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Chapter 1

Introduction
Liver anatomy and function
The liver is the largest solid organ in the body that lies under the protection of the rib
cage in the anterior part of the abdomen and is divided into right and left lobes. The number
of lobes varies between species. A hepatic lobule is the smallest functional unit of the liver. It
is a hexagonal structure which a centrally located central vein, parenchymal cells
(hepatocytes) and non‐parenchymal cells (stellate cells, Kupffer cells, endothelial cells and
hepatic progenitor cells) surrounding the central vein, and at the corners it is outlined by so‐
called portal triads containing the terminal branches of the portal vein, the hepatic artery
and the bile duct. Oxygen and nutrient‐rich blood perfuse from the portal vein and hepatic
artery through sinusoidal capillaries that line the hepatocyte plates, and drain into the
central vein (Figure 1). Hepatocytes are the major cell type of the liver and comprise around
80% of the liver. They are polyhedral epithelial cells of approximately 30‐40 m in diameter
and are often polyploid. Hepatocytes are highly polarized with a sinusoidal (or basolateral)
and a canalicular (or apical) surface. The sinusoidal surface of hepatocytes faces the sinusoid
and perisinusoidal space (space of Disse), while the canalicular surface bounds the
intercellular space which constitutes the bile canaliculus. Hepatocytes are organized as
limiting plates, connected to each other by tight junctions. After bile is produced and
secreted into the canaliculi by hepatocytes, it is transported to the bile ducts in the portal
triad and subsequently transported to and stored in the gall bladder1‐3. Bile canaliculi
connect with the interlobular bile ducts via the canals of Hering, which are considered the
niche for hepatic progenitor cells4. The three‐dimensional structure of all cell types in the
liver is crucial for optimal hepatic function3, 5.

Figure 1 Schematic picture of liver architecture and cells.
The image depicts a part of a liver lobule containing a portal triad which is located at the corner of a hexagonal,
hepatocytes, stellate cells, Kupffer cells and the central vein which is centrally located in the hexagonal. Hepatic
progenitor cells are located in smallest branches of the biliary tree called the canals of Hering.
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The liver is responsible for bile production, biotransformation and detoxification
through cytochrome P450 enzymes, synthesis and degradation of haem (porphyrin and
bilirubin metabolism), carbohydrate and lipid metabolism, protein synthesis, urea and
ammonia balance and serum proteins synthesis. These functions are carried out primarily by
hepatocytes1, 2. However, there is functional heterogeneity of hepatocytes, meaning that the
spatial location of hepatocytes within the hepatic lobules defines their role. This
heterogeneity is known as metabolic zonation. For example, gluconeogenesis and albumin
production occur mainly by periportal hepatocytes, whereas glycolysis and xenobiotic
metabolism occurs predominantly in the pericentral area6. The numerous biochemical and
metabolic functions of the liver emphasize its imperative role to the health of organisms2.
Embryonic Development of the Liver
The liver derives from the anterior part of the endoderm (foregut) during
embryogenesis. Developing cardiac mesodermal tissue, which lies adjacent to the foregut,
plays a role in the induction of hepatic specification. The inductive cues are members of the
fibroblast growth factor superfamily (FGFs), such as FGF1, FGF2, FGF8 and FGF10. Apart from
developing into a heart, a cluster of mesenchymal cells that will give rise to the mesothelium
of the peritoneal cavity and the septum transversum are also involved with early stages of
hepatic development. Two specific proteins, zinc finger transcription factor (GATA4) and
bone morphogenetic protein (BMP4), are expressed by the septum transversum to regulate
early hepatic development. Transforming growth factor (TGFβ) signaling ensures hepatic
competency of the endoderm and prevents inappropriate differentiation. In addition, the
Wnt/β‐catenin signaling pathway, depending on the developmental stage, has a complex
role during hepatic development to drive hepatic specification, expansion and differentiation.
At early stages, repression of Wnt in the anterior endoderm is required for hepatic cell fate
decision, later on, Wnt activation is needed to promote hepatogenesis. To respond to the
induction signals from the heart and mesenchyme, the cells forming the initial hepatic
endoderm transit to a columnar shape, and express albumin, transthyretin (Ttr), α‐
fetoprotein (AFP) and hepatocyte nuclear factor (HNF4α). Cells that express these markers,
which are the indicators of early hepatic cell fate, are called hepatoblasts. HNF1β is also
essential for hepatic specification by stimulating the expression of Forkhead box (FoxA1) and
FoxA2 in the prehepatic endoderm. Forkhead box (FoxA1), FoxA2 and GATA‐4 transcription
factors bind the albumin gene promoter, precede transcriptional activation of albumin and
initiate hepatic lineage specification. A number of transcriptional regulators play a role in the
formation and expansion of the liver bud. The homeobox transcription factor (Hhex) controls
pseudostratified epithelium morphology and morphogenesis of the liver bud. The
homeodomain factors HNF6α (also called Onecut1) and HNF6β (Onecut2) are required for
hepatoblast migration. The prospero‐related homeobox transcription factor (PROX1)
promotes hepatoblast proliferation and migration3, 7‐10. Hepatoblasts continue to proliferate
under the influence of FGF, epidermal growth factor (EGF), hepatocyte growth factor (HGF),
TGFβ, tumor necrotic factor (TNFα) and interleukin (IL‐6)11. Hepatoblasts have the potential
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to differentiate into either hepatocytes or cholangiocytes. HNF1α, HNF1β, FoxA2, HNF4α1,
HNF6 and liver receptor homolog (LRH1) are the core transcription factors for hepatocyte
maturation. Loss of HNF4α during development blocks differentiation of hepatoblasts and
impairs hepatic architecture. However, adult hepatocytes are less dependent on HNF4α. The
canonical Wnt/β‐catenin signaling pathway also contributes to the maturation of
hepatocytes by controlling the zonation of hepatocytes in hepatic lobule3, 7‐10. In addition, a
TGFβ gradient controls hepatic differentiation. High activin/TGFβ signaling is required near
the portal vein for the differentiation of biliary epithelial cells, while a lower activity of this
pathway allows hepatocyte differentiation in the parenchyma12. Intrahepatic cholangiocytes
arise from hepatoblasts, while cholangiocytes lining extrahepatic bile ducts derive directly
from the endoderm. The earliest sign of biliary differentiation is the expression of sex
determining region Y box (SOX9) which controls the timing of bile duct development. SOX9
positive cells form the ductal plate surrounding the periportal mesenchyme. Both TGFβ and
Notch signaling are required to induce differentiation of biliary cells from periportal
hepatoblasts. HNF6 and HNF1β control cholangiocyte fate by regulating TGFβ3. The role of
all these factors is schematically represented in Figure 2.

Figure 2 Schematic overview of the factors controlling liver development.
Many transcription factors, growth factors and cytokines are involved in hepatic specification, hepatoblast
activation, and hepatic differentiation during embryonic liver development. The timing and role of the factors
discussed in the text are represented in this picture.

