0.05, bar graphs represents 

mean and standard error. 

 

The number of mitotic figures within the pancreas of 1 week old 

78∆/∆ mice increased slightly compared to wildtype littermates (S5 Fig A-

B), which indicates that the proliferation rate in 78∆/∆ pancreatic cells is 

elevated possibly to compensate for the smaller cell size. In spite of the 

observed decrease in ploidy of pancreas and liver in 78∆/∆ mice, the liver 

mass and body mass index was not significantly changed compared to 

control (S4 Fig C-D) 

Furthermore, we investigated whether atypical E2fs can also alter 

the ploidy status of pancreatic cells once polyploid cells have been 

generated. Since the onset of polyploidization in the pancreas and liver 

occurs at three weeks of age, we injected tamoxifen into 8-week old mice 

for five consecutive days to induce deletion of the atypical E2fs. Similar to 

previous findings in liver 7, post weaning deficiency of E2f7/8 did not have 

significant effects on number of diploid, tetraploid and octaploid cells in 

the pancreas and liver (Fig 3A-F). 
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Fig 3. Acute deletion of E2f7/8 in adult mice has no impact on polyploidy in the 
pancreas and liver.  

(A) Beta catenin and DAPI staining of exocrine (630x magnification, 1.5 zoom factor) and 

endocrine pancreas (630x magnification, 3x zoom factor) and liver (400x magnification) 

showing similarity in nuclear sizes in the indicated genetic groups. Mice were injected 

with tamoxifen at the age of 8weeks and analyzed at the age of 22 weeks (B) 

Representative flow cytometry histograms of pancreas and liver showing similarity in 

diploid and tetraploid peaks. (C and D) Flow cytometry profiles in pancreas and liver 
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showing similarity in percentage of diploid and tetraploid nuclei (n=5).  (E) qPCR for 

E2f7/8 in pancreas (n=4) ; (F) qPCR for E2f7/8 in liver (n=5). Bar graphs represent 

average and standard error; *P<0.05. 

 

Next, we investigated whether individual deletion of E2f7 or E2f8 

can alter pancreas polyploidization. Analysis of conventional E2f7-/- and 

E2f8-/- knockout mice revealed reduced polyploidy in the pancreas of E2f7- 

as well as E2f8-deficient mice (S6 Fig A-F). 

Together these findings demonstrate that E2f7 and E2f8 are 

essential for the generation of developmentally-programmed polyploid 

cells in the endocrine and exocrine pancreas. Interestingly, loss of atypical 

E2fs did not inhibit polyploidization in megakaryocytes or cardiomyocytes 

(data not shown), indicating that atypical E2fs act in a tissue-cell type 

specific manner in the regulation of polyploidy. 

 

Polyploidization has no major impact on pancreatic hormone and 
enzyme production  

Polyploidization is a common feature under physiological and 

pathological conditions in multiple mammalian tissues. However, its role in 

mammalian physiology and pathology is not clearly understood 2, 8.  

One of the proposed advantages of polyploidization is to enhance 

cell function under stress 19, 20.  
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Fig 4. Response to energy stress in E2f7/8-deficient pancreas  

(A) Immunostaining for insulin and glucagon under fed conditions in mice injected with 

tamoxifen at the age of 1 week and analysed at the age of 22 weeks. (B) 

Immunostaining of insulin and glucagon after 4hrs of starvation. (C-F) Serum 

biochemical parameters under normal feeding conditions. (G-J) Serum biochemical 

parameters following  4hrs of starvation. Bar graphs represents average and standard 

error, *P<0.05.   

149



We therefore evaluated the consequences of reduced ploidy on the 

function of exocrine and endocrine pancreas cells under normal and stress 

conditions induced by a short (4hrs) or long (12hrs) period of fasting.  

We could not detect significant differences in the expression of the 

endocrine pancreatic hormones glucagon and insulin in α-cells and β-cells 

respectively when mice were fed ad libitum or subjected to 4hr-fasting 

(Fig 4A-B). Furthermore, we measured serum levels of secreted glucose, 

insulin, amylase and lipase and, in mice fed ad libitum, no major 

differences were observed between the genetic groups (Fig 4C-F). 

Following 4hr-fasting, secreted insulin and amylase levels were lower in 

78∆/∆ mice compared to the control mice, whereas glucose and lipase 

levels did not differ (Fig 4G-J).  

As E2f8 deletion alone is sufficient to reduce polyploidization in the 

pancreas (S6 Fig A-F), we also measured pancreatic hormone/enzyme 

production in conventional E2f8-/- knockout mice.  8 weeks old mice with 

germline deletion of E2f8 were fasted for 12hrs and then sacrificed or re-

fed for 2hrs before they were sacrificed. Fasting induced a modest but not 

significant decrease in serum glucose, insulin, amylase and lipase in E2f8 

deficient mice compared to controls (Fig 5A-D). To confirm whether 

decreased serum amylase is due to decreased amylase protein expression 

within the exocrine pancreas, we analysed pancreatic amylase protein 

levels by western blot from mice which were either starved for 12hrs or 

starved for 12hrs and then re-fed for 2hrs. Interestingly, when fasted for 
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12 hours E2f8-/- mice showed reduced amylase protein levels compared to 

controls (Fig 5E).  

 

 

Fig 5. Analysis of glucose, insulin, amylase and lipase in conventional  E2f8 

knockout mice under starving condition.  (A-D) Comparison of serum biochemical 

parameters after 12hrs of starvation. (E and F) Amylase protein in pancreas of indicated 

genotypes after 12hrs of starvation or 12hrs starvation. (G) Serum glucose levels after 

2hrs of re-feeding.  Bar graphs represents average and standard error, *P<0.05 

 

The amount of amylase in both genetic groups was similar when 

mice were re-fed for 2hrs (Fig 5F) although this recovery was 

accompanied by increased serum glucose levels (Fig 5G) in E2f8-/- mice 

compared to controls. In summary, under physiological conditions we 

could not detect major differences in expression and secretion of 
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pancreatic hormones and enzymes. However, when mice deficient for 

atypical E2fs were stressed through periods of fasting, amylase and insulin 

levels were mildly reduced compared to control animals, indicating that 

polyploidy might contribute to the efficient production of hormones and 

enzymes in the pancreas under stress conditions. Alternatively, non-

polyploid dependent atypical E2f functions could contribute to this 

phenotype. 

  

Discussion 

In this study we identify E2f7/8 are required for polyploidization in the 

pancreas. The E2f7/8 transcription factors are known to repress the 

expression of target genes that are important for cell cycle progression. 

The same set of target genes are also regulated by activator E2fs 

(E2f1/2/3). The appropriate balance between activator E2fs and atypical 

repressor E2fs is critical for the coordinated oscillation of E2f target gene 

expression to allow cell cycle progression and cell division 21. Importantly, 

balanced E2f activity is not only critical for normal cell cycle progression 

but is also required for abortive cell cycles, for example during 

cytokinesis, leading to formation of polyploid cells 7, 8.  Inactivation of 

atypical repressor E2fs in pancreatic cells, hepatocytes, and trophoblast 

cells prevents polyploidization and is accompanied by upregulation of cell 

cycle gene expression. In contrast, loss of activator E2fs results in 

reduced E2F target expression and enhances polyploidy in the pancreas, 

liver and placenta 7, 8, 22. Interestingly, generation of other mammalian 
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polyploid cells such as megakaryocytes and cardiomyocytes occurs 

independent of atypical E2fs and their regulatory mechanism remains 

obscure. Wide-spread loss of E2f7/8 had no major impact on all examined 

organs (S1. Table) and had no effect on fertility (data not shown). 

 The common origin of liver and pancreas, that are derived from the 

ventral foregut endoderm during embryonic development 23, might explain 

why atypical E2fs are required for polyploidy in both organs. Furthermore, 

developmentally-programmed polyploidy in liver as well as in pancreas 

starts after weaning of mice and thereafter each organ shows different 

distributions of ploidy classes as the animal ages 8, 24. The appearance of 

binucleated cells occurs through incomplete cytokinesis and atypical E2fs 

have been shown to downregulate directly the expression of genes 

involved in cytokinesis through transcriptional repressor mechanism 8.  

Importantly atypical E2F activity is required to induce polyploidy during 

weaning because induced inactivation of E2F7/8 in newborn pubs blocks 

formation of polyploid cells in the pancreas and the liver (Fig 2A-E and S3 

Fig 3A-C) 7, 8, 11. In contrast, inactivation of atypical E2fs in both organs 

during adulthood has no impact on polyploidy and does not cause a 

reversal of polyploid cells towards diploid cells (Fig  3A-F) 7, 11.  Ploidy 

reversal has been previously described in the liver 25, but its mechanisms 

are unknown and appear to occur independent of atypical E2fs. 