Liver Regeneration
Normal liver homeostasis and regeneration (“wear‐and‐tear”) occurs through cell
division of adult hepatocytes and cholangiocytes. This turnover progresses relatively slow, as
the average life span of adult hepatocytes ranges from 200‐300 days. Upon injury, the liver
regenerates differently with a pathologic response, depending on the severity and type of
injury inflicted upon the liver. After (up to 70%) partial hepatectomy or mild acute liver
injury, such as carbontetrachloride and acetaminophen toxicity, the restoration of the liver
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mass is mediated by mature liver cell types such as hepatocytes and cholangiocytes5, 13, 14. In
contrast, when injuries in the liver are severe or chronic and prevent hepatocytes from
(sufficient) proliferation, the hepatic progenitor cells serve as a second line of defense to
restore liver failure15.
To investigate the signaling networks and cellular machinery involved in regeneration
by hepatocytes, most often the 2/3 partial hepatectomy model is applied. The initial trigger
is the activation of cytokine cascades in Kupffer cells through the nuclear factor‐kappa B (NF‐
B), which then stimulates growth factor secretion and activates metabolic pathways in
hepatocytes. Secondary signals, such as epithelial growth factor (EGF), transforming growth
factor alpha (TGFα), hepatocyte growth factor (HGF), and Wnt/β‐catenin are required to
stimulate hepatocytes to enter the cell cycle for a proliferative response14. Termination of
hepatocyte proliferation is regulated by TGF‐β and activin which serve as negative feedback
mechanisms. Finally, the end of the regenerative response is regulated by the ratio of liver to
body mass rather than the liver mass per se13. The signaling pathways involved in HPC
mediated liver regeneration will be discussed in the next paragraph.
Hepatic progenitor cells (HPCs)
In rodents, hepatic progenitor cells (HPCs), known as oval cells, are small oval‐shaped
cells with a high nuclear‐cytoplasmic ratio that are activated in periportal areas in various
liver injury models16. These cells in humans are identified in the terminal bile ductules or the
canals of Hering, and are descendants of the fetal ductal plate. They are capable of bipotent
differentiation towards the hepatocyte or cholangiocyte lineage15. According to the
“streaming liver hypothesis”, HPCs differentiate to intermediate hepatocytes and
progressively become mature hepatocytes on their way towards the central vein in the liver
lobules14, 17.
During embryonic development, hepatoblasts give rise to the primitive intrahepatic
bile ducts, which correspond to the canals of Hering and terminal bile ductules of adult
livers13. These hepatoblasts are located near the vascular space and express markers of both
hepatocyte (albumin and AFP) and biliary (cytokeratins 7 and 19) lineages. Hepatoblasts may
be the predecessors of HPCs in the adult liver18. To identify progenitor cells in the adult liver
in rodents, several models such as 2‐acetylaminofluorene with 70% hepatectomy (AAF/PHx),
choline‐deficient diet, ethionine‐supplemented (CDE) diet, 3,5‐diethoxycarbonyl‐1,4‐
dihydro‐collidin (DDC) diet and N‐acetyl‐paraaminophen (APAP) were applied to study the
liver stem cell compartment19. This revealed some species‐differences in that rodent oval
cells e.g. express AFP, albumin, CD133, A6, OV6, EPCAM, KRT7, KRT19, CD44, and TROP220
while human HPCs are defined by the expression of EPCAM, RTK7, KRT19, CD44, CD133,
claudin and NCAM, but not albumin and AFP14. In dogs, HPCs express OPN (SPP1), FN14,
CD133, LIF, LIFR, BMI1, SOX9, HNF1β, HNF4α, KRT7, and KRT1921‐23.
HPC‐mediated liver regeneration can be divided into four phases: (a) activation, (b)
proliferation, (c) migration and (d) differentiation representing the final step leading to
either hepatocytes or bile duct epithelial cells. The pro‐inflammatory cytokine IL‐6 is one of
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the regulators of HPC activation and proliferation5. The Wnt/β‐catenin pathway is implicated
in activation and proliferation of HPCs24, 25 and a variety of growth factors, such as TGF‐α,
EGF, HGF, TWEAK/Fn14, stem cell factor, and even the sympathetic nervous system have
further been shown to be important in stimulating HPC growth. Interestingly, some of the
factors involved in HPC activation have opposite effects on hepatocytes and HPCs5, 26. In
addition to cytokines and growth factors, extracellular matrix (ECM) is clearly involved in
HPC activation. ECM remodeling, namely collagen I degradation and subsequent laminin
deposition, is important to facilitate an HPC response27. Laminin always surrounds the
undifferentiated progenitor cells. In vitro studies showed that laminin aids the maintenance
of the progenitor and biliary cell phenotype while it inhibits hepatocyte differentiation28. In
addition, Wnt may be important for migration of the HPCs. For differentiation of HPCs into
hepatocytes, the HGF receptor c‐Met, a well‐known oncogene, is required. Furthermore,
Notch and Wnt interact via Numb to path the appropriate delineation of hepatocellular
versus biliary fate26. Macrophage‐mediated engulfment of hepatocyte debris induces Wnt
expression, and promotes HPC differentiation to hepatocytes. During this period, Numb is
activated to suppress Notch which is involved in cholangiocyte differentiation29. Moreover,
the transition from HPCs to hepatocytes correlates with the loss of contact to the laminin
containing basement membrane30.
Liver organoid culture
The past few years have seen spectacular development in adult stem cell cultures in a
three‐dimensional (3D) matrix and allowed the self‐organization into mature epithelia of the
organ of origin. The 3D culture of structures resembling an organ, the so‐called organoids,
represent the physiology of native epithelia much better than traditional 2D cell lines.
Organoids derived from the intestine are termed mini‐guts once they reproduce the
epithelial architecture of the small intestine and colon31, 32. Recently, Huch et al. (2013,
2015) have developed a mouse and human liver organoid culture in a defined medium as a
3D culture in the absence of the mesenchymal niche. Liver organoids maintain their stem
cell characteristics for a long‐term (over one year) and are able to differentiate into
functional hepatocytes both in vitro and in vivo33, 34. Organoid cultures provide a unique
opportunity to model organ development, diseases and cancer. Moreover, organoids can be
used as an alternative system for drug testing and organ replacement strategies. Since the
organoids can be cultured from individual patients, they are attractive models to investigate
an individual response to specific drugs, resulting in very cost‐effective personalized
treatment.
Liver stem cell niche
A stem cell niche is a microenvironment which maintains the progenitor cell
characteristics and controls the balance between self‐renewal and differentiation. The
hepatic stem cell niche is located in the canals of Hering and its cellular part is composed of
cholangiocytes, hepatocytes, stellate cells, portal myofibroblast, liver sinusoidal endothelial
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cells (LSECs), immune cells (such as Kupffer cells), extracellular matrix (ECM). Multiple
autocrine and paracrine signals released by neighboring cells influence the behavior of
progenitor cells. For example, HGF which is released by stellate cells, can affect migration,
proliferation, and differentiation of HPCs. Apart from the canals of Hering, a perisinusoidal
space, the so‐called space of Disse, can also transiently provide a niche for stem cells. The
canals of Hering appear to contain slow‐cycling precursor cells in the normal liver, whereas
the space of Disse normally contains quiescent stellate cells and hematopoietic
stem/progenitor cells that rarely divide17.
Canine model
Although the liver has a high regenerative capacity as mentioned before, there is the
requirement of new treatment strategies for liver diseases. Therefore, the role of a
predictive animal model to gain evidence on therapeutic efficacy and safety for clinical
practice is urgently needed. Rodents are concerned to be the animals of choice as they are
inexpensive, reproduce quickly and are easily manipulated genetically. The genetic flexibility
facilitates genetic cause‐effect studies. However, many mouse models fail to precisely
recapitulate particular human disease phenotypes35. Larger animals are often better models
than rodents for this purpose. An ideal animal model would have several important features,
such as comparable pathophysiology, known etiology, size and life span comparable to men.
Genetic studies showed that many human and canine diseases are similar in terms of
causative genes, such as hemophilia A, diabetes and systemic lupus erythematosus (SLE).
More and more dogs become models for the development of treatments against cancer or
autoimmune diseases. Not only because they share clinical signs, histology, and disease
progression, they are also very similar with regards to the response to treatment which
might not be represented in disease‐induced rodent models36, 37. Apart from that, the
histopathological and reaction patterns of men and dogs harboring liver diseases are highly
similar22, 38. As such, the dog serves as an attractive model for understanding liver diseases,
and to test new treatment modalities that are difficult to study in human.
Liver cancer
Hepatocellular carcinoma (HCC) accounts for 85%‐90% of the primary liver cancers.
Other forms of primary liver cancers are cholangiocarcinoma, hepatoblastoma, bile duct
cystadenocarcinoma and haemangiosarcoma39, 40. HCC is the fifth most common cause of
cancer in men and the seventh in women. The incidence is high in East and Southeast Asia,
and Africa. Men have a 2‐3 fold higher incidence rate than women. The major risk factor for
the development of HCC is cirrhosis of the liver. Hepatitis B virus (HBV) and hepatitis C virus
(HCV) infection account for over three‐quarters of all liver cancer cases in the world. HBV
and HCV infections result in chronic liver inflammation, cirrhosis and finally HCC39. HBV may
also encode oncogenic viral proteins that contribute to hepatocarcinogenesis41, whereas
HCV proteins may affect the Wnt/β‐catenin, TGFβ, NF‐B or p53 pathways. Other risk factors
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for the development of HCC include alcohol consumption, aflatoxins, diabetes and non‐
alcoholic fatty liver disease.
Molecular mechanisms inducing hepatocarcinogenesis in the stage of liver cirrhosis
include telomere shortening, impaired hepatocyte proliferation, a growth inhibitory
environment and alterations of the liver micro‐ and macro‐environment. Telomere
dysfunction induces DNA damage signals and chromosomal instability, thereby initiating HCC.
Hepatocellular senescence contributes to the loss of replicative competition which could
enhance cancer risk. The loss of liver mass during cirrhosis may create a growth‐stimulatory
environment that may accelerate cancer formation. Moreover, activation of stellate cells in
cirrhotic livers resulted in increased production of ECM, cytokines, growth factors and
production of oxidative stress which alters proliferation of hepatocytes and could promote
cancer. Also, inflammatory responses by infiltrating cells during hepatitis have been proven
to influence the progression of HCC40. The study on genetic alteration revealed that HCC
harbors 40‐50 damaging somatic mutations in the coding sequence. Telomerase reverse
transcriptase (TERT) promoter mutations are the most frequent genetic alterations in HCC
which could lead to telomere dysfunction and tumor promotion42. P53 tumor suppressor
gene inactivation (see function of p53 later) seems to be a consistent event in HBV‐, HCV‐
and aflatoxin‐B‐induced HCC40, 43. Impaired p53 function leads to an expansion of
hepatocytes with dysfunctional telomeres, chromosomal instability (CIN), apoptosis
resistance, and consequently this promotes hepatocarcinogenesis. Disruption of the tumor
suppressor retinoblastoma (Rb) pathway, in 80% of HCC cases, would also allow an
expansion of hepatocytes with dysfunctional telomeres. Activation of oncogene pathways,
Wnt/β‐catenin, PI3K/Akt and Myc, are other events found in HCC. This possibly occurs late in
hepatocarcinogenesis as a consequence of chromosomal instability induced by telomere
shortening and checkpoint dysfunction40. Interestingly, HCC may be modulated by both sex
hormones during its initiation, and progression and during metastasis. Elevated levels of
androgens are considered to promote tumorigenesis, whereas estrogens have an anti‐HCC
effect through its anti‐inflammatory effect44.
The cellular origin of HCC has remained unclear; whether HCCs originate from mature
hepatocytes, from stem cells, or both is at present a heavily debated issue. HCCs may arise
from dedifferentiated mature hepatocytes since well‐differentiated HCCs in early stage show
the appearance of altered foci of hepatocytes and nodules in the liver45. On the other hand,
HPCs may give rise to HCC because HPC activation is often seen in cirrhotic livers which is
predisposing to cancer. Moreover, histological analysis of tumor tissues displayed that
tumor‐cells may have stem cell characteristics11.
Tumor suppressor genes
Loss of Rb and p53 functions occur frequently in cancer. Understanding their role and
mechanism of action will offer important insight into cancer development. The p53 pathway
is a major tumor suppressor pathway that functions in response to a variety of cellular stress
signals including DNA damage, telomere shortening, oxidative stress and oncogene
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activation46. The normal levels of p53 protein are low, owing to the rapid ubiquitin‐
dependent degradation by the E3 ubiquitin ligase MDM247. Specific stresses inhibit MDM2‐
mediated p53 degradation and/or induce post‐translational p53 modifications that result in
stabilization and activation of p53. Moreover, p53 elicits inhibition of cellular proliferation by
activating the expression of cyclin‐dependent kinase (CDK) inhibitors p21Cip/Waf and p16Ink4a
to mediate a cell cycle arrest. Furthermore p53 induces the proapoptotic proteins Bax,
PUMA and NOXA46, 48. Lastly, p53 promotes cell survival and protects genome integrity by
inducing the transcription of DNA repair enzymes40, 49. The global effects of p53 are
represented in Figure 3.

Figure 3 Schematic role of p53 as guardian of the genome. P53 responds to DNA damage to activate DNA
repair, cell cycle arrest and apoptosis.

Rb is a universal cell cycle regulator by controlling the G1‐S transition (Figure 4). Rb
has furthermore been implicated in many cellular processes including DNA‐damage
responses, DNA repair, DNA replication, cellular differentiation and apoptosis50. Rb and its
family members, p107 and p130, regulate cell cycle progression through the stimulation or
inhibition of the interacting cellular proteins. Hypophosphorylated Rb binds and inhibits E2F
proteins during the G0 phase. Inactivation of Rb occurs through phosphorylation and
reorganization of its structure by several kinases including cyclin‐dependent kinases (CDKs)
and checkpoint kinase 2 (CHK2). CDK‐mediated Rb‐phosphorylation disrupts Rb interaction
with E2F transcription factors to allow cell cycle progression51, 52. Furthermore, some studies
discovered an E2F‐independent mechanism for Rb‐induced cell cycle arrest. Rb interacts
with SKP2 (S phase kinase‐associated protein 2) which then stabilizes the CDK inhibitor p27
leading to CDK inhibition and cell cycle arrest53, 54. Loss of Rb function leads to unregulated
cell cycle progression, promotes tumor growth and hampers proper organism
development52. Another important consequence of Rb inactivation that impacts
tumorigenesis is genome instability. Deregulation of E2F targets by inactivation of Rb could
induce chromosome mis‐segregation and centrosome amplification, contributing to
chromosome instability (CIN). Because Rb also regulates chromatin‐associated proteins, the
loss of Rb directly leads to structural defects at the centromeric region of chromosomes and
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results in chromosome mis‐segregation. In addition, Rb inactivation sensitizes cells to
accumulate more DNA damage, reduces the efficiency of DNA repair processes and finally
causes that the cells enter mitosis with broken chromosomes55.

Figure 4 Rb and E2F in cell cycle regulation.
During G1/S transition, the Cdk4/6‐CyclinD complex phosphorylates Rb resulting in de‐repression of E2F
transcription factors resulting in cell cycle progression.

The E2F family of transcription factors plays a pivotal role in the regulation of cellular
proliferation. This family can be divided into activator E2Fs (E2F1‐3) and repressor E2Fs
(E2F4‐8). E2F1‐5 contain one protein binding domain for Rb family proteins (Rb, p107 and
p130) which negatively regulates their transcriptional activity. E2F1‐E2F3a, which interact
only with Rb, function to drive cell cycle progression. E2F4 and E2F5, which are able to bind
to Rb family members, act mainly to facilitate cell cycle exit, terminate differentiation and
respond to DNA damage for G2/M checkpoint. E2F6‐E2F8 exert transcriptional repression
through an Rb‐independent mechanism47, 56. Overall, E2Fs regulate a wide range of biological
processes including DNA replication, mitosis, DNA damage checkpoints, DNA repair,
differentiation and autophagy. Moreover, at least one member of the family, E2F1, can also
induce apoptosis. Given the contradictory functions of E2F1, which are proliferation and
apoptosis, it does not come as a surprise that E2F1 has both oncogenic and tumor
suppressive activities47. The phosphorylation of Rb by Cdk4/6‐CyclinD or Cdk2‐CyclinE results
in the release of Rb from the E2F1 complex, allowing transactivation to occur. P16Ink4a
inhibits Rb phosphorylation by interfering with the binding of cyclins to Cdk2/4/6, thereby
preventing E2F1 transactivation57. E2F can induce apoptosis through both p53‐dependent
and independent pathways. Lack of functional Rb leads to deregulated and hyperactive E2F,
which constitutes to oncogenic stress‐induced p53 activation. The mechanism underlying
p53 activation involves direct transactivation of CDKN2AARF (p16Ink4a and p14ARF) by E2F.
Increased ARF expression inhibits the ability of MDM2 to degrade p53, leading to p53
stabilization and activation. Therefore, Rb inactivation or E2F1 overexpression can induce
p53‐dependent apoptosis47. Unlike the rest of the family members, E2F7 and E2F8 have two
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DNA‐binding domains. These atypical E2Fs can act as a negative feedback loop to limit the
expression of E2F1 during S and G2 phase and prevent E2F1‐dependent apoptosis. In the
absence of E2F7 and E2F8, deregulated E2F1 leads to p53‐dependent apoptosis58. E2F7 and
E2F8 are also important for angiogenesis during embryonic development59.
Polyploidization
Polyploidization is the addition of one or multiple sets of chromosomes, happening
due to five mechanisms being cell fusion, incomplete cytokinesis, endomitosis, mitotic
slippage, and endoreplication. It is less common in mammals but can be found in some
tissues such as placenta, brain, bone marrow, heart, muscle, liver, and some cancers60, 61. In
the liver, up to 40% and 85% of human and mouse hepatocytes respectively are polyploid.
Polyploidization in rodents starts around weaning time and continues during development
throughout life61. Biological effects of polyploidization include increased cell size, reduction
of genomic stability and generation of genetic diversity, and it is a potential genetic backup
system. Genomic instability could result from problems in spindle geometry as the increasing
ratio of cell volume to surface is not balanced in polyploid cells causing a change in spatial
relationships amongst different components within the cell. Polyploid liver cells can reduce
ploidy through a process called ploidy reversal which occurs after multipolar spindle
formation during mitosis. Chromosome mis‐segregation during ploidy reversal or during
polyploidization is common and leads to structural rearrangements of chromosomes and
aneuploidy of daughter cells (gain or loss of one or more individual chromosomes).
Aneuploidy promotes adaptive mechanisms to hepatic injury by increasing genetic diversity.
Hepatocytes undergo polyploidization in response to a variety of cellular stressors. This
conduits the energy to promote metabolic activity and act as a genetic backup via its
additional copies in case of stress‐induced mutation. Interestingly, hepatocytes respond to
DNA damage by polyploidization, while other cells respond by apoptosis60. In terms of
regeneration, diploid, tetraploid and octaploid hepatocytes have the same capacity to
repopulate damage livers62.
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Scope and Aims
Liver regeneration during liver disease is critical for the survival of patients.
Regeneration can occur either via hepatocyte/cholangiocyte proliferation or through hepatic
progenitor cells (HPC) activation which then differentiate into functional
hepatocytes/cholangiocytes14, 63. When hepatocyte death exceeds regeneration of the liver,
liver failure occurs. Consequently, liver transplantation is the only effective treatment for
end stage liver diseases including liver tumors. However, the problems of donor liver
shortage and life‐long immunosuppressive treatment have triggered the search for
alternative treatment options such as HPC‐derived hepatocyte transplantation63‐65.
Furthermore, many events happen during liver injury such as oxidative stress, inflammation,
necrosis, microenvironmental changes, fibrosis and mutation of various tumor suppressor
genes induced by viral infections. This finally leads to cirrhosis, liver cancer and death43.
Several mouse liver injury models have identified cell types of cancer origin and are
instrumental to investigate the response of liver injury and liver regeneration on
hepatocarcinogenesis. This thesis is focused on the role of adult hepatic progenitor cells in
liver regeneration and cancer, partly making use of the 3D liver stem/progenitor cell culture
system or organoid technology.