  One important question still facing this field is whether 

polyploidization has a physiological role and if loss of ploidy impacts organ 
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function or alters whole body homeostasis. The pancreas plays an 

important role in regulating carbohydrate metabolism. The exocrine 

pancreas produces amylase and lipase enzymes important for digestion 

and absorption of nutrients, while the endocrine pancreas produces insulin 

and glucagon hormones which regulate the availability of glucose in 

peripheral tissues. Somatic polyploidization has been suggested to be 

important for cellular adaptation to stress and energy depletion 19. We 

evaluated whether reduced polyploidization affects the secretory functions 

of exocrine and endocrine pancreatic cells under normal fed conditions or 

under short and prolonged starvation. It was expected that endocrine 

hormones would be reduced in polyploid sufficient and deficient groups 

during starvation.  However we have shown that some endocrine 

hormones and exocrine enzymes are mildly reduced in polyploid deficient 

compared to control mice (Fig 4C and Fig 5A-E). This reduction was more 

pronounced in mice with inducible post-natal deficiency for both E2f7/8 

compared to mice with conventional single deletion of E2f8. (Fig 4C and 

Fig 5A-E). Reduction in secreted amylase was confirmed to be related to 

decreased pancreas amylase (Fig 5C-E). Salivary amylase levels did not 

differ between control and E2f7/8 deficient mice (data not shown). The 

lack of differences in glucose level after starvation might indicate that 

these mice retained the glucagon-mediated mobilization of stored 

glycogen (glycogenolysis) and lipids (for gluconeogenesis) as a 

mechanism for maintaining blood glucose levels. The ability of E2f7/8 

deficient cells to restore decreased amylase protein after re-feeding 
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indicates that these cells retain the ability to adapt to changes in the 

nutritional status of the body. Overall the inhibition of polyploidy in the 

pancreas of E2f7/8 deficient mice has no major impact on the production 

or secretion of endocrine hormone and exocrine enzymes. The mild 

changes we observed might be related to the impact of E2F7/8 activity on 

pancreas homeostasis itself independent of polyploidy status of the 

pancreatic cells. Previous studies demonstrated that mice with loss of both 

E2f1/2 developed marked enhanced pancreatic polyploidization, diabetes 

and exocrine pancreas insufficiency 26. The increased polyploidization 

within the E2f1/2 deficient pancreas could be partially rescued by 

concomitant deletion of p53, suggesting that p53 is also essential for 

pancreatic polyploidization. These studies suggest E2fs and p53 activity 

might be required to maintain tissue homeostasis and regulate the 

synthesis and secretion of pancreatic products 22, 27. 

Conventional knockout mice with complete (E2f7-/-E2f8-/-) or partial 

germline deletion (E2f7-/-E2f8+/- or E2f7+/-E2f8-/-) display embryonic death, 

early postnatal mortality, and short life span 13. In this study we show that 

induced conditional loss of E2f7/8 in different organs has no impact on 

normal postnatal development and survival. Combined ablation of E2F7/8 

after birth does not affect postnatal development and survival.  Combined 

ablation of E2f7/8 after birth does not affect postnatal development and 

survival or result in organ dysfunction. As expected based on the results 

of previous studies demonstrating that keratinocyte  and hepatocyte-

specific loss of E2f7/8 did not affect organ function, inactivation in liver 
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and skin (leading to a more than 90% reduction in E2f7 and 8 transcript 

levels) did not result in organ failure 8, 12. The lack of major pathological 

changes in the mice used in this study suggests that the shorter life span 

observed previously in mice born with partial germ line deletion (E2f7-/-

E2f8+/- or E2f7+/-E2f8-/-) is likely due to congenital developmental defects 

rather than postnatal defects acquired as a result of E2f7 and 8 deficiency. 

However, as conditional gene disruptions are not 100% efficient and the 

efficiency can vary depending on dose and duration of Tamoxifen 28  we 

cannot rule out that non deleted cells might contribute to the growth and 

regeneration of tissues. Nevertheless we demonstrate by utilizing the 

Cre/LoxP reporter mice that Cre mediated deletion of LoxP site occurred in 

the majority of cells within the 20 examined organs as illustrated in Fig 1A 

and S1 Fig. These analyses were performed on mice tissues from mice 

injected with tamoxifen in the first week and analysed at the age of 9 

weeks. In addition, we also analysed the deletion efficiency in the 

pancreas of 32 weeks old mice by beta-galactosidase 

immunohistochemistry (S3 Fig B). Here we also observed an efficient 

deletion in the majority of pancreatic cells in these aged mice. This 

analysis revealed that non deleted cells represent a minority within the 

examined organs. 
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S1 Table. List of organ(s) analyzed for pathology 

SN Organ(s) SN Organ(s) 

1 Brain & pituitary gland 14 Liver & gall bladder 

2 Eyes & Harderian glands 15 Pancreas 

3 Zymbal’s gland 16 Kidneys & adrenal glands 

4 Nasal turbinates 17 Urinary bladder 

5 Tongue & salivary glands 18 Testes & epididymis 

6 Lymph nodes 19 Prostate & seminal vesicles 

7 Trachea 20 Vagina, cervix & uterus 

8 Thymus, thyroid & parathyroid 

glands 

21 Fallopian tubes 

 & ovaries 

9 Lungs &  

bronchi 

22 Skin, mammary  & sebaceous glands, white & 

brown adipose tissues 

10 Aorta & heart 23 Sciatic nerves 

11 Spleen 24 Skeletal muscles & diaphragm 

12 Esophagus & 

 stomach 

25 Bone, bone marrow & sternum 

13 Intestines (duodenum, 

jejunum,ileum, caecum, 

colon, rectum) 

26 Spinal cord (cervical, mid-thoracic & lumbar 

region) 
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S1 Fig. Ubiquitous Cre activity in multiple organs. Xgal staining of additional organs 

derived from CreERT2-/- E2f7LoxP/LoxP E2f8LoxP/LoxP R26R-LacZLoxP/LoxP (78R26Rf/f) and 

CreERT2+/- E2f7LoxP/LoxP E2f8LoxP/LoxP R26R-LacZLoxP/LoxP (78R26RΔ/Δ) mice which were 

injected with tamoxifen at day 2 and analysed at the age of 9 weeks.   
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S2 Fig. RNA expression of E2f7/8 in mouse organs 

RNA expression levels of E2f7/8 in mouse tissues from 16 weeks old mice which were 

injected with tamoxifen at day 2 and analysed at 16 weeks. Bar graphs represent 

average and standard error. 
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S3 Fig.  Beta-galactosidase and flow cytometry analysis. (A) Hematoxylin and 

Eosin staining of liver tissue, smaller nuclei in 78R26RΔ/Δ compared to control (78R26Rf/f), 

top panel;  X-gal staining of control 78R26Rf/f  and (78R26RΔ/Δ) , lower panel obtained 

from 22 weeks old mice  (B) Beta galactosidase immunohistochemical staining of control 

and 78R26RΔ/Δ  pancreas obtained from 32 weeks old mice (C) Histograms summarizing 

flow cytometry analysis of liver tissues of the indicated genotypes obtained from 22 

weeks old mice; Bar graphs represents average and standard error, *P<0.05 
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S4 Fig. E2f7/8 deficiency leads to reduced nuclear sizes in pancreas. (A) 

Immunohistochemistry staining of e-cadherin in exocrine pancreas to mark the 

membrane in brown colour, counter stained with hematoxylin to indicate cell nucleus in 

blue colour and (B) immunofluorescence staining for beta-catenin (red) and DAPI (blue).  

Both staining shows reduced nuclear sizes in 78R26RΔ/Δ mice compared to control. (C) 

167



 

Liver body weight % and (D) body mass index obtained from 22 weeks old mice which 

were injected with tamoxifen at day 2 after birth. 

 

 

S5 Fig. Increased mitoses in E2f7/8 deficient pancreas 

(A) Mitotic figures in insitu X-gal, Hematoxylin and Eosin stained pancreas. Images taken 

at 100x magnification, inserts at 400x magnification. Arrow head indicate nuclei 

undergoing mitosis, (B) Bar graph summarizing the mitotic index quantification. Tissues 
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were obtained from one week old mice, Bar graphs represents mean % and standard 

deviation of mitotic index counted in 4-5 400x microscopic fields.  

 

 

S6 Fig. Reduction in pancreas polyploidization in conventional E2f7 or E2f8 

knockout mice. (A-B) and (D-E) are histograms created using CellQuest software (BD 

Bioscience) showing flow cytometry in conventional E2f7 and E2f8 deleted pancreas at 

the age of 16 weeks. (C and F) are Bar graphs summarizing flow cytometry data for E2f7 

and E2f8 deleted pancreas respectively. All Bar graphs represents mean and standard 

error, *P<0.05 
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Supplementary Methods 

Animals 

Java applets available at http://homepage.stat.uiowa.edu/~rlenth/Power/  

was used for estimating sample size using student’s t-test method. 

Number of animals required to achieve a minimum statistical power of 0.8 

with 5% error margin was selected.  

Neonatal deletion of E2f7/8 

Pups were injected with Tamoxifen at postnatal day 2, 3 and 4 after birth, 

genotyped at day 15 and assigned to groups. Animals were grouped based 

on genotype (E2f7/8 deficient as test group and E2f7/8 competent mice as 

control group); 24 animals were used per group (E2f7/8 deficient and 

control groups). Study was done in two phases, first as a pilot and then 

long term observation; each phase, involving 48 animals.  Additional 20% 

extra animals were added on the course of experiments as replacement 

for animals died because of fighting or other reasons.    

Deletion of E2f7/8 in adult mice 

24 animals were used per group (E2f7/8 deficient and control groups). 

Animals were genotyped and assigned to groups before Tamoxifen 

injection. 24 CreERT2-/- E2f7LoxP/LoxP E2f8LoxP/LoxP R26R-LacZLoxP/LoxP   

(control) and  24 CreERT+/- E2f7LoxP/LoxP E2f8LoxP/LoxP R26R-LacZLoxP/LoxP  
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mice were injected with Tamoxifen for control and E2f7/8 deletion 

respectively. 

Housing 

All animals were housed in groups, except when animals were fighting or 

had injury, they were housed individually. Severely injured animals were 

euthanized. 

Tamoxifen injection 

Tamoxifen stock solution was prepared as a mixture of 750 microlitre of 

corn oil and 250 microlitre of 100% ethanol {v/v) to 10mg/mL final 

concentration and stored in refrigerator before use.  Just before use, stock 

solution was diluted in corn oil to 1mg/ml final concentration.  Pre-loaded 

syringes were kept at room temperature and protected from light for 

1hour before injection. Adult mice were injected with 1mg per mouse, 

volume: 1ml per mouse per injection, once per day for 5 days through 

intra-peritoneal route using hypodermic needle (25G x 1/2"). Pups were 

injected 50µg/pup per day for 3 days through intragastric route. All 

animals were monitored daily for first 7 days for any post injection-

adverse effects.  
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Abstract 

The long term prognosis of liver cancer patients remains unsatisfactory 

because of cancer recurrence after surgical interventions, particularly in 

patients with viral infections. Since hepatitis B and C viral proteins lead to 

inactivation of the tumor suppressors P53 and Retinoblastoma (Rb), we 

hypothesize that surgery in the context of P53/Rb inactivation initiate de 

novo tumorigenesis. We, therefore, generated transgenic mice with 

hepatocyte and cholangiocyte/liver progenitor cell (LPC)-specific deletion 

of P53 and Rb, by interbreeding conditional P53/Rb knockout mice with 

either Albumin-cre or Cytokeratin-19-cre transgenic mice. We show that 

liver cancer develops at the necrotic injury site after surgical resection or 

radiofrequency ablation in P53/Rb deficient livers. Cancer initiation occurs 

as a result of specific migration, expansion and transformation  of 

cytokeratin-19+-liver (CK-19+) cells. At the injury site migrating CK-19+ 

cells formed small bile ducts and adjacent cells strongly expressed the 

transforming growth factor β (TGFβ). Isolated cytokeratin-19+ cells 

deficient for P53/Rb were resistant against hypoxia and TGFβ-mediated 

growth inhibition.  CK-19+ specific deletion of P53/Rb verified that 

carcinomas at the injury sites originate from cholangiocytes or liver 

progenitor cells. These findings suggest that human liver patients with 

hepatitis B and C viral infection or with mutations for P53 and Rb are at 

high risk to develop tumors at the surgical intervention site. 

Key words: Liver; cholangiocytes; inflammation; necrosis; mice 
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Introduction 

Liver cancer is one of the deadliest forms of cancer with approximately 

700,000 deaths per year worldwide 1. Hepatic resection and 

radiofrequency ablation (RFA) are the treatment of choice, especially for 

patients with tumors associated with early and severe cirrhosis 

respectively 2, 3. However, long-term prognosis after resection or RFA of 

liver cancer remains unsatisfactory, because of the high recurrence rate 4, 

5. A retrospective study revealed that the 5-year recurrence rates after 

surgery (n=138) and RFA (n=236) were 53.7% and 69.5% respectively 6.  

Many risk factors have been associated with liver cancer including 

chronic hepatitis B and C viral infection, and basically all cirrhosis-inducing 

conditions 7. These etiological exposures are believed to interfere with the 

cell cycle machinery through inactivating tumor suppressor pathways 8. 

Among the pathways that are often disrupted in concert are those 

regulated by the tumor suppressors P53 and Rb 9-11. For example, viral 

proteins derived from Hepatitis B and C viruses have been shown to 

inactivate P53 as well as Rb in liver cells 12, 13. Interestingly, liver specific 

deletion of the Rb gene in mice does not result in spontaneous tumor 

development 14, whereas deletion of all three pocket proteins (Rb, p107, 

p130) led to spontaneous liver cancer, indicating compensatory tumor 

suppressor mechanisms within the pocket protein family 15. Deletion of 

P53 in mice is sufficient to cause spontaneous liver cancer 16, 17. 

Intriguingly, liver-specific deletion of both P53 and Rb did not result in 

spontaneous liver cancer in mice aged to one year. However, in response 
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to diethylnitrosamine (DEN), tumors started to develop at the age of three 

months 17, 18.  

Previous studies in humans demonstrated that 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 initiation 19.  

Hepatocytes, cholangiocytes and liver progenitor cells could function as 

candidates for the cell of origin in liver cancer 20. However, identifying the 

cell of origin is currently not feasible in human patients. In addition, 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 patients 21. In this study, we show that 

liver-specific inactivation of Rb and P53 in mice leads to the spontaneous 

formation of liver tumors at the age of 13 months with histological 

similarities to human liver cancers. Moreover, we show that surgical 

resection and RFA accelerate tumor genesis in P53/Rb deficient livers as a 

result of migration, expansion and transformation of Cytokeratin19- 

(CK19) positive - cells at the injury site.  
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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 by crossing Alb-cre to P53f/f; 

Rbf/f mice (Supporting Figure S1A and B).  

 

Table 1.  

  Mean  
life 
span 

Tumor at 
surgery 
site  

EMT Tumor 
not at 
surgery 
site 

EMT 

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 Ck19-cre+/-

;P53∆/∆;Rb∆/∆ 

(RFA) 

n.a. 42% 
(10/24) 

100% 
(10/10) 

0% 
(0/24) 

n.a. 

 

Table 1. Life span of mice, tumor incidence and tumor 

differentiation of mice with the indicated genotypes and types of 

surgical interventions. Group 2 has a significant lower mean life span 

compared to group 1 (*P<0.05); group 3 has a significant lower mean life 

span compared to group 2 (**P< 0.001; SPSS log rank test). Epithelial-

mesenchymal transition (EMT) in tumors located at surgery site of group 3 
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is significantly higher compared to tumors of group 2 (***P<0.01; two 

sided students t-test). PH, partial hepatectomy; RFA, radiofrequency 

ablation; n.a., not applicable. 

 

Homozygous deletion of P53 and Rb in the liver led to spontaneous tumor 

formation in 13-26 month-old mice with an incidence of 63% (n=19) 

(Figure 1A; Table 1). No liver tumors were observed in age-matched 

control mice (n=17). Analysis of tumors discovered different phenotypes 

including well-differentiated hepatocellular carcinoma (HCC, Figure 1B), 

cholangiocarcinomas (CC, Figure 1C) and undifferentiated 

hepatocholangiocellular carcinomas HCC/CC (Figure 1D). Importantly 

undifferentiated carcinomas contained multiple areas with coagulation 

necrosis (Figure 1E) accompanied by infiltration of inflammatory cells 

(Figure 1D, Supporting Figure S1C). The degree of necrosis and 

inflammation was more severe in undifferentiated HCC/CC compared to 

differentiated HCC/CC (Figure 1E). Notably the liver surrounding 

undifferentiated tumors displayed also more infiltration of inflammatory 

cells compared to well-differentiated tumors (Figure 1F). These findings 

suggest that loss of epithelial differentiation is a consequence of tissue 

injury and its associated inflammatory response. Alternatively, since 

undifferentiated carcinomas exhibited more necrosis this might trigger an 

enhanced immune response. 
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Figure 1. Liver specific loss of P53 and Rb in mice results in 

spontaneous liver tumors. (A) Insitu view of a liver tumor in the 

abdomen of Alb-cre+/-; P53∆/∆; Rb∆/∆  mouse, (B) well differentiated HCC, 

(C) well differentiated CC, (D) undifferentiated HCC/CC with inflammation 

and necrosis(N). Dotted lines indicate borders between tumor (T) and 

normal liver (L). Histological images are magnified 100x. Quantification of 

inflammation and necrosis; (E) in well differentiated and undifferentiated 

HCC/CC and (F) in non-tumor liver tissues adjacent to neoplastic tissues. 

Data represent average ± s.e.m, (n= 10). *p <0.05, undifferentiated 

versus well differentiated HCC/CC. 
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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 control Alb-cre-/-;P53f/f;Rbf/f mice 

(730 days; n=17; P=<0.05) (Figure 2A; Table 1). Although deletion of 

P53 and Rb is already induced during fetal development 22, 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 P53∆/∆; Rb∆/∆ liver, we performed two subsequent 

partial hepatectomies (PH). Surgical resection resulted in early formation 

of large liver tumors with an incidence of 66% (Table 1). The mean 

survival time of Alb-cre+/-; P53∆/∆; Rb∆/∆ mice that underwent surgery and 

developed liver tumors was significantly shorter compared to tumor mice 

without surgery (Figure 2A; Table 1). 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 P53∆/∆; Rb∆/∆ livers a 

large tumor was found at the stump of the resected lobes (Figure 2B), 

whereas in the regenerating lobes hardly any liver tumors were detected.  

Histological examination revealed that all tumors located at surgical 

sites were undifferentiated HCC/CC accompanied with multifocal necrosis 

and infiltration of inflammatory cells (Figure 2C, Table 1). 
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Figure 2. Hepatic resection in Alb-cre+/-; P53∆/∆; Rb∆/∆   mice 

results in reduced survival and undifferentiated carcinomas at the 

ligation site. (A) Survival curves of Alb-cre+/-; P53∆/∆; Rb∆/∆ mice 

developing liver tumors after (+PH; red) or without (-PH; black) partial 

hepatectomy. Life span of control mice is indicated by dotted line. (B) 

View of a liver tumor after PH. (C) H&E (100x) stained liver from 

undifferentiated carcinomas within the remaining stump (ST). Suture 

material (arrowheads) localized in neoplastic lesions. (D) Well 

differentiated HCC and (E) CC with moderately differentiated bile ducts 

(arrows) in regenerating lobes (RL). Dotted lines separate normal liver (L) 

and tumor (T). 
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Tumors that developed occasionally in a regenerated lobe away 

from the injury site were more well-differentiated HCC or CC (Figure 2D, 

E; Table 1). PH on control mice did not cause liver cancer (Supporting 

Figure S2).  

RFA initiates cancer at the necrotic injury site of P53∆/∆; Rb∆/∆ 

livers. 