Figure 5 Schematic picture representing the scope of this thesis.
The liver has a strong regenerative capacity due to hepatocyte or cholangiocyte proliferation, or progenitor cell
activation. Upon the regenerative response cancer may develop. Hepatic progenitor cells can be isolated and
cultured as organoids to study liver disease, regeneration and cancer. Polyploidization of hepatocytes is a
common phenomenon and its physiological role is studied in this thesis.
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In Chapter 2, we review and discuss the potential use of the liver organoid culture
system in fundamental research, disease modeling, drug screening and testing, toxicology
studies and, precision and personalized medicine.
Chapter 3 describes the development of three‐dimensional (3D) long term culture of
adult hepatic progenitor cells, called organoids, from dog livers, and their potential to
differentiate toward hepatocytes. We also demonstrate the potential of organoids for
disease modeling and gene therapy.
In Chapter 4, we use DDC (3,5‐diethoxycarbonyl‐1,4‐dihydrocollidine), a mouse
model of liver injury and oval cell (equivalent to HPC in human) activation, to study the
impact of Rb and/or p53 loss on xenobiotic metabolism and oval cell response.
In Chapter 5 Rb and p53 liver‐specific knockout mice are used to undergo partial
hepatectomy and radiofrequency ablation (RFA). Rb and p53 are two tumor suppressor
genes that are mutated in more than 50% of human HCC cases40, and partial hepatectomy
and RFA are commonly used methods to treat liver tumors in men. The aim in this chapter is
to investigate and understand the molecular and environmental mechanism of liver
tumorigenesis after surgical intervention. The results from this chapter uncover the
mechanism underlying tumor formation and the types of cancer‐initiating cells.
One important factor that might influence the proliferative capacity of hepatocytes is
polyploidization. There is a debate in the field whether polyploidization induces senescence
(reduce proliferation capacity)66, 67 or has no effects on proliferation at all62. Chapter 6
focuses on this topic and underpins the physiological process of polyploidization and its
effect on liver differentiation, zonation and regeneration. Further we discovered the first
gene, E2F8, that is required for liver cell polyploidy.
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ABSTRACT
The recent development of three‐dimensional (3D) adult stem cell culture systems,
the so called organoids, has allowed epithelial cells in vitro to represent their native
physiology much better than conventional 2D cell culture systems. Such organoids are
derived from several organ systems as well as from animal models and human patients.
Endodermal derived organoids have been used for fundamental research, disease modeling,
drug testing, cancer study and transplantation. In this review, we summarize the applications
of endodermal derived organoids and discuss the future potential of liver organoids to study
and model liver diseases, and to develop and test novel drugs for humans and animals. It is
concluded that organoids provide an invaluable tool to unravel disease mechanisms design
novel (personalized) treatment strategies and generate autologous stem cells for gene
editing and transplantation purposes.
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INTRODUCTION
Adult liver stem/progenitor cell culture systems have gained more and more interest
these days due to the fact that they exhibit long term self‐renewal capacity and provide an
unlimited source for hepatocytes, the most important cell type in the liver. Availability of
hepatocytes is important for transplantation purposes as an alternative approach to
orthotopic liver transplantation for the treatment of inborn metabolic liver diseases1‐3. In
addition, hepatocytes are currently the gold standard for in vitro toxicology tests. However,
availability of mature hepatocytes is limited because of their low replicative potential in
vitro3, 4, fast dedifferentiation during culture5, and loss of viability and function following
cryopreservation6, 7. It would thus be greatly beneficial if functional hepatocytes
/hepatocyte‐like cells could be efficiently generated from liver stem cells with unlimited
expansion capacity in vitro. Apart from stem cell‐based therapies and toxicology studies,
such stem cell cultures would also offer a valuable source for fundamental research, disease
modeling, drug screening, and personalized medicine.
Liver‐derived stem/progenitor cells are considered a good eligible source for
hepatocytes/hepatocyte‐like cells. Compared to embryonic stem cells (ESCs) or induced
pluripotent stem cells (iPSCs) the differentiation of hepatic stem/progenitor cells is more
efficient and less time consuming8, 9. Moreover, ethical issues are of less concern and the
accumulation of spontaneous mutations and chromosomal rearrangements, and risk for
teratoma formation is not as high in adult stem/progenitor cells compared to ESCs or
iPSCs.10, 11. To exploit adult liver stem/progenitor cell cultures for the whole range from
fundamental research to personalized medicine, a robust method for the isolation and
culture of these cells from liver‐patients is essential. The aim of this review is to discuss the
potential and the (dis)advantages of the liver organoid technology in this respect.
CULTURES OF LIVER STEM/PROGENITOR CELLS
Many attempts have been taken to isolate adult liver stem/progenitor cells and
culture them for long term. Initially density‐gradient based approaches were taken to isolate
the cells from the non‐parenchymal fraction of liver tissue, and grow them two‐
dimensionally on plastic12, 13. With the advance of genetic tools and molecular techniques
more specific cell isolations are now performed making use of mouse‐reporter lines14 or (a
combination of) adult liver stem/progenitor cell markers. For example cells expressing
CD133+, EpCAM+ or MIC1‐1C3+/CD133+ are derived from the non‐parenchymal cell fraction
of normal and DDC‐injured mouse livers by fluorescent activated cell sorting (FACS). These
specifically isolated cells are propagated in 2D in vitro for approximately 1‐6 months with
maintenance of liver stem cell characteristics. Upon transplantation, these bipotential cells
differentiated to functional hepatocytes15‐17. Rat and human liver stem/progenitor cells have
been cultured according to the same methodology13, 18, and transplantation of human liver
stem/progenitor cells into mouse livers proved the same differentiation potential although
this was not shown for rat19. In addition to the non‐parenchymal cell fraction of the liver also
other sources for the isolation of liver stem/progenitor cells are identified, including the gall
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bladder and intrahepatic‐ and extrahepatic peribiliary glands (PBGs). For example, murine
well‐differentiated gall bladder epithelial cells (GBECs) could be cultured and induced to
differentiate to express a hepatocyte‐like phenotype. These cells were also capable of
engrafting in retrosine/CCl4 damaged mouse livers and acquired phenotypic characteristics
of hepatocytes in vivo20, 21. In addition, EpCAM+ hepatic stem/progenitor cells were isolated
from both mouse and human gall bladder using FACS, and cultured on plastic in serum‐free
medium. These human gall bladder‐derived stem/progenitor cells showed tri‐lineage
potential in vitro and could be differentiated towards hepatocytes, cholangiocytes and
pancreatic islet cells. Transplantation into the spleen proved the potential to differentiate
into mature liver cells in mice22, 23. Similarly, biliary tree stem/progenitor cells were derived
from PBGs from different regions of the human biliary tree from patients aged 7‐73 years
old. PBGs are tubulo‐alveolar glands found within the duct walls of extrahepatic and large
intrahepatic bile ducts, but not in the gall bladder24. These PBG‐derived biliary tree
stem/progenitor cells also showed tri‐lineage differentiation potential to hepatocytes, bile
ducts and pancreatic islets22. Transplantation into murine livers and epididymal fat pad
confirmed this tri‐lineage potential by showing functional human hepatocytes,
cholangiocytes and islets secreting glucose‐regulatable human C‐peptide, respectively25.
This 2D culture of adult hepatic stem/progenitor cells is relatively easy and of low
costs. However, long term culture without loss of stem cell characteristics is difficult to
achieve15. In addition, genetic stability of these cultures has been hardly addressed. Only a
system of Scheers et al. (2012) was evaluated for genetic stability and in fact showed that
chromosome alteration occurred upon higher passage18. Moreover, cells grown in 2D fail to
recapitulate the in vivo cell‐polarization and cellular interaction, as a result the cultures
poorly maintain the in vivo cell characteristics. Finally, tissue‐specific architecture,
mechanical and biochemical cues, and cell‐cell communication are absent under these 2D
simplified conditions26 which makes it of less use for fundamental or (pre)clinical studies.
The development of 3D cell culture partly circumvented these problems. This is very
significant for liver cells where polarization of hepatocytes and interactions between cells
and their microenvironment, as underscored by the highly organized architecture of the
liver, are integral for proper cellular and organ function5. Recently, a 3D culture system of
stem cells, termed organoids, originating from LGR5+ cells has allowed genetically‐stable,
long‐term (> 1 year) expansion of adult mouse intestine27, stomach28, liver29 and pancreas30
stem/progenitor cells. The cultures were performed in laminin‐rich Matrigel™, which helps
retaining many characteristics of the original epithelial architecture. Liver organoids were
cultured from FACS sorted LGR5+ (mouse injured livers) and EpCAM+ (human normal livers)
ductal cells, and can be cultured from biliary duct fragments from murine and human normal
and/or diseased livers. Our group also succeeded to generate liver organoids from dogs and
cats (unpublished data). Liver organoids derived from normal livers is highly suggestive to
have biliary/progenitor origin based on immunocytological characterization of the isolates.
In addition, organoids cultured from healthy OPNiCreERT2R26RYFP and K19CreERTR26RYFP reporter
mice remain YFP positive, and have the same genetic stability and differentiation potential in
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vitro as FAC‐sorted LGR5+ organoid cultures derived from damaged livers (unpublished
data). The initiation of pure organoid cultures from the fractions consisting of biliary duct
fragments, hepatocytes, Kupffer cells and stellate cells indicates the selective capacity of R‐
spondin‐based culture medium for the growth of liver stem/progenitor cells. By removing R‐
Spondin from the media and addition of specific differentiation factors, these organoids can
be induced to differentiate towards hepatocytes and cholangiocytes in vitro and give rise to
morphologically and functionally mature hepatocytes upon transplantation in injured mouse
livers. Bipotential mouse liver organoids were also derived from SOX9+ ductal progenitor
cells, but surprisingly these cells only minimally contributed to hepatocyte regeneration in
diverse liver injuries14. On the other hand, Dorrel et al (2014) interestingly showed that both
pancreatic and hepatic MIC1‐1C3+/CD133+ cell fractions gave rise to organoids in culture
with the capacity to generate hepatocyte‐like cells upon transplantation. This suggests that,
similar to what was previously shown for PBG and gall bladder derived biliary
stem/progenitor cells, organoid‐initiating cells in mouse pancreas and liver share
phenotypical and functional similarities31.
In conclusion, hepatic stem/progenitor cells can be isolated and cultured as 2D
monolayer on plastic or as 3D organoids. 3D culture within extracellular matrix (ECM)
components is technical challenging and is more time consuming. However, the 3D system
allows long term expansion of stem/progenitor cells while remaining phenotypically and
genetically stable. Moreover, organoids can be isolated from tissues derived directly from
the patient using Tru‐cut biopsies or fine needle aspiration. Even tissues kept in cold medium
for two days, frozen in DMSO‐based freezing medium or immediately snap frozen in liquid
nitrogen (unpublished data) were suitable for liver organoid isolation. Finally, organoids
themselves can be cryopreserved and recovered well after thawing which is of critical
importance for cell banking. Therefore, the liver organoid culture system can be a powerful
tool for disease modeling, drug screening and precision medicine.
APPLICATIONS OF ORGANOIDS
The potential applications of liver organoids, and the pros and cons of using
organoids for these purposes are represented and summarized in Figure 1 and Table 1
respectively.
Organoids for fundamental research
In terms of fundamental research, 3D culture systems are well suited to study cell
biological aspects. Culture in matrices re‐establishes physiological cell‐cell and cell‐
extracellular matrix interactions similar to the in vivo situation. Until recently, damage of
intestinal epithelium by drugs or treatments could only be investigated in animal models
because of poor survival rate of primary intestinal epithelial cells ex vivo. The 3D culture of
intestinal crypt stem cells has offered the possibility to study cell death and survival of
intestinal epithelial cells. In the future, intestinal organoids may also serve as a system for
large‐ and mid‐scale in vitro testing of intestinal epithelial‐damaging activities of drugs and
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toxins32. In addition, murine‐derived stomach organoids have been used to study gastric
epithelial cell biology, damage and repair33. The potential of organoids to differentiate to
their lineage cells provides a good platform for fundamental questions regarding cell
maturation. Similarly, liver organoids, although they have currently relatively low
differentiation potential towards hepatocytes, are suitable for the study of hepatic
stem/progenitor cells biology. For example, studies with canine liver organoids
demonstrated that inhibition of Notch or Wnt signaling results in the differentiation of
organoids towards hepatocytes (Nantasanti et al., under review). Moreover, during
differentiation of organoids, transcriptional factors and regulatory pathways involved in
organ specification and late cell fate determination can be investigated to gain more
understanding on organ development and understand fundamental disease mechanisms.
Organoids for disease modeling
Due to the potential for long‐term stable culture and cell banking, organoids are a
powerful tool for disease modeling. Because organoids are directly and easily generated
from patient‐derived tissues using low invasive techniques, patient‐specific organoids can be
used to identify and study cellular factors associated with clinical phenotypes. This further
allows the analysis of therapeutic drugs at an individual level. Organoid culture systems from
several tissues have been widely shown to be highly suitable for disease modeling. For
example, murine gastric organoids allowed to study the interaction of gastric epithelium and
Helicobacter pylori. These organoids were isolated from infected animals making these
organoids ideal for mechanistic studies, to improve understanding of disease mechanisms as
a basis for the design of new treatments34. Human gastric organoids can also be infected by
Helicobacter pylori which induced an inflammatory response35. Engevik et al. (2013) used
intestinal organoids to clarify the data received in mouse models on the interaction between
intestinal environment and microbiota36. The same group then moved on with human
intestinal organoids derived from patients to provide insight into the mechanism of
Clostridium difficile colonization37. This is an excellent example how the use of organoids
contributes to the reduction of animal studies. Several groups have also applied intestinal
organoids for the investigation of epithelial cell‐pathogen interactions38, 39. These studies
proved gut organoids as a model for future studies into the epithelial response to infection,
as well as factors involved in bacterial‐epithelial interactions. This may consequently lead to
novel target(s) for the development of alternative therapeutic agents. Recently, the CRISPR‐
Cas9 genome editing system was used for the introduction of multiple gene mutations into
normal human intestinal organoids to generate a colorectal cancer model40. The potential to
create well characterized genetic diseases in vitro is of specific interest to the investigation
of rare diseases, for which it is hard to obtain patient material. In addition to gastric and
intestinal organoids, liver organoids have already shown their potential for disease
modeling. Human organoids derived from α1‐antitrypsin deficiency and Alagille syndrome
patients reflect the in vivo pathology, providing the opportunities to investigate disease
mechanisms and develop new treatment strategies. These genetic defects apparently do not
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influence proliferation and differentiation potential of organoids41. To date, liver organoids
are only used to model genetic liver diseases. We will now discuss the potential use of
organoids to study viral hepatitis and fatty liver diseases.
Liver organoids to study viral hepatitis
Hepatitis B and C viral infection are an important global problem with more than 350
million infected people worldwide leading to cirrhosis and hepatocellular carcinoma42.
Hepatitis B virus (HBV) and hepatitis C virus (HCV) are hepatotropic viruses that primarily
replicate in human hepatocytes43. The ability to propagate the viruses in vitro is crucial to
obtain a detailed understanding of the virus‐host cell interaction. Nevertheless, the lack of
suitable cell cultures for HBV and HCV has hampered the analysis of the viral life cycle and
drug discovery. The ideal in vitro experimental system for viruses is a culture that can
support the entire virus life cycle, sustain high viral entry, replication and infection, and
permit patient‐derived viral isolates44, 45. Primary human hepatocyte cultures represent the
most physiologically relevant system with high susceptibility to HBV and HCV infection46‐48.
However, the limited availability of hepatocytes and loss of differentiation in culture has
impeded the use of this model49‐51. Moreover, the viruses have low efficiency of replication
and infection in primary human hepatocytes due to interferon (IFN), an innate antiviral
immune response secreted by infected hepatocytes52. The human hepatoma cell line
Huh7.5, defective in IFN production, is now the most widely used cell system because the
cells can sustain high replication level of HCV. The drawback of Huh7.5 cells is non‐
productive infection of patient‐derived isolates and the lack of polarity which cannot fully
mimic viral entry mode and cell‐to‐cell transmission45, 53. A recent report described the first
human hepatoma cell line, HLCZ01 that permits direct infection of cells by patient sera with
HBV and HCV49. Apart from hepatocyte cell lines and primary hepatocytes, stem cell‐derived
hepatocyte‐like cells have gained more interest due to their unlimited availability. Several
studies have demonstrated that hepatocyte‐like cells derived from induced pluripotent stem
cells (iPSC) and human embryonic stem cells (hESC) can be infected with HCV54‐57. Hepatic
progenitor cells themselves were also shown to be susceptible to HCV infection, and unlike
pluripotent stem cells and definitive endoderm are able to secrete infectious particles into
culture medium57. These data suggest that organoids could be an excellent model for the
study of viral hepatitis.
Despite the availability of many in vitro models for hepatitis infection, there are still
some issues that cannot be addressed in the current models. One point is the study of host‐
virus interactions. The host genetics and innate immunity are important contributors of viral
pathogenesis and disease outcome58. The mechanism for these correlations remains unclear
because of the lack of a robust experimental system incorporating host cells with these
(immuno)genetic backgrounds. Also in this perspective human liver organoids could be the
ideal candidate system because they are directly isolated from patients and differentiated to
hepatocyte‐like cells providing the opportunity to study host‐pathogen interactions. Patient‐
specific organoid cultures may provide the personalized in vitro model that can capture
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genetic variation of both host and pathogen to beat the variability in viral permissiveness
observed among donors of primary human hepatocytes. In addition, the culture and parallel
investigation of organoids from different species (mouse, human, dog and cat) with different
susceptibility to hepatitis viruses may provide a clue to the mechanisms involved in this
process. Furthermore, organoids may retain their innate immune response which could be
the advantage over hepatoma cell lines that have a defect in the innate immune sensing and
signal transduction. The 3D structure of differentiated liver organoids, also allows for correct
cell polarization similar to primary hepatocytes which could allow better HBV and HCV cell
entry and cell‐to‐cell transmission. In addition, the possibility to perform genetic
modification in organoids holds great promise for generating viral resistant hepatocyte‐like
cells to be used in a potential life‐saving therapy. Taken together, organoids seem to provide
an excellent culture system to study and to model viral hepatitis. However this remains to be
tested. A first step would be to investigate whether the viruses can complete their life cycle
in organoids or organoids derived hepatocyte‐like cells. Thereto organoids can be directly
infected with serum derived from HBV and HCV patients, to study defined stages of viral
permissiveness. Successful patient isolates will broaden the feasibility of using organoids in
more challenging research areas such as the dissection of drug resistance mechanisms. To
conclude, organoids may be a useful tool to analyze virus–host interactions, in particular
genetic variation, and study of HCV biology in basic research and development of antiviral
drugs and vaccines.
Liver organoids to study nonalcoholic fatty liver disease (NAFLD)
Another liver problem that is an important public health concern is nonalcoholic fatty
liver disease (NAFLD). It has a prevalence around 16% in normal weight individuals and 91%
in obese patients, with a high incidence in pediatric populations leading to long term disease
development and progression. NAFLD is a multi‐faceted and complicated disease
characterized by steatosis. Risk factors of NAFLD include central abdominal obesity,
dyslipidemia, hypertension, insulin resistance (IR), and type 2 diabetes mellitus. Patients
with NAFLD may develop non‐alcoholic steatohepatitis (NASH) and progress to cirrhosis and
eventually cancer. Generally, NAFLD is caused by interactions between environmental and
genetic factors, however the precise pathogenesis of NAFLD is not clearly understood.
Molecular and functional studies of disease mechanism are difficult to conduct in humans
due to ethical issues59‐61. Consequently, the development of experimental models that mimic
the human condition are essential to better understand the pathophysiology and
progression from NAFLD to NASH. The main advantage of animal models is the possibility to
define pathogenic pathways in a cause‐effect relation. However, animal experimental
models do not recapitulate human disease with regards to the degree of hepatocellular
damage and metabolic alteration associated with the development of the disease, especially
for NASH in which no good animal model is available61, 62. Therefore, the use of an in vitro
simplistic set‐up to unravel the complex‐multistep process of NASH cannot be ignored. In
vitro models including primary hepatocyte cultures, immortalized cell lines, co‐cultures of
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hepatocytes with adipocytes, and precision‐cut slices of perfused liver have been used to