We evaluated whether RFA, a different therapy approach to remove 

tumors from the liver, had any effects on P53∆/∆; Rb∆/∆ and control P53f/f; 

Rbf/f livers. Mice were euthanized weekly for post RFA analysis from 1-10 

weeks (Supporting Figure S3A). Examination of the injured liver lobes 

revealed that distinct neoplastic foci were detectable within the necrotic 

regions of P53∆/∆; Rb∆/∆ and not in control livers from 5 weeks after RFA 

(Figure 3, Table 1). Tumors that developed upon RFA treatment were 

similar to tumor induced by PH and were classified as undifferentiated 

HCC/CC (Figure 3 and 2B, C; Table 1). In Alb-cre+/-; P53∆/∆, 4/5 mice 

developed tumors within 6 months, whereas no tumor was observed in 

Alb-cre+/-; Rb∆/∆ mice within 12 months after RFA treatment. 

Morphologically, tumors observed in P53∆/∆ liver were identical to P53∆/∆; 

Rb∆/∆ tumors (data not shown). 
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CK19+ cells migrate, expand and transform within necrotic regions 

of P53∆/∆; Rb∆/∆ livers .  

Next we investigated which cell types invaded into the necrotic region 

before distinct neoplastic foci were recognizable. One week after RFA, we 

observed in P53∆/∆; Rb∆/∆ and in control livers that multiple well 

differentiated bile ducts were present within the necrotic region (Figure 3). 

These bile ducts were surrounded by myofibroblasts, inflammatory cells 

and endothelial cells and localized adjacent to the border between dead 

and viable liver tissue. Intriguingly, at 3 weeks these bile ducts and the 

surrounding cells had migrated and expanded deeper into the necrotic 

liver regions in P53∆/∆;Rb∆/∆ and not in control liver. Notably, viable well-

differentiated hepatocytes had never been detected within necrotic regions 

(Supporting Figure S3B). Presence and expansion of bile ducts within the 

necrotic region was confirmed by immunostaining for CK19, a marker for 

cholangiocytes and liver progenitor cells (LPC) (Figure 4A). Number of bile 

ducts (Figure 4B) and proliferation index of cholangiocytes (Figure 4C & 

4D) in P53∆/∆; Rb∆/∆ liver were increased 3 weeks after RFA. 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, 5-6 weeks post RFA and at later time points, bile duct 

structures were still present within the neoplastic foci surrounded by 

inflammatory cells, but were smaller in size (Figure 3). The Alb-cre 

transgene is known to specifically express Cre in hepatocytes.  
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Figure 3. RFA in Alb-cre+/-; P53∆/∆; Rb∆/∆ mice leads to expansion 

of bile duct cells and formation of liver tumors at the injury site. 

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). Dotted lines mark the border between liver (L) and necrotic 

RFA lesion (N). Left and middle panel 100x; right panel 200x. 
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To verify that homologous recombination of conditional alleles had 

also occurred in cholangiocytes/LPC and not in hepatocytes only, we 

crossed Alb-cre+/-; P53∆/∆; Rb∆/∆ mice with mice carrying the LacZ-Cre-

reporter (LSLR26Rf/f) 23. 

As expected LacZ expression was detected in viable hepatocytes of 

Alb-cre+/−; LSLR26RΔ/Δ mice (Figure 4E). Importantly, bile ducts in non-

injured livers (Supporting Figure S1B) and bile ducts invading early into 

the necrotic regions of Alb-cre+/-;P53∆/∆;Rb∆/∆;LSLR26RΔ/Δ mice showed 

strong LacZ expression (Figure 4E), indicating that P53 and Rb has not 

only been deleted in hepatocytes but also in cholangiocytes/LPC. LacZ 

expression was also observed in liver tumors 10 weeks after RFA, and we 

found that undifferentiated carcinomas cells and cholangiocytes/LPC 

expressed LacZ, supporting that undifferentiated neoplastic cells originate 

from epithelial liver cells (Figure 4F). Deletion of P53 and Rb in liver 

tumors was confirmed by PCR analysis (Supporting Figure S1A). 

 

P53∆/∆; Rb∆/∆ CK19+ cells are resistant to TGFβ and hypoxia 

mediated growth inhibition 

Since the proliferation rate of wild type cholangiocytes within the RFA 

zone decreased from 1 to 3 weeks (Figure 4C, D) while P53/Rb deficient 

cholangiocytes continue to proliferate at high rate, we hypothesize that 

P53∆/∆; Rb∆/∆ cholangiocytes might be less responsive towards inhibitory 

proliferation signals, such as the transforming growth factor beta (TGFβ). 

TGFβ is a secreted protein and a known inhibitor of cellular proliferation 24, 
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25. We found that TGFβ is highly expressed by cells surrounding the 

migrating cholangiocytes at the RFA site 3 weeks after surgery (Figure 

5A). 

 

 

Figure 4. Loss of P53 and Rb leads to enhanced proliferation 

cholangiocytes within the RFA site. (A) CK19 positive and (B) 

quantification of bile ducts. (C) Ki67-positive cholangiocytes and (D) 
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quantification of Ki67 positive cholangiocytes. [(A), (C)] Images magnified 

200x. Histograms represent average ± s.d. of five fields at 20x, (n= 2-4), 

*P<0.05 versus control. (E) X-gal, and expansion of P53/Rb-deficient bile 

ducts (arrows). Upper panel 100x, lower panel 200x. (F) X-gal and CK19 

staining 10 weeks after RFA. Bile ducts (arrows) within the tumors (T), left 

panel 40x, right panel 200x. Viable liver (L) and necrotic (N) tissue.   

 

To test our hypothesis, we isolated and cultured cholangiocytes/LPC 

from P53∆/∆;Rb∆/∆ and wild type livers using organoid technology (Figure 

5B) 26. Administration of TGFβ to the culture medium of wild type 

organoids strongly reduced the DNA replication rate, quantified by EdU 

incorporation (Figure 5C). In contrast, TGFβ addition to P53∆/∆; Rb∆/∆  

organoids resulted in less inhibition of DNA replication (Figure 5C). Time 

course analysis with daily measurements of DNA replication further 

supported that P53∆/∆; Rb∆/∆ organoids were less sensitive to inhibitory 

effects and displayed a higher proliferation rate in response to TGFβ 

(Figure. 5D). Similar responses were observed when CK-19+ organoids 

were cultured under hypoxic conditions.  
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Figure 5. P53 and Rb deficient bile ducts are resistant to 

proliferation inhibitory signals induced by TGFβ1 and hypoxia. (A) 

TGFβ1 expression in liver (L) and necrotic tissue (N), 3 weeks after RFA. 

Magnifications: 200x (top row) and 400x (bottom row). (B) H&E (top row) 

and CK19 (bottom row) on bile duct organoids of indicated genotypes, all 
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images at 200x magnification. (C) Proliferation of organoids from wild 

type and P53/Rb deficient livers at an increasing dosage of TGFβ1. (D) 

Comparison of proliferation rate of wild type versus P53/Rb knockout 

organoids cultured for 5 days with and without TGFβ1 treatment. (E) 

Proliferation rate of control versus P53/Rb deficient organoids under 

normoxia and 2.5% hypoxia for 24 hours. (F) Survival score of organoids 

under normoxic and hypoxic conditions shown by trypan blue exclusion in 

control versus P53/Rb deficient organoids. Histograms represent mean 

and standard deviations, *P<0.05, wild type versus P53/Rb deficient cells.  

 

Hypoxia decreased the proliferation rate and viability of wild type 

liver organoids, whereas P53∆/∆; Rb∆/∆ organoids show no reduction in 

proliferation and viability (Figure 5E, F).  

To investigate whether oxidative stress contributes to the positive 

selection of CK19+ cells after RFA 27, we exposed organoids to hydrogen 

peroxide or we removed the anti-oxidant N-Acetyl-Cysteine (NAC) from 

the organoid medium. In contrast to hypoxia and TGFβ, wild type and 

P53∆/∆; Rb∆/∆ organoids did not differ significantly in response to oxidative 

stress (Supporting Figure S9A-D).   

Next, we evaluated the angiogenesis response towards the injury. 

However the number of blood vessels at the transition zone two weeks 

after RFA did not differ between control and P53/Rb deficient livers 

(Supporting Figure S10A-B). Furthermore, the analysis of the polyploidy 

status of isolated wild type and P53/Rb deficient CK19+ cells from livers, 
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revealed no difference in polyploidy between the two genetic groups 

(Supporting Figure S11).  

 

Tissue destruction leads to epithelial-mesenchymal transition 

(EMT) of P53∆/∆; Rb∆/∆ neoplastic liver cells.  

Analysis of all spontaneous 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 (Figure 6A). Reduced differentiation of spontaneous 

tumors was associated with the presence of prominent necrotic foci and 

strong invasion of inflammatory cells (Figure 1E). Consistent with these 

observations, 100% of the liver tumors that developed after PH or RFA 

were undifferentiated HCC/CC (Figure 6A; Table 1). These findings prompt 

us to hypothesize that tissue destruction induced EMT of neoplastic liver 

cells. Selected markers were used to investigate the differentiation degree 

of the liver tumors in more detail. Hepatocyte nuclear factor 4 alpha 

(HNF4α), a nuclear marker for mature hepatocytes [28], was strongly 

expressed in normal hepatocytes and well differentiated HCC, whereas 

undifferentiated carcinomas showed almost no expression (Figure 6B). We 

observed that bile ducts located within undifferentiated carcinoma showed 

weak expression of HNF4α, which is in line with previous studies  
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Figure 6. Surgical resection or RFA in Alb-cre+/-; P53∆/∆; Rb∆/∆ 

mice lead to formation of undifferentiated carcinomas that 

underwent epithelial-mesenchymal transition. (A) Classification of 

spontaneous liver tumors (-PH), tumor associated with partial 
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hepatectomy (+PH) or radiofrequency ablation (+RFA), and number of 

tumors analyzed (n). (B) Images of H&E (20x), hepatocyte nuclear factor 

4α (HNF4α, 100x), CK19 (100x), E-cadherin (100x), and S100A4 (40x) 

and magnifications for the respective images are shown in brackets.  