confirm several pathways of NAFLD to NASH progression that were previously illustrated in
human and in in vivo animal studies61, 63. However, compared to other liver diseases in vitro
systems are rarely used to study NAFLD/NASH. The complex interaction of several cell types
such as hepatic stellate cells, Kupffer cells or adipose cells with hepatocytes that orchestrate
disease progression from NAFLD to NASH and fibrosis, will require the use of complex co‐
culture systems64. On the other hand, to investigate e.g. genetic susceptibility, free fatty
acids and fat metabolism, pure hepatocyte culture would suffice65.
Liver organoid‐derived hepatocyte‐like cells may provide a strong model to elucidate
the molecular mechanisms of NAFLD and NASH. Environmental factors involved in the
pathogenesis of NAFLD, such as nutrition, are ruled out by the use of in vitro organoid
culture systems, while the genetic signature of the patient is maintained. This gives the
opportunity to study genetic background and hepatocellular pathways of NAFLD/NASH. Also,
epigenetic alterations thought to be implicated in the development and progression of
NAFLD such as regulation of hepatic lipid metabolism, insulin resistance, oxidative stress
response and the release of inflammatory cytokines59, can be specifically studied in patient‐
derived organoids. Elucidation of such epigenetic factors may contribute to identifying early
diagnostic biomarkers and therapeutic strategies for NAFLD. The potential to co‐culture
organoids with other cell types, such as hepatic stellate cells and/or macrophages or other
inflammatory cells allows a more comprehensive approach to investigate the intercellular
mechanisms of NAFLD and progression to NASH. Upcoming tissue engineering and 3D
printing technologies provide great opportunities for the design of in vitro complex liver
architecture. Combined with patient‐derived liver organoids this may result in the optimal in
vitro model to recapitulate patient‐specific disease mechanisms and design treatments for
NAFLD and NASH. In addition, most of the current in vitro studies are investigating acute
toxicity in contrast to the chronic exposure seen in human NAFLD. Long‐term culture
potential of liver organoids provides the opportunity to study long run effects mimicking the
chronic nature of NAFLD. For example, to analyze the role of free fatty acids (FFA), the most
direct factor involved in pathogenesis of NAFLD, organoid‐derived hepatocyte‐like cells can
be exposed to high concentrations of FFA and observed for the formation of
intracytoplasmic lipid droplets. Finally, due to the fact that the organoid technology is
established for several species including human, mouse, dog (Nantasanti et al., under
review) and cat (unpublished data), the clue behind interspecies differences found in in vivo
experiments66 can be unraveled using organoids. These new insights can then be used for
the design of novel treatment strategies.
In conclusion, human liver organoids may serve as a highly valuable in vitro tool for
mechanistic studies, particular to study (epi)genetic changes of NAFLD and NASH. However,
extrapolation of in vitro results to the much more complex human environment should be
done with caution. This will require cell based models that more closely reflect the complex
liver histology such as 3D bioprinting and co‐cultures in de‐cellularized liver scaffolds (whole
organ liver assembly).
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Organoids for precision/personalized medicine
A great example of the use of organoids for personalized medicine is cystic fibrosis in
humans, a disease caused by a mutation of the CFTR gene. Primary human intestinal
organoids recapitulate essential features of the in vivo tissue, and CFTR function was
efficiently restored in organoids derived from patients with the CFTR mutation67, 68 either by
the use of chemical compounds, or by using the CRISPR‐Cas9 genome editing strategy69.
Next, the culture of mini‐organs (intestinal, colon or pulmonary organoids) from individual
CF patients allows the pre‐clinical ex vivo testing of new CFTR‐targeted drugs to define the
most effective treatment for each patient (personalized therapies), or target a specific class
of CFTR mutation (mutation‐specific therapies/precision therapies)70, 71. This demonstrates
that the accurate and sensitive measurements of molecular or cellular function in patient‐
derived organoids offers a great opportunity for diagnosis, functional studies, drug
development and precision/personalized medicine approaches. Although to our knowledge,
so far only cystic fibrosis patient‐derived organoids have been successfully used for disease
modeling and drug testing there is great potential for personal treatment for many other
(liver) diseases.
Liver organoids and hepatocellular carcinoma
Human hepatocellular carcinoma (HCC) is associated with a high prevalence of
chromosome copy number alterations and translocations. Next‐generation sequencing has
revealed that HCC harbours numbers of damaging somatic mutations comparable with other
tumors such as melanoma and lung cancer. The common genetic alterations that have been
identified in HCC are activating mutation of β‐catenin and TERT, and inactivating mutation of
p53. Consequently, these molecular alterations drive uncontrolled proliferation of cancer
cells and play an important role in hepatocarcinogenesis. Among HCC patients, there is
genetic heterogeneity, even within the same pathological classifications. This affects clinical
features, clinical care and prognosis of the individual patient72‐74 and indicates that each
tumor needs its own therapeutic approach. The benefit of organoids in the design of
individual therapies for cancer was shown in a study by Boj et al. (2015). Pancreatic
organoids were generated from neoplastic murine and human pancreas tissues and upon
transplantation these neoplastic organoids recapitulated physiologically relevant aspects of
tumor development. Transcriptional and proteomic analyses of the organoids elucidated the
involvement of genes and pathways that were confirmed in human tissues75. This provided
insight into the progression of pancreatic ductal adenocarcinoma and advanced the
development of personalized approaches for cancer patients by targeting the specific
pathways. Similar, Van de Wetering et al. (2015) showed that organoids derived from
colorectal carcinoma patients recapitulate the genetic changes of the original tumor and
allowed gene‐based drug studies for personalized treatment76.
The possibility to culture organoids from liver tumor and normal tissues side‐by‐side
from the same individual patient (unpublished data) provides the opportunity to perform
deep sequencing analysis to identify mutations and altered signalling pathways in individual
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tumors. These pathways provide the target for personalized cancer therapies to control
tumor growth and survival. By testing specific anti‐cancer drugs on patient‐derived tumor
organoids will consequently provide predictive data on patient‐specific treatment efficacy
and drug interaction.
Organoids for drug testing/toxicology
As mentioned before, drug screening for the treatment of cystic fibrosis was
previously successfully performed in intestinal organoids67, 77. As part of personalized
medicine, organoids hold great potential for drug screening and testing if the in vivo disease
is well modelled. In addition, long‐term effects and safety of drugs can very well be assessed
in these unlimited cultures. Drug toxicology tests mainly focus on the enzymatic activity of
hepatocytes. Therefore proficient differentiation of liver organoids, such that drug
interaction and enzyme induction are similar to primary hepatocytes, is a prerequisite to
provide a reliable model for toxicology studies.
Organoids for transplantation
Organoid cultures derived from mouse and human liver, and from mouse pancreas
have been successfully demonstrated to graft upon transplantation and prolong survival of
mice. Undesired dysplastic or anaplastic growth was not found in any of the recipient mice,
representing that organoids may be a safer counterpart to embryonic or induced pluripotent
stem cells for cell‐based strategies29, 30, 41. Liver organoids are now the most attractive
system in transplantation perspective due to their potential to substitute primary
hepatocytes. Their capacity to grow rapidly and expand unlimited is a big advantage for
regenerative strategies. However, in order to reach full rescue of metabolic or genetic
defects, adequate engraftment‐efficiency of transplanted cells is necessary. Currently only
1% engraftment was reported29, while at least 10% engraftment is required to restore
enzyme or protein deficiency78, 79. Taking the excellent repopulation capacity of hepatocytes
upon transplantation into account, improvement of organoid differentiation before
transplantation may be beneficial. In addition, specific pre‐treatment of the liver to
stimulate a regenerative response or co‐treatment with growth factors may help to increase
engraftment of organoid‐derived cells. A tremendous advantage of liver organoids is that
they can be grown from liver biopsies taken from live donors or patients by relatively low
invasive techniques (Tru‐cut biopsies and fine needle aspiration biopsies). This is very
important in view of ethical and donor shortage issues that are associated with organ
transplantation. Moreover, gene correction can be performed on patient‐derived organoids,
and corrected organoids can be selectively expanded to reach desired numbers for
autologous transplantation. This approach may lie the basis to cure genetic‐inborn diseases.
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ORGANOIDS IN ANIMALS
Canine and feline liver progenitor culture
In addition to human medicine, there is also a search for new regenerative treatment
strategies for veterinary patients. Companion animals are men’s best friend. They enhance
health and wellbeing of children, disabled and elderly people and are used in many leisure
and professional sports such as horse riding and racing or dog agility. Many liver diseases in
dogs and cats develop and present in identical ways as is seen in human patients. Therefore
the development of stem cell cultures derived from these species for the investigation of
disease mechanisms and disease modeling may be of strong translational benefit to human
medicine, especially due to the lower ethical concerns involved with animal care. Several
canine adult liver stem/progenitor cell culture systems are available. For example, the canine
bile duct epithelial (BDE) cell line was established from canine gall bladder epithelial cells80.
These cells demonstrate characteristics of hepatocytes, cholangiocytes and progenitor cells
(unpublished data). In addition, a canine hepatocellular tumor cell line (cHCC) was derived
from a spontaneous HCC in a dog, and grows in floating clusters or cell‐suspension81. This
cell line showed a remarkable expression of stem cells markers higher than normal liver
tissue indicating progenitor cell features (unpublished data). Finally, a non‐parenchymal cell
fraction enriched with small hepatocytes and small epithelial cells with progenitor cell
characteristics was isolated and cultured from normal mature dog livers according to the
plate and wait method82. Despite the availability of these systems, a pure liver
stem/progenitor cell culture system with long term culture potential and genetically stable
was until recently not achieved. For cats, no liver stem/progenitor cell culture system is
available to our knowledge. Very recently canine and feline liver organoids were established
in our laboratory for the development of transplantation therapy, investigation of disease
mechanisms and development of (personalized) treatment strategies. Similar to human
patient‐derived organoids these systems may be highly beneficial to bring regenerative
veterinary medicine a big step forward.
Liver organoids to study canine and feline liver diseases and cancers
Hepatitis is one of the most common liver diseases in dogs but the etiology is
unknown in most of the cases. Therapeutic strategies therefore rely on histopathological
descriptions and symptoms83‐85. Canine hepatitis and human viral hepatitis share many
characteristic such as molecular pathways, histopathological lesions, clinical signs and the
course of the disease86‐88. This suggests that hepatitis in dogs may also have an infectious
etiology. However, inoculation of supernatant of liver homogenates of dogs with hepatitis
into healthy dogs and ferrets reproduced hepatitis in only one dog and one ferret83. And
novel virus discovery techniques combined with high through‐put sequencing has so far not
uncovered the virus responsible for canine chronic hepatitis89. Using larger study groups
could provide more information on the etiological background of canine liver disease, but
ethical concerns and restrictions on the use of experimental animals hamper this approach.
For this reason, in vitro infectivity assays have been performed instead in existing non‐
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hepatocyte canine cell lines, but an infectious etiology of canine hepatitis still cannot be
proven (unpublished data). This emphasizes the need for canine (primary) hepatocyte
cultures. The canine liver organoid culture system can provide a strong opportunity to
elucidate the involvement of infectious agents in the development of canine hepatitis.
Hepatocellular infectivity and viral propagation could be tested on differentiated canine liver
organoids. In addition, the culture of organoids derived from dogs with hepatitis may
provide a system for the multiplication of viruses to reach a threshold level for detection and
an important tool for the in depth analysis of molecular pathogenesis and disease
progression. Defining the causing agents of canine hepatitis and unraveling molecular
mechanisms of virus or disease progression are extremely important to further improve
treatment strategies. In this respect, also the benefit of novel human therapies, such as viral
inhibitors, to canine hepatitis patients can be tested with organoids derived from dogs with
chronic hepatitis.
In contrast to dogs, hepatitis is rare in cats. Instead cholangitis is very common90.
Lymphocytic cholangitis in cat has similar features to primary sclerosing cholangitis (PSC) and
primary biliary cirrhosis (PBC) in humans91. The etiology and pathogenesis of these diseases
are not clearly defined. Immune mediated mechanisms are suspected to be involved, but
treatment with immunosuppressive drugs seems not to give long‐term beneficial effects in
both human and cats91‐94. Bacterial infection neither seems to be the cause for lymphocytic
cholangitis in cats91, 95‐97. In humans, liver transplantation is the only clinically proven
treatment92, 93. More genetic, immunologic and epidemiologic data will strongly benefit the
elucidation of the real pathogenesis of these diseases, and help to develop better diagnostic
tools and treatment strategies. Liver organoids derived from biliary duct fragments of feline
patients could be a great tool to perform in vitro analysis of primary biliary function and
morphology41 and for drug screening. Moreover, liver organoids with a bipotential
differentiation capacity may be able to renew (some of) the defect biliary trees in patients
providing another alternative treatment for liver transplantation (personal data). When
disease mechanisms of feline cholangitis are further proven to be highly similar to human
cholangitis patients, novel (combination) therapies could be tested in cat patients first, to
test safety and efficacy on long term.
The most common form of liver disease in cats is hepatic lipidosis, which has a higher
risk in obese animals98. The precise pathogenesis of feline hepatic lipidosis is believed to be
associated with the cat’s unique pathway of protein and lipid metabolism, and involves
starvation, insulin resistance and deficiency of amino acid, fatty acid, L‐carnitine and vitamin
B99. The susceptibility to develop lipidosis in cats may relate to the percentage decrease in
caloric intake and the initial degree of obesity98 but genetics may also play a role based on
the big individual differences in susceptibility. Cat liver organoids could be extensively
investigated to understand the individual differences in susceptibility and to identify cellular
and molecular mechanisms of the disease. For example lipid overload experiments in
differentiated organoids combined with lipidomics analysis can provide a robust disease
modeling tool and provide the opportunity to develop and implement new strategies to
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prevent and treat feline hepatic lipidosis. Finally, cats are considered as an excellent model
to study metabolic diseases in humans100.
Cancer is considered as the leading cause of death in companion animals due to their
increased lifespan101. Similar to humans, organoids derived from animal cancer patients
(unpublished data) may offer a novel system to generate personal anti‐cancer drugs that
correlate with genomic alteration of individual tumors. In addition, pets and humans often
develop the same cancer types that behave very similar due to their shared living
environment101, 102. The treatment of pet tumors using organoid technology will therefore
not only benefit the veterinary field, but also the human clinical practice as a preclinical
model.
CHALLENGES OF USING LIVER ORGANOIDS
The liver organoid technology is the only stem cell culture system that is available for
several species each with their own specific role in the field of regenerative medicine. Mouse
and rat remain the most important model for fundamental studies, dogs and cats serve an
important role as pre‐clinical translational models with the possibility for implementation of
new therapies in the veterinary clinic with lower ethical barriers and at much lower costs,
and human organoids are of incredible value for the analysis of patient‐specific disease
mechanisms and treatment efficacy. As an example, with the successful results of
transplantation experiments in mice, the application strategies, safety, efficacy, and long‐
term effects of organoid transplantation are now being tested in dogs. These experiments
will provide important information to bridge the fundamental finding to the human clinics.
Using liver organoids of species with essentially the same mechanisms of disease
development83, 84, 90, 91, 98, 103, 104 but with different susceptibility to disease furthermore
provides a way to understand disease mechanisms and find new treatment strategies. This
will also aid to the reduction of animal use in translational/regenerative medicine. Therefore
organoids are a highly valuable tool in the liver research field.
One important challenge of liver organoids is to improve the efficiency of hepatic
differentiation in vitro. Despite the lower efficiency of differentiation in vitro, both mouse
and human liver organoids reached full maturation in vivo29, 41. Although full differentiation
may not be critical for transplantation purposes, for disease modeling of pure hepatocellular
diseases and for preclinical pharmaco‐toxicological studies it is. Adaptation of differentiation
medium and the matrix in which organoids are cultured, and development of (complex) co‐
culture systems may provide ways to achieve this. Differentiation medium provides growth
factors and additives necessary for stem cells to mature towards hepatocytes. During
embryonic development a complex interaction of many cytokines, growth factors and
transcription factors provide the cue to hepatocellular cell fate and differentiation. It is very
challenging to recapitulate this in vitro and define the medium that most optimally induces
and maintains hepatocyte differentiation. In addition to the soluble factors, the interaction
of cells with their ECM importantly defines their behavior. Liver ECM is composed
predominantly of collagens105, but Matrigel™ and basement membrane extract (BME), the
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matrices used in the current system, are laminin‐rich. Laminin is known to be very important
for liver stem/progenitor cell proliferation, but it may inhibit differentiation106, 107. This might
be one of the reasons for the low differentiation ability found in liver organoids. The use of
decellularized liver ECM has improved the functions of primary hepatocytes culture108 and
could have the same effect on organoid‐derived hepatocyte‐like cells. Finally, cell‐cell
interaction is important for cellular development. The current culture system lacks secreted
soluble factors and membrane‐associated proteins from neighboring cells. Therefore, the
development of co‐culture systems of organoids and other non‐parenchymal cells and the
use of organoids in 3D printing strategies may further improve differentiation. So far most
efforts have been put in the differentiation of organoids towards hepatocytes. The
differentiation of liver organoids to mature cholangiocytes will be of similar importance
when it comes to disease modeling of (genetic) biliary liver diseases. Similar optimization
approaches will be beneficial to achieve a strong in vitro model for the in depth analysis and
modeling of these types of liver disease.
A challenge for the implementation of organoid cultures in the laboratory is the
laborious and expensive technique compared to 2D culture systems. Manipulation of
organoids that are cultured in ECM is different from cells attached on plastic and standard
culture protocols must be adapted as such. In addition, functional assays and methods of
sample handling for downstream analysis may be challenging and must be established.
Finally the analysis of intact 3D cultured structures requires novel techniques as compared
to 2D cultured cells, such as whole mount staining, 3D imaging techniques and quantitative
analysis methods designed for the complex 3D organoid configuration. The published
transfection, transduction109, 110, high throughput screening76 and 3D imaging and analysis
techniques (Nantasanti et al., under review) for organoids shows that all these technical
issues are to be overcome and further proofs the powerful use of organoids for regenerative
strategies.
CONCLUSION
Taken together, the three‐ dimensional culture of stem cells called organoids
represents the physiology of native epithelial cells in vivo much better than traditional 2D
cell lines. Due to the possibility to culture these cells directly and indefinitely from aspiration
biopsies of both human and animal patients, it provides an invaluable tool to unravel disease
mechanisms, design novel treatment strategies and potentially for use in transplantation
strategies to correct genetic diseases. The development of important technical tools for the
(high throughput) analysis of these 3D cultured cells makes the culture technology more and
more applicable. The culture of organoids carries the power to really make the difference
within the field of regenerative medicine and critically contribute to the implementation of
new therapies into the clinic. Translation of fundamental knowledge raised from rodents and
of clinical outcome derived from larger animal models will be of significant value for the
development of treatment strategies for human patients.
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Figure 1. Application of liver organoids in regenerative medicine and cancer.
Scheme represents the potential use of liver organoids for fundamental research and (precision and
personalized) treatment. Organoids can be isolated and cultured from human and animal patients, from
diseased livers or from tumors. Upon differentiation, organoids can be used for transplantation, disease
modeling and drug testing. Organoids differentiated towards hepatocytes can further be used for toxicology
studies. Gene correction can be performed on liver organoids derived from patients with a genetic defect
before autologous transplantation. Vice versa, genetically modified organoids can represent tumor properties,
and are suitable for cancer research. For example for the development of new targeted therapies for precision
and personalized medicine.
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Table 1 Pros and Cons of Liver Organoids for Various Applications
Application
Fundamental research