 

describing HNF4α expression in activated bile ducts (Figure 6B) 28 CK19 

staining displayed strong expression in normal bile ducts, in well 

differentiated CC, and in large and small ductular structures within 

undifferentiated carcinomas (Figure 4F, 6B, data not shown).  

Undifferentiated carcinoma cells showed infrequent low expression 

of CK19 (Figure 4F, 6B). 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 (Figure 6B and Supporting Figure 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 (Figure 6B and Supporting Figure S4). We also observed co-

localization of CK19 and S100A4 as well as CK19 and vimentin in early 

tumor lesions (Supporting Figure S5A, B). Other regions of advanced 
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tumor lesions and normal liver tissues did not show co-expression of 

epithelial and mesenchymal markers (Supporting Figure S6A, B). 

Finally, Ki67 staining demonstrated enhanced Ki67 expression in 

undifferentiated carcinomas (Supporting Figure S6C). Together these data 

suggest that tissue destruction by surgical resection or RFA leads to 

epithelial-mesenchymal transition and enhanced proliferation of  P53∆/∆; 

Rb∆/∆  neoplastic cholangiocytes/LPC.  

Anti-inflammatory drugs could not prevent tumor development at 

the RFA injury site 

Because the initiation of liver tumors at the injury site is associated with 

infiltration of inflammatory cells (Figure 3), we investigated whether 

inflammation contributes to tumor development. One group of Alb-cre+/-

;P53∆/∆;Rb∆/∆ mice received Sulindac in drinking water and control group 

received plain water. A second cohort group received Dexamethasone or 

saline a day before RFA and continued treatment for 9 weeks. The 

Sulindac treated group (n=6) did not differ from the control group.  

Dexamethasone treated mice revealed reduced inflammation and bile 

ducts migration into necrotic region, three weeks after RFA (Supporting 

Figure S7).  Surprisingly only one mouse of the dexamethasone treated 

group did not develop tumors at RFA site, 75% (6/8) developed smaller 

tumors compared to control and one mouse developed a tumor larger 

than the control mice. As expected, all saline treated mice developed 

tumors at RFA site. Treatment with high dose of Dexamethasone 
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(4mg/kg) alone did not induce any pathological change in the liver (data 

not shown). These findings suggest that reducing the inflammatory 

response at the injury site does not significantly contribute to the 

development of liver tumors after RFA. 

 

CK19-specific deletion of P53 and Rb leads to liver cancer after 

RFA.  

Given the migration and expansion of cholangiocytes into early necrotic 

lesions of P53∆/∆; Rb∆/∆ livers (Figure 3), we examined whether the bile 

duct cell/LPC could represent the cell-of-origin in this injury-induced 

mouse model of liver cancer. To delete P53 and Rb specifically in 

cholangiocytes/LPC, we bred mice transgenic for Cre under the control of 

the tamoxifen-inducible CK19 promoter (CK19-creErt) 29 with P53f/f; Rbf/f 

mice. To monitor Cre-specific expression, mice were also crossed with the 

R26LSL-lacZ reporter mice. 5-bromo-4-4chloro-3-indolyl-D-galacto-

pyrmoside (X-gal) staining on liver sections from CK19-cre+/-

;P53∆/∆;Rb∆/∆;LSLR26RΔ/Δ mice injected with tamoxifen demonstrated LacZ 

expression in cholangiocytes, not in hepatocytes or stromal cells (Figure 

7A). To further ensure that CK19-cre expression is limited to 

cholangiocytes/LPC, we exposed tamoxifen-injected CK19-cre+/-

;P53∆/∆;Rb∆/∆;LSLR26RΔ/Δ mice to a 3,5-diethoxycarbonyl-1,4-

dihydrocollidine (DDC) diet for three weeks to induce proliferation of 

cholangiocytes/LPC 30. We observed LacZ expression only in 

cholangiocytes/LPC during DDC exposure and after switching back to a 
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normal diet (Supporting Figure S8A). These findings are in line with 

previously published findings which demonstrate that CK19-cre expressing 

cells are not able to generate hepatocytes even under stress conditions 31. 

Importantly, RFA resulted in the formation of liver tumors at the site 

of tissue destruction in 42% of CK19-cre+/-; P53∆/∆; Rb∆/∆ (Figure 7A; 

Table 1). 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 (Figure 7A and 

Supporting Figure S1A).  

Comparative histological analysis revealed that the tumors had the 

same morphology and expression pattern of epithelial and mesenchymal 

markers similar to tumors that developed in Alb-cre+/-; P53∆/∆; Rb∆/∆ mice 

after PH or RFA (Figure 7B, and Supporting Figure S8B). 

 

  

196



 

 

Figure 7. Cholangiocyte specific deletion of P53 and Rb in mice 

leads to undifferentiated carcinomas at the RFA injury site. (A) Left 

panel: in situ x-gal positive bile ducts cells (BD, arrows) at 400x 

magnification in normal liver (L): portal fibroblasts, blood vessels (BV) and 

hepatocytes were not stained. Right panel: x-gal positive liver tumor at 

RFA injury site (20x). (B) HNF4α and CK19 in liver and tumors. The 

presence of bile ducts (arrows) within the tumors is indicated. Dotted lines 
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separate normal liver tissue (L) and tumors (T). Left panel, 100x, right 

panel 400x. 

 

These findings provide strong evidence that the bile duct cell/LPC is 

the cell-of-origin of P53∆/∆; Rb∆/∆ liver tumors induced by tissue 

destruction. 

 

Discussion 

An important question, which is difficult to address in human patients, is 

whether liver cancers originate from hepatocytes, liver progenitor cells or 

cholangiocytes. 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 P53/Rb conditional knockout mice resulted in the expansion 

of structures with characteristics of bile ducts. We showed that Albumin-

cre transgenic mice express cre not only in hepatocytes, but also in 

cholangiocytes/LPC. It is also possible that liver tumors originated from 

dedifferentiated hepatocytes in Albumin-cre transgenic mice, as it has 

been shown previously 32.  To genetically delete Rb and P53 exclusively in 

cholangiocytes/LPC we used the Ck19-creErt transgenic mice 29 and found 

that the same type of tumors developed at the same location. We and 

other have never observed any Ck19-cre expression in hepatocytes not 

even after DDC exposure 31 (Supporting figure S8A), indicating that CK19-

cre expressing cells in this transgenic mouse line do not generate 
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hepatocytes and also do not originate from dedifferentiated hepatocytes. 

These observations strongly suggest that P53/Rb deficient liver tumors in 

CK19-cre expressing mice originate from cholangiocytes/LPC at the injury 

site.  

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 liver cancer patients that underwent surgical or 

RFA therapy 6. 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 P53 and Rb deficient livers, 

while wild type mice that underwent similar procedure were tumor-free. 

Nevertheless, P53 and Rb are commonly inactivated in human liver cells 

for example through infection with hepatitis B and C virus 33-35, raising the 

risk to develop liver tumors after surgical interventions. In fact, a recent 

study showed that liver cancer patients (n=266) infected with Hepatitis B 

virus had a 2-year recurrence rate of 54.3% after RFA 36.  Furthermore a 

study with 72 HCC patients revealed that a high hepatitis B virus load 

(>2000IU/ml) at the time of tumor resection was the most important risk 

factor for HCC recurrence after 19 months (p=0.001) 34. Moreover 

antiviral treatment after resection was associated with significantly lower 

cumulative risk of recurrence 36, 37. 

We show that thermal destruction leads to massive coagulation 

necrosis, followed by a wound healing response characterized by the 
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migration of activated cholangiocytes/LPC, 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 P53/Rb deficient 

livers and leads to further expansion and enhanced proliferation of 

cholangiocytes. Remarkably, within 5 weeks after injury, 

cholangiocytes/LPC transform and initiate tumor formation within the 

necrotic regions. These migrating and expanding bile ducts were 

surrounded by cells that expressed high levels of TGFβ. Based on the 

morphology and the presence of brown pigment in the cytoplasm; the 

TGFβ-expressing cells represent most likely macrophages that were 

possibly recruited to injury site to phagocytize the necrotic debris (Figure 

5A). Previous studies have shown that an increased TGFβ gradient 

promotes differentiation towards biliary lineage 16, 17, 25, 38 which is 

consistent with our finding that we only observed migration and expansion 

of cholangiocytes, and never observed any hepatocytes in the necrotic 

region. When we exposed isolated cholangiocytes/LPC to different dosages 

of TGFβ, we observed that Rb/P53 deficient cells proliferate more 

efficiently than wild type cells. These findings are also in line with the 

observation that the TGFβ-receptor contributes to the development of liver 

tumors in P53 deficient livers 16.  In addition, TGFβ is well known for 

inducing EMT in cancer cells 39, a phenotype that we clearly observed in 

the tumors that developed at necrotic injury where many cells express 
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high levels of TGFβ. Together, our studies provide strong evidence for a 

model in which the increased TGF-β gradient generated by macrophages 

at the necrotic injury site promotes the migration, expansion, 

transformation and EMT of P53 and Rb deficient cholangiocytes/LPC. 

Surprisingly, the use of anti-inflammatory agents showed that the 

overall tumor incidence after RFA was not significantly reduced; 

suggesting that other mechanism such as hypoxia may contribute to peri-

necrotic tumor formation. Our in vitro study with CK19+ isolated cells 

(Figure 5E and S.Figure 9A, B) as well as our previous studies utilizing an 

in vivo colon carcinoma cancer model 40 provide strong evidence that 

hypoxia could contribute to the positive selection cancer cells at the injury 

site.  

In summary, our findings show that deletion of P53 or Rb leads to 

the expansion, transformation, and EMT of bile duct cells/LPC within an 

inflammatory, hypoxic and necrotic environment induced by surgery/RFA. 

We conclude that the combination of loss of tumor suppressors, creation 

of hypoxia/necrosis and the accompanied activation of TGFβ signaling 

causes 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 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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Materials and Methods  

Animals and Histology 

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 

laboratory 22, 23. Rbf/f and P53f/f mice were provided by Dr. A. Berns  

(Netherlands Cancer Institute, Amsterdam, The Netherlands). Ck19-cre-

ERT mice were generated as described previously 22. Partial hepatectomy 

(PH) and RFA experiments were performed on mice aged for 10-14 weeks. 

First PH was done as described previously 41. The second PH, removing 

the right lateral lobe, was performed 10 weeks after the first PH 42. 

RFA was performed as described previously 40. X-gal and immunostaining 

on liver sections were performed as described previously 43.  

Additional description of materials and methods is provided 

as supplementary information. 
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Supporting Figure S1. (A) Genotyping PCR on livers (L) and tumors (T). 

∆ stands for deleted, and f for floxed alleles. Lane 1, left and right images 
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taken from separate gels. (B) LacZ reporter in normal liver left and right 

picture at 100x and 400x magnifications respectively. (C) H&E images 

from undifferentiated liver tumor. Arrowheads indicate infiltrating 

inflammatory cells. Images at 100x magnification. 

 

 

 

Supporting Figure S2. 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. 
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Supporting Figure S3. (A) Tumor incidence, (B) HNF4α analysis, 3 

weeks after RFA. Viable liver (L), necrotic (N) RFA lesion. Bile ducts are 

indicated by arrows. Magnifications in [(A), (B)]: upper panels 100x, lower 

panel 400x. 
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Supporting Figure S4. Higher magnification (400x) of the epithelial and 

mesenchymal marker analysis on undifferentiated carcinomas in Alb-cre+/-

; P53∆/∆; Rb∆/∆ mice. Representative pictures of H&E and 

immunohistochemical staining for E-cadherin, and S100A4. 
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Supporting Figure S5. Immunofluorescence images (400x 

magnification). (A) Normal liver; top row and tumors at the bottom row 

showing epithelial marker CK19 (green), mesenchymal marker Vimentin 

(red), and merged CK19 and vimentin (yellow). (B) Normal liver; top row 

and tumors at the bottom row showing epithelial marker CK19 (green), 

mesenchymal marker S100A4 (red), and merged CK19 and S100A4 

(yellow). 
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Supporting Figure S6.  [(A), (B)] Immunofluorescence images of well 

differentiated bile ducts positive for CK19 and surrounded by CK19 

negative mesenchymal tissues which are positive for mesenchymal 

markers vimentin and S100A4 respectively. (C) Ki67 on liver (L), images 

(100x magnification) from well differentiated tumor (T) without surgery 
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and undifferentiated carcinomas from liver with partial hepatectomy (+PH) 

or RFA. Ki67 positive bile ducts are shown (arrow).   

 

 

Supporting Figure S7. H &E staining of liver tissues from mice treated 

with dexamethasone (left column) and control mice received saline 

treatment (right column). Mice received saline treatment show increased 

inflammatory reaction and migration of bile ducts into the necrotic region 

3 weeks after RFA. Arrow indicate bile duct in the necrotic region, images 

magnification at 100x (top row) and 200x (bottom row) respectively. 
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Supporting Figure S8. (A) X-gal staining of liver of CK19-Cre+/-; P53∆/∆; 

Rb∆/∆ ; LSLR26∆/∆  mice treated with DDC for 3 weeks (active phase) (top 

panel), arrow indicate porphyrin in portal region. Bottom panel is liver 

from mice fed with DDC for 3 weeks (active phase) and then switched to 
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normal diet for 10 weeks (recovery phase). In both active and recovery 

phases, only bile ducts are positive for X-gal and not activated liver 

progenitor cells or surrounding mesenchymal tissues. (B) Undifferentiated 

tumor cells show loss of epithelial marker E-cadherin and gain of 

mesenchymal marker S100A4. Bile duct cells (arrow) and surrounding 

tumor cells show high levels of Ki67 staining. Images magnifications: 

100x (left panel), and 400x (right panel). 

 

Supporting Figure S9. (A) Alb-cre-/-; P53f/f;Rbf/f  and Alb-cre+/-; P53∆/∆; 

Rb∆/∆  organoids cultured in absence of N-acetylcysteine (NAC). (B) Alb-

cre-/-; P53f/f; Rbf/f and Alb-cre+/-; P53∆/∆; Rb∆/∆ organoids cultured in 
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presence of 1.25µM NAC. (C) Alb-cre-/-; P53f/f; Rbf/f and Alb-cre+/-; P53∆/∆; 

Rb∆/∆ organoids treated with 1 mM H2O2 in absence of NAC. (D) 

Quantification of EdU positive nuclei, histograms represents mean + 

standard deviation, *P<0.05. 

 

 

Supporting Figure S10. (A) Bile ducts (arrow head) and blood vessels 

lined by endothelial cells stained with Factor VIII (arrow).  (B) Number of 

blood vessels per filed at 20x objective lens in transition zone between 

liver (L) and necrotic RFA region (N) in  Alb-cre-/-;P53f/f;Rbf/f  and Alb-

cre+/-; P53∆/∆; Rb∆/∆    liver,  2 weeks after RFA. Histograms represent 

mean + standard deviation.  
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Supporting Figure S11. Histograms of flow cytometry data of  Alb-cre-/-

;P53f/f;Rbf/f    (P53f/f;Rbf/f  )  and Alb-cre+/-; P53∆/∆; Rb∆/∆    (P53∆/∆; Rb∆/∆  

) of CK19+ organoids representing counts of diploid and tetraploid nuclei 

per 10,000 gated nuclei,  and % of diploid and tetraploid nuclei,  Black 

and grey bar histograms represents mean + standard deviation. 

 

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 
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exposed mice was induced by four tamoxifen injections at the age of 3, 

10, 11, 12 weeks (13 mg total).   

Liver organoids 

Organoids isolated from bile duct fragments of wild type (WT) and P53/Rb 

deficient liver were cultured as described before 1. To investigate 

proliferation of WT vs P53/Rb deficient liver organoids, 5-ethynyl-2’-

deoxyuridine (Edu) (Invitrogen, A10044) was incorporated for 2 hours at 

37C from day 2 until day 5 of culture.  To investigate the effect of TGF-β 

on liver organoid proliferation, organoids were incubated for 24 hours with 

TGF-β (R&D systems, 7666-MB-005) at concentration of 0, 5 and 10 

ng/ml respectively. Then organoids were pulsed with Edu for 2 hours. For 

hypoxia experiments, organoids were incubated for 24 hours in humidified 

chamber at 37 0C, 5% CO2 and 2.5% O2 in Don Whitley H35 hypoxystation 

(Don Whitley Scientific, UK). Organoids cultured under normoxia were 

maintained in a standard cell culture incubator. For oxidative stress 

experiments, organoids were incubated with or without 1.25 μM N-

acetylcysteine (Sigma Aldrich) and 1mM Hydrogen peroxide (Merck 

Millipore) for 24 hours.  

EDU-incorporation assays and trypan blue analysis 

After 18hours, organoids cultured under normoxia, hypoxia and oxidative 

stress experiments were incubated with EdU for 6hours, and then 

organoids were analyzed for trypan blue exclusion using TC20  automated 

cell counter (Bio-rad).  For EdU analysis, cells were fixed with 4% 
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paraformaldehyde and processed in a click reaction with 5 µM Alexa 

Fluor 488 azide (Life Technologies, A10266) according to manufacturer’s 

instruction. Nuclei were stained with DAPI (Sigma-Aldrich, D9542). The 

percentage of EdU positive cells was analyzed using automated image 

acquisition and data analysis with the Cellomics ArrayScan VTI HCS 

Reader (Thermo Scientific) and confocal SP II microscope (Leica 

Microsystems) 

Flow cytometry analysis 

Organoids were trypsinized and fixed with ice cold 70% ethanol in PBS 

and stored in the fridge. Prior to FACS analysis, nuclei were stained with 

Propidium iodide as described previously 2 and analyzed with FACS Calibur 

and CellQuest software (BD Bioscience). Histograms overlay were created 

using FlowJo software. 

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, 
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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 Bioscience, 610182, 1:500 in MOM diluent); 

mouse on mouse (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) was used.  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) were diluted in 5% mouse serum in PBS 

containing 0.05% Tween to make a final dilution of 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. 

Histological 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, Zoeterwoude, The Netherlands).  

Immunofluorescence 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, Zoeterwoude, The 

Netherlands). Images were processed using Adobe photoshop cs6/CC and 

exported to Adobe illustrator cs6/CC (Adobe Systems, Inc., San Jose, 

California). 
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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 mice 3.  