Disease modeling

Precision/personalized
medicine

Drug screening/toxicology

Transplantation

Pros
Suitable for stem cell
biology, cell‐cell interaction
and cell‐ECM interaction
studies (in co‐culture)
Cell banking possibility
Patient‐derived cells with
low invasive techniques

Patient‐specific cell culture
systems
Potential for genome
editing
Suitable for long‐term
testing
No risk for teratoma
Potential for gene
correction and autologous
transplantation

Cons
Not suitable for cell biology
of fully mature hepatocytes
or cholangioctyes due to the
low differentiation potential
If fully matured epithelial
cells are needed to model the
disease, improved
differentiation of organoids
may be necessary
Selective procedure for
corrected clones are needed
Need for improved
differentiation if mature
hepatocytes are necessary
Low differentiation potential
New protein expression upon
gene correction requiring
immunosuppression
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ABSTRACT
The recent development of 3D‐liver stem cell cultures (hepatic organoids) opens up
new avenues for gene‐ and/or stem cell therapy to treat liver disease. To test safety and
efficacy, a relevant large animal model is essential, but not yet established. Because of its
shared pathologies and disease‐pathways, the dog is considered the best model for human
liver disease. Here we report the establishment of a long‐term canine hepatic hepatic
organoid culture allowing undifferentiated expansion of progenitor cells that can be
differentiated towards functional hepatocytes. We show that cultures can be initiated from
fresh and frozen liver tissues utilizing Tru‐cut or fine needle biopsies. The use of Wnt
agonists proved important for canine organoid proliferation and inhibition of differentiation.
Finally, we demonstrate that successful gene‐supplementation in hepatic organoids of
COMMD1‐deficient dogs completely restores function and can be an effective means to cure
copper storage disease.
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INTRODUCTION
The mammalian liver has a strong regenerative capacity through cell division of
mature hepatocytes and cholangiocytes. This is best demonstrated by the response of the
liver to partial hepatectomy or acute injury. On the other hand, during chronic and severe
injury, proliferation of mature cells is impaired, and in this case hepatic progenitor cells
(HPCs) become activated and may contribute to liver regeneration. Despite this remarkable
regenerative capacity, treatment for liver failure or genetic liver diseases remains necessary
and the only effective therapeutic approach is orthotopic liver transplantation1‐3. Although
whole organ transplantation is often successful, the procedure is highly invasive and faces
the problem of liver donor shortage, and risk of graft rejection4. Transplantation of mature
hepatocytes has been reported to improve liver function in patients with metabolic
disorders and acute liver failure. One major impediment of using adult hepatocytes is their
limited supply because long‐term hepatocyte culture to maintain their viability and functions
has remained difficult5, 6. The use of cryopreserved hepatocytes showed some clinical
success, giving potential for cell banking7, 8. Bi‐potential HPCs that can differentiate into
hepatocytes and cholangiocytes have been suggested to be a good alternative source for cell
therapy4. The advantages of using HPCs or HPC‐derived hepatocytes over mature
hepatocytes are that HPCs can be expanded ex vivo and cryopreserved, thereby potentially
ensuring unlimited cell sources for clinical application. In addition, when using adult stem
cells, autologous transplantation may be possible to abolish the need for life‐long and
expensive immunosuppressive drugs2. This could also be combined with gene correction
before autologous transplantation into a patient for the treatment of a genetic disorder.
These days, many attempts have been made to isolate and develop adult liver stem cell
culture systems9‐12. However, a two‐dimensional (2D) culture format does not accurately
resemble the three‐dimensional (3D) in vivo morphology and most cell systems are
genetically stable for a maximum of 3 months13. Recently, Huch et al. (2013, 2015) have
succeeded to derive long‐term stable liver stem cell cultures in 3D, called hepatic organoids
from mouse and human liver tissues. These cultures could be clonally expanded from
damage‐induced Lgr5+ stem cell/progenitors of mouse, which generated de novo
hepatocytes and ductal cells during injury in vivo. Both mouse and human organoids
differentiated into hepatocytes upon engraftment in injured mouse livers14, 15. Finally, the in
depth proof of genetic stability of the human hepatic organoids (Huch et al., 2015) lends
further credence to this culture system as a logical source of cells for therapeutic
repopulation strategies.
To take the development and evaluation of new stem‐cell based treatment strategies
forward, it is important to use a relevant animal model to provide information on safety and
efficacy of treatments. The treatment of pet‐dogs was reported to be very informative in this
perspective. Several successful preclinical experiments in rodent have been recapitulated in
dogs in order to better mimic and bridge to human trials16‐18. Furthermore, pathologies and
their underlying pathways of disease, including the stem cell response, is very similar in the
liver of men and dogs19‐21. The development of a canine hepatic organoid culture system is
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an essential step to make use of dogs with liver diseases for the validation of stem cell
therapies. Here we describe the establishment of long‐term canine hepatic organoids,
provide methods of isolation and cryopreservation that ensure successful use of valuable
patient material, and show the use of this cell system for in vitro disease modelling and
gene‐supplementation for gene therapy.
METHODS
Isolation of canine biliary duct fragments and culture of hepatic organoids
The use of liver tissues from dogs was approved by the Utrecht University’s ethical
committee. Fresh canine adult normal liver tissues were taken from liver explants (unless
mentioned otherwise), 14G Tru‐cut needle biopsies or fine needle aspiration (22G) from
dogs used in non‐liver related research (3R policy of the Utrecht University). Liver tissues
from COMMD1‐deficient dogs were collected and frozen in a previous experiment approved
by the Utrecht University’s ethical committee, as required under Dutch legislation
(ID2007.III.06.080). No animals were harmed or killed for the purpose of this study. Liver
tissues were used for isolation immediately or frozen in DMSO‐based freezing medium
(Gibco) under slow‐freezing method, and thawed rapidly in 37C water bath before isolation.
After mechanical dissection, liver tissues were enzymatically digested in DMEM medium
with 1% FBS (Gibco) containing 0.3 mg/ml type II collagenase (Gibco) and 0.3 mg/ml dispase
(Gibco) at 37C for a total of 3‐5 hours until biliary duct fragments appear. The isolated ducts
were then mixed with Matrigel (BD bioscience) and seeded. Culture medium was added
after gelation of the Matrigel. Expansion medium (EM) was based on AdvDMEM/F12
(Invitrogen) supplemented with 1% B27 (Invitrogen), 1% N2 (Invitrogen), 1.25 M N‐
acethylcysteine (Sigma‐Aldrich), 10 nM gastrin (Sigma‐Aldrich), 200 ng/ml EGF (Invitrogen),
5% R‐spondin‐1 conditioned medium (provided by Calvin J Kuo), 100 ng/ml FGF10
(Peprotech), 10 mM nicotinamide (Sigma‐Aldrich), 25 ng/ml HGF (Peprotech), 100 ng/ml
Noggin (Peprotech), 30% Wnt3a conditioned medium (prepared as in22, 10 M Y‐27632 2HCl
(ROCK inhibitor, Selleckchem) and 0.5 M A83‐01 (TGFβ inhibitor, Tocris Bioscience).
Organoids were split by removal from Matrigel using cold AdvDMEM/F12, mechanical
dissociation into smaller fragments and transfer into fresh Matrigel. Passage was performed
weekly at a 1:4‐1:8 split ratio. Medium was changed every second day.
During the isolation of biliary duct fragments, small and large duct fractions were
separated using 40 M cell strainer (Greiner Bio‐one). Supernatant passed through the
strainer were pun down to retrieve small duct fractions. The cell strainer was flipped over on
a petri dish and washed using DMEM medium with 1% FBS (Gibco) to get large ducts that
retained on cell strainer. Small and large duct fractions then were cultured separately.
To freeze liver tissues, tissues were chopped into small pieces using scapel blade,
then transferred to vials with DMSO‐based freezing medium (Gibco). The vials were frozen
under slow‐freezing method and can be kept for isolation up to 5 years. Tissues were
thawed rapidly in 37C water bath before use.
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Optimization of canine hepatic organoids expansion medium was done based on
expansion medium of mouse hepatic organoids14. Thereafter the following individual or
combined supplements were added to the media; 30% Wnt3a conditioned medium with
Noggin, 0.5 M A83‐01, 10 M Y‐27632 2HCl, 300 nM SB202190 (p38 MAPK inhibitor, Axon
Medchem), and 10 ng/ml LIF (leukocyte inhibitory factor) (ImmunoTools). Organoids were
observed until growth deteriorated.
Karyotyping of hepatic organoids
Organoids (after 1, 3 and 5‐8 months in culture) in exponential growth phase were
arrested in metaphase with 0.05 g/ml colcemid (Gibco) for 6 hours at 37C. Next, organoids
were washed and dissociated into single cells using TrypLE select enzyme (Gibco). Cells pellet
were then incubated for 10 minutes in 56 mM KCl and fixed with methanol:acetic acid (3:1)
after discard KCl. Finally, cells were dropped on slides and chromosomes from at least 100
metaphase arrested cells per organoid culture (three organoid cultures per time‐point) were
stained with 4',6‐diamidino‐2‐phenylindole (DAPI; Sigma‐Aldrich) and counted. Three
independent organoid cultures derived from different dogs were used at each time point.
Photographs were taken using a confocal microscope (Leica).
Immunohistochemistry, immunofluorescence and immunocytochemistry
For heamotoxylin and eosin (H&E) staining and immunohisto/cytochemistry
organoids were fixed in 10% neutral buffered formalin overnight and then processed for
paraffin embedding. Two‐µm thick sections were used for immunohisto/cytochemical
stainings. Isolated cell fractions at day 0 were centrifuged (shandon cytospin 4, Thermo
Scientific) and used for immunocytochemistry. The slides were then fixed with methanol and
acetone (1:1). Staining was performed essentially as described before19, 21. Details are given
in supplementary table 1. Pictures were taken with Olympus camera and microscope.
For whole mount immunofluorescence, organoids were harvested from Matrigel,
fixed in 4% PFA for 30 minutes and permeabilized with PBS 0.3% Triton‐X100 for 30 minutes.
Primary antibodies, mouse anti‐Ki67 (1:50, Dako) were incubated overnight. Secondary
antibodies were incubated at room temperature for 2 hours. For EdU staining, organoids
were pulsed with 10 M of 5‐ethynyl‐2’‐deoxyuridine (EdU) (Invitrogen) for 6 hours at 37C
before fixation. Organoids were then processed in a click reaction with 5 µM Alexa Fluor
488 azide (Life Technologies) according to manufacturer’s instruction. Nuclei were stained
with DAPI (Sigma‐Aldrich). Organoids were mounted on slides with Vectashield mounting
medium (Vector laboratories). Images of hepatic organoids were acquired using a confocal
microscope (Leica). Three‐dimensional reconstruction was performed using NIS Elements AR
imaging software (Nikon).
RNA isolation and quantitative RT‐PCR
RNA was isolated from organoid cultures or frozen liver tissues using RNeasy lysis
buffer directly added into the plate or frozen tissues followed by RNA extraction according
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to the manufacturer’s instruction (Qiagen). Complementary DNA was generated by reverse
transcriptase (iScript™ cDNA Synthesis Kit, Bio‐Rad). Quantitative PCR was performed on
BioRad MyiQ Cycler using SYBRgreen supermix (BioRad). Quantification of target gene
expression was normalized to the geometric mean of four reference genes: HPRT, SRPR,
HMBS and RPS5 and delta‐Ct method was used for analysis, as required for appropriate
normalization. Primer details for each gene are shown in supplementary table 2.
Hepatocyte differentiation
To induce hepatocyte maturation, hepatic organoids were seeded in Matrigel and
kept 2 days under expansion medium as described previously. Then Wnt3a‐conditioned
medium, R‐spondin‐1, HGF, FGF10, gastrin, nicotinamide and ROCK inhibitor were
withdrawn from the medium and 10 nM DAPT (Selleckchem), a notch inhibitor, was added
(day 0). From day 6, 30 M dexamethasone (Sigma‐Aldrich) was supplemented in the
medium. Medium was changed every other day for a period of 14 days.
Hepatocyte functional studies
To determine albumin secretion, culture medium from differentiated organoids was
collected at day 14 of differentiation. Protein in the medium was concentrated using Amicon
Ultra centrifugal filters (Millipore, UFC501096) and the amount of albumin was measured
using a DxC‐600 Beckman (Beckman Coulter). The values were normalized for total cell
number. To measure cytochrome P450 activity, 14 days differentiated organoids were
removed from Matrigel and incubated in 50 M Luciferin‐PFBE substrate (Promega) in
hepatozyme medium (Gibco) containing 10% FBS (Gibco) for 8 hours at 37C. Cyp3a activity
was then measured with a luminometer using the P450‐Glo™ CYP450 assay kit according to
the manufacturer’s instructions (Promega). For comparative analysis, freshly isolated canine
hepatocytes were used23. Furthermore, human cell lines HepG2 (cultured in DMEM (Gibco)
with 10% FBS) and Huh 7 (cultured in DMEM with 10% FBS) were included for comparative
functional analysis.
To measure the expression of hepatic enzymes in differentiated organoids, cells were
lysed in milliQ at day 14 and stored at ‐20C. Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were measured using the DxC‐600 Beckman (Beckman Coulter)
standard protocols, and values were corrected for total cell counts.
Wnt interference experiments
To assess the role of Wnt signaling pathway in organoid proliferation, neutral EM
medium consisting of standard expansion medium without Wnt3a conditioned medium and
R‐spondin‐1 conditioned medium, was compared to neutral EM medium containing 10 M
of Wnt inhibitor IWP‐2 (Stemgent) and standard culture medium (neutral EM medium plus
Wnt3a conditioned medium and R‐spondin‐1 conditioned medium). Organoids were fed
with neutral EM medium for 4 days upon seeding. Then Wnt agonists or Wnt inhibitor was
added for 24 hours. The EdU incorporation assay was used to assess proliferative activity
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within the organoids, performed as described above. Images were taken using a confocal
microscope (Leica). Quantitative analysis of EdU positive cells was performed by Fiji Is Just
ImageJ and ImageJ Macros.
To assess the role of Wnt and Notch in hepatocellular‐differentation, neutral DM
medium consisting of differentiation medium without DAPT, was compared to neutral DM
medium plus 10 M of Wnt inhibitor IWP‐2 (Stemgent) with or without the presence of 10
nM DAPT (Selleckchem). IWP‐2 was added to the medium from the day organoids were
seeded. DAPT was started after 2 days in culture according to the normal differentiation
protocol. Medium was changed every other day for a period of 14 days.
COMMD1‐DsRed construct production and viral transduction
For production of the viral construct, lentivirus was produced using HEK293T cells.
PEI 1 mg/ml (Polysciences) was diluted in DMEM and incubated for 5 minutes at RT. The DNA
solution containing HDM‐Hgpm2, RC‐CMV‐Rev1b, HDM‐tat1b, HDM‐VSV‐G and pHAGE2‐
EF1a‐COMMD1‐DsRed‐PuroR was then mixed with PEI‐solution (1 µg DNA: 5 μg PEI) and
incubated for 10‐20 minutes at RT. The obtained transfection mix was added to complete
MEF media (cultured in DMEM with 10% FBS), supplied to the HEK293T cells and incubated
overnight. Media containing virus was harvested on day 2, day 3 and day 4. Media was
ultracentrifuged at 72,000 g for 1.5‐2 hours at 4°C. The pellet was resuspended in 150 µl
sterile PBS + 1% BSA and aliquots were stored at ‐80°C until use.
For viral transduction COMMD1‐deficient canine hepatic organoids were isolated
from frozen liver derived from COMMD1‐deficient dogs and cultured as described above.
Organoids were removed from Matrigel and underwent mechanical dissociation. Organoid
fragments were incubated with TrypLE select enzyme (Gibco) for 5 minutes at 37°C to break
the fragments down to small cell clusters. The cell clusters were then resuspended in
infection medium containing 8 µg/ml of Polybrene (Sigma) with lentivirus (1:2000).
Suspensions were transferred to a Costar ultra‐low attachment 24‐wells plate (Corning).
Spinoculation was performed for 60 minutes at 32°C at 600 g. After spinoculation, the plate
with organoids was incubated for 6 hours at 37°C before continuing in Matrigel culture as
described above. Two days after transduction, 2 µg/ml puromycin (Life Technologies) was
added to the medium to select for the transduced cells. A standard of 0.5 µg/ml puromycin
was used in the culture medium from 3 days post‐transduction. The organoids after viral
transduction will be referred as LV‐COMMD1‐DsRed organoids.
Intracellular copper measurement
COMMD1‐deficient, LV‐COMMD1‐DsRed and wildtype organoids were differentiated
as described above. At day 14 of differentiation, organoids were removed from Matrigel and
incubated in differentiation medium (DM) containing 500 µM of CuCl2 (Sigma‐Aldrich) for 3
hours at 37C. Controls did not contain CuCl2. After washing