Genotype analysis 

Genotyping on livers and liver tumors was performed using allele-specific 

primers. The following primers have been used:   

P53F:AAGGGGTATGAGGGACAAGG, P53R:GAAGACAGAAAAGGGGAGGG, 

P53F1(int):CACAAAAACAGGTTAAACCCA,  

RbF: CTCAAGAGCTCAGACTCATGG, RbR:GGCGTGTGCCATCAATG, 

Rb212:GAAAGGAAAGTCAGGGACATTGGG; 

CreF:ATGCTTCTGTCCGTTTGCCG, CreR:CCTGTTTTGCACGTTCACCG;  

Ck19-CreER2: GTTCTTGCGAACCTCATCACTC, 

Ck19-Cre Pr3: GCAGAATCGCCAGGAATTGACC. 

Statistics 

Survival curve was drawn using SPSS statistical package and statistical 

difference was calculated using SPSS log rank test. Statistical 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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CHAPTER 6 
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Summarizing discussion 

Atypical E2Fs and PTEN in hepatic polyploidy and steatosis 

In chapter 2, we presented evidence that liver specific deletion of the 

tumor suppressor Pten results in the activation of the INSULIN/AKT 

signalling pathway and acceleration of polyploidization in hepatocytes. 

These findings are in line with previous studies by Celton and others 1, 2, 

but our results also show that deletion of Pten leads to increased E2F7/8 

expression and that deletion of E2f7/8 in Pten deficient liver suppresses 

hepatocyte polyploidy. These results indicate that E2F7/8 function is 

essential in promoting hepatocyte polyploidy in Pten-deficient livers. 

Furthermore, we investigated the potential role of polyploidy in lipid 

synthesis and storage (steatosis) in hepatocytes of different ploidy status. 

We have shown that polyploid hepatocytes are larger and have the ability 

to store more lipid droplets per cell compared to diploid cells. However, 

livers composed of predominantly diploid hepatocytes, such as E2f7/8-

deficient livers, have an overall higher cell density per unit area compared 

to livers that contain predominantly polyploid hepatocytes 3, such as 

wildtype livers. It was anticipated that the increase in cellular density will 

also increase the number of lipid droplets per unit area and the overall 

triglyceride storage capacity.  However, we have demonstrated that a 

higher cellular density was not sufficient to elevate the overall triglyceride 

storage per unit weight of tissue. Possibly because livers with mostly 

polyploid hepatocytes can carry approximately 2-3 folds more and larger 
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lipid droplets compared to livers composed of predominantly diploid 

hepatocytes. To investigate the contribution of E2F7/8 function in lipid 

storage independent of its effect on polyploidization, we compared lipid 

accumulation between wildtype and E2f7/8-deficient diploid hepatocytes. 

Surprisingly, wildtype diploid cells showed higher triglyceride storage 

compared to E2f7/8-deficient diploid cells suggesting that E2F7/8 

promotes also hepatic steatosis independent of its effect on 

polyploidization. Notably, expression of genes involved in lipid synthesis 

and oxidation were not altered by either ploidy or E2f7/8 status when a 

comparison was made between control and E2f7/8-deficient livers with 

functional Pten. Lack of major differences in expression of genes involved 

in lipid metabolism between diploid and polyploid hepatocytes is contrary 

to an earlier report that loss of polyploidy was accompanied with changes 

in lipid metabolism gene expression 4. Interestingly genes involved in lipid 

droplet formation, such as Cidea and Cidec, were moderately reduced in 

liver deficient for atypical E2fs and Pten compared to livers with deletion 

of Pten alone. Although the reduced expression of these lipid droplet 

genes might be a contributing factor in the smaller lipid droplet phenotype 

observed in liver deficient for E2f7/8/Pten 5, the molecular mechanism 

leading to smaller lipid droplets and reduced lipid storage are currently 

unknown, because these lipid droplet genes are not regulated directly by 

atypical E2F transcription factors as evaluated by chromatin 

immunoprecipitations assays.  
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Role of NASH, hepatocyte polyploidy and tumor suppressors in 

hepatocellular carcinoma  

In chapter 3, we demonstrated that loss of the tumor suppressor PTEN 

caused non-alcoholic steatohepatitis (NASH), increased hepatocyte 

polyploidy and eventually induce the formation of hepatocellular 

carcinomas. These pathologic phenotypes were associated with increased 

expression of E2f7/8 and Cdkn1a (p21). The NASH and polyploidy 

phenotype as well as upregulation of Cdkn1a expression was partially 

reversed when Pten was simultaneously deleted with E2f7/8 in the liver. 

The protein level of P53, a well-known direct positive regulator of CDKN1a 

was not affected by E2f7/8 deletion. Further studies are needed to 

evaluate whether posttranslational events on P53, such as 

phosphorylation at serine 15, are modified upon deletion of atypical E2fs. 

However, there are also other pathways that can regulate CDKN1a 

expression for example TGFβ 6. We propose that the observed increase in 

CDKN1a and E2F7/8 expression in Pten-deficient liver could be related to 

the increased cellular stress induced by the accumulation of lipids and 

consequently provokes induction of the stress response genes. Excess 

lipid accumulation in hepatocytes, as observed in patients with NASH, is 

associated with oxidative stress resulting in DNA damage 2. CDKN1a as 

well as atypical E2Fs are known to be induced in metabolically stressed 

cells to limit DNA damage and tumorigenesis 7, 8. In this context, both 

increased lipid load and the eventual activation of atypical E2Fs and 

CDKN1a are likely to have additive effects in limiting tumor progression in 
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cells with hyper activation of AKT signalling. In addition, CDKN1a and 

atypical E2Fs are known to regulate hepatocyte polyploidy 3, 8 and the 

contribution of this type of stress response in limiting tumor development 

in livers with deficient for PTEN cannot be ruled out. Recent in vivo studies 

demonstrated that polyploidy has tumor suppressor function in the liver 9. 

Mice with predominantly diploid hepatocytes were more susceptible to 

develop liver cancer than mice where the liver is composed of mostly 

polyploid hepatocytes 9. Since polyploid hepatocytes contain more copies 

of tumor suppressor genes than diploid hepatocytes they might be better 

protected against cancer causing mutations. More experimental support is 

required to validate this gene-back up concept, but interestingly early liver 

tumor lesions in human patients are composed mostly of diploid 

hepatocytes 10, providing further support for this hypothesis.     

Role of E2F7/8 in postnatal development and survival 

E2F7 and E2F8 are required for murine embryonic development 11, 12. 

Global deletion of both E2f7 and 8 resulted in embryonic lethality 

associated with vascular defects including dilated blood vessels, multifocal 

haemorrhages and massive apoptosis. Later it was discovered that 

supplying E2f7/8 deficient embryos with a wildtype placenta could sustain 

these embryo to term, but then they died in the first few days after birth 

11. These findings limit long term studies on the potential role of atypical 

E2Fs on postnatal mouse development. We, therefore, used in chapter 4 

an inducible mouse model to delete E2f7/8 from day one after birth to 

investigate role of E2F7/8 in postnatal mouse development. Due to the 
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importance of atypical E2Fs for embryonic development, we expected that 

early postnatal deletion of the genes will lead to multiple pathologies and 

interferes with normal postnatal development and survival. In contrast, 

we observed that mice deficient of atypical E2Fs from day two after birth 

did not develop major pathologies and lived until old age. However, 

because there were residual expressions of atypical E2Fs in non-deleted 

cells, there is a possibility that residual expression was sufficient to 

maintain cellular physiological needs to sustain normal growth and 

survival. 100 % effective inducible gene targeting systems for all tissues 

in the mouse body are currently not available.  Nevertheless we showed 

by utilizing Cre-LacZ reporter systems that for all examined organs the 

majority of the cells within tissues were deleted. In our view it is unlikely 

that a small percentage of non-deleted cells could explain the survival of 

the mice. In case non-deleted cells would play a critical role for the 

survival of the mice, we would expect that these cells would also have a 

selective advantage and the proportion of non-deleted cells in critical 

organs should be enriched, but that was not the case. We, therefore, 

favour the conclusion that atypical E2Fs are essential for embryonic 

development, but not for postnatal survival.   
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Role of E2F7/8 in exocrine and endocrine cell polyploidization. 

In addition to the role of atypical E2Fs regulating hepatocyte polyploidy, 

as reported previously 3, we now report in chapter 4 that this regulation 

also occurs in pancreatic exocrine and endocrine cells. Deletion of E2f7/8 

induced from day one on in mice, inhibits development of polyploidy in 

cells of the liver and pancreas. Importantly, we show that this inhibition 

does not occur in liver 13 and pancreas if deletion of E2f7/8 is induced 

during adulthood in mice. Furthermore, despite the fact that hepatocytes 

have ability to undergo ploidy reversal 14, where polyploid hepatocytes can 

become diploid again, this phenomenon was not observed in adult mice 

post E2f7/8 deletion. Together, these observations suggest that induction 

of polyploidy and ploidy reversal occurs independently. Ploidy reversal is 

more likely to be regulated in a non-cell autonomous manner, influenced 

by microenvironment signals. This explanation is supported by findings 

where polyploid hepatocytes were transplanted into mice lacking the 

fumarylacetoacetate hydrolase (FAH) enzymes resulting in hepatic 

necrosis. Under these conditions polyploid hepatocytes proliferates to 

repopulate the recipient liver 15    and undergo ploidy reversal at the same 

time. Interestingly, polyploid hepatocytes derived from older mice can be 

rejuvenated and undergo ploidy reversal when transplanted into younger 

recipient liver 14.  

 In agreement to previous findings in the murine liver, regulation of 

polyploidy in pancreas appears to occur partly through activator E2Fs 3. 

Deletion of E2f1-2 in murine pancreas reduces pancreatic tissue mass and 
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greatly increases polyploidization in exocrine and endocrine cells 16. 

Notably, increased hepatocyte polyploidization was also observed in the 

liver deficient of E2F13. Despite of reduced ploidy, we did not observe 

difference in tissue architecture as well as tissue function in mice deficient 

for E2f7/8. This was not surprising as   livers deficient for E2f7/8 and 

reduced polyploidization did not show alterations in liver  functions under 

normal physiological conditions 3 as reviewed elsewhere 17. Furthermore 

we also found out that diploid cells are more vulnerable to stress 3. 

Subjecting mice to energy stress through a timed food withdrawal resulted 

in mild reduction in amylase and insulin secretion as well as 

hypoglycaemia in mice where polyploidy was inhibited in livers and 

pancreas compared to controls. Nevertheless, the change in enzymes and 

hormone secretions were not significant and consequently the mice are 

unlikely to be affected under physiological transient energy stress induced 

by a short time food withdrawal. Whether reduction of secreted enzymes 

and hormones were direct consequences of reduction in polyploidy or loss 

of atypical E2Fs remains to be investigated. 

Cell of origin in liver cancer and its relevance to the clinic 

Hepatocytes, cholangiocytes and liver progenitor cells (LPC) could function 

as candidates for the cell of origin in liver cancer 15. However, identifying 

the cell of origin in human liver cancer patients is limited by late 

diagnosis, when tumors are already undifferentiated or have undergone 

epithelial to mesenchymal transition, and therefore have lost the 

expression of their original cell markers. In addition, the lack of 
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appropriate markers to clearly distinguish the differentiation stages of the 

different hepatic cell lineages is another limiting factor 18. To address 

these challenges, animal models have been used and proved to be useful 

for investigating the cell of origin of cancer in the liver and other organs. 

In chapter 5, we used genetically modified mouse models that lack the 

expression of tumor suppressors in different liver cell lineages to identify 

the cell of origin of liver cancer induced by surgical injuries. The 

experimental setup mimics the application of surgical resection or 

radiofrequency ablation approaches commonly used in human patients to 

actually remove liver cancer. However there is recent evidence that 

necrosis induced by these therapy approaches can also stimulate growth 

and dedifferentiation of tumors at the injury site 19-21   With the help of 

LacZ reporter gene we showed, in mice expressing the transgene 

Albumin-cre, that deletion of P53/Rb not only occurred in hepatocytes, but 

also in cholangiocytes/LPC and that undifferentiated liver tumors 

developed at the injury site. Using CK19-creErt transgenic mice in which 

only cholangiocytes/LPC and not hepatocytes were targeted for deletion of 

P53 and Rb similar undifferentiated tumors developed at the site of injury. 

These studies provide strong evidence that cholangiocyte/LPC are the cell 

of origin in this injury-induced mouse models of liver cancer. Despite of 

the possibility that dedifferentiated hepatocytes could represent the cell of 

origin for these tumors 22; we and other have never observed any CK19-

cre expression in hepatocytes not even after DDC exposure 23, indicating 

that CK19-cre expressing cells in this transgenic mouse line do not 
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generate hepatocytes and also do not originate from dedifferentiated 

hepatocytes. Further comprehensive studies on the factors contributing to 

the progression of selected tumor cell lineages in post-surgical and RFA 

interventions will help to gain more mechanistic insights into the role and 

identity of the cell of origin in liver cancer and potentially creates novel 

avenues to target these cells.  

Remarkably aggressive tumors in this mouse model developed 

exclusively at the necrotic injury site of the P53/Rb deficient livers after 

RFA or partial hepatectomy. In contrast, no tumors were found in livers 

sufficient for P53/Rb which were exposed to the same RFA and surgical 

resection procedures. This observation underlines the already known 

importance of these tumor suppressors in the liver 24, and suggests that 

patient deficient of P53 and Rb in the liver and who undergo surgical or 

thermal ablation treatment are at higher risk of developing liver tumors. 

This view is supported by clinical data, as an example, a recent study 

showed that liver cancer patients (n=266) infected with Hepatitis B virus 

had a 2-year recurrence rate of 54.3% after RFA 25.  It is well known that 

oncoproteins produced by hepatitis B or C virus bind to P53 and RB and 

inactivate their tumor suppressor function and that approximately 75% of 

liver cancer patients worldwide are infected with these viruses 21, 25, 26. 

Therefore screening liver cancer patients concerning their functional P53 

and RB status before performing surgical procedures might have a 

predictive value for patient prognosis concerning cancer relapse.   
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Nederlandse samenvatting 

Dit proefschrift heeft als hoofdonderwerp het begrijpen van de rol van de 

atypische E2F transcriptie factoren E2F7 en E2F8 tijdens de postnatale 

ontwikkeling, bij het ontstaan van leververvetting en bij het ontstaan van 

kanker in de lever. Daarnaast wordt de rol van Rb en p53 tijdens het 

ontstaan van levertumoren na chirurgische interventies bestudeerd. Voor 

alle hoofdstukken geldt dat knock-out muizen werden gebruikt voor in 

vivo onderzoek. 

In hoofdstuk 2 hebben we de rol van de atypische E2Fs bij de 

vetstapeling in levercellen bestudeerd. Dit werd gedaan in een 

muizenmodel dat wordt gebruikt voor onderzoek naar leververvetting. We 

tonen aan dat uitschakelen van E2F7 en E2F8 het vermogen van 

levercellen om vet te stapelen vermindert en de ontwikkeling van 

leververvetting voorkomt. We konden aantonen dat het vermogen om vet 

te stapelen in levercellen met meerdere sets chromosoom materiaal 

(polyploid) groter is dan in levercellen met de normale hoeveelheid 

chromosoom materiaal (diploid). Bovendien tonen we aan dat de 

atypische E2Fs de grootte van de vet druppeltjes in de levercellen 

reguleren, en dat dit onafhankelijk is van het aantal sets chromosomen. 

In hoofdstuk 3 beschrijven we de rol van atypische E2Fs bij het 

onderdrukken van de ontwikkeling van leverkanker. We gebruiken 

daarvoor dezelfde muizen als in hoofdstuk 2 waarbij de muizen eerst 

leververvetting ontwikkelen en in een later stadium leverkanker. Deze 

studies hadden tot doel een mogelijke interactie of samenwerking tussen 



de atypische E2Fs en de kanker onderdrukker PTEN te bestuderen. PTEN 

speelt een belangrijke rol bij het ontwikkelen van leverkanker. We 

gebruikten muizen met een conditionele uitschakeling van de genen E2f7, 

E2f8, en Pten waarbij we ontdekten dat uitschakeling van de drie genen 

tegelijk leidde tot versnelling van de vorming van leverkanker. De lever 

specifieke uitschakeling van Pten ging samen met een toename van de 

expressie van p53-afhankelijke stress genen, waaronder p21. Opvallend 

is dat deze stress reactie gedeeltelijk teniet gedaan kon worden door een 

bijkomende uitschakeling van E2f7/8. Dit duidt erop dat de atypische 

E2Fs bijdragen aan een goede p53 stress reactie in levercellen. Deze 

studies tonen aan dat de atypische E2Fs en PTEN samenwerken in het 

onderdrukken van de vorming van leverkanker, mogelijk door een 

antagonistische regulatie van de p53 stress reactie. 

In hoofdstuk 4 wordt de rol van atypische E2Fs in de postnatale 

ontwikkeling bestudeerd. Atypische E2Fs zijn essentieel voor de 

embryonale ontwikkeling, maar het was niet bekend of deze E2Fs ook 

essentieel zijn voor het overleven van muizen nadat ze geboren zijn. We 

hebben E2F7 en E2F8 tegelijk uitgeschakeld in net geboren pups. 

Hiervoor werd een met tamoxifen geïnduceerd muismodel gebruikt. In het 

merendeel van de weefsels werden de atypische E2Fs uitgeschakeld. Deze 

muizen bleven gezond tot op hoge leeftijd. Opvallend was het feit dat in 

de pancreas er minder sprake was van polyploidie, zowel in de exocriene 

als in de endocriene cellen, zonder dat dit groot effect had op de 

productie van hormonen en enzymen. Zoals verwacht bevatte de lever 



minder polyploide cellen, dit is in overeenstemming met eerdere studies 

waarbij de E2Fs alleen in de lever werden uitgeschakeld. Onze studies 

tonen aan dat atypische E2Fs essentieel zijn voor de polyploidie in lever 

en pancreas terwijl andere polyploide cellen (zoals megakaryocyten en 

cellen in de milt) niet worden beïnvloed. 

In hoofdstuk 5 beschrijven we dat de therapie die wordt toegepast om 

kankerweefsel in de lever te verwijderen juist de vorming van 

ongedifferentieerde kwaadaardige leverkanker op de plaats van 

chirurgisch ingrijpen kan initiëren. Er werd hiervoor gebruik gemaakt van  

muizen waarin de genen p53/Rb uitgeschakeld waren. In deze muizen 

werd aangetoond dat leverkanker ontwikkelt in het dode weefsel dat 

achterblijft na chirurgisch ingrijpen of na thermische verhitting van het 

kankerweefsel (radiofrequency ablation (RFA)). Door middel van een 

wekelijkse analyse na RFA en een afstammingsstudie konden we 

aantonen dat kankerinitiatie optreedt als gevolg van een specifieke 

migratie, uitgroei en transformatie van cytokeratine-19+ levercellen 

(CK19+) die aanwezig zijn in het dode en zuurstofarme gebied van de 

operatie. Dit werd ook geïllustreerd in een ex-vivo studie waarin we 

aantoonden dat geïsoleerde CK19+ cellen die deficiënt waren voor p53/Rb 

resistent waren tegen lage zuurstofspanning en TGFβ-gestuurde 

groeiremming. 

In hoofdstuk 6 worden de belangrijkste resultaten van dit proefschrift 

bediscussieerd. 
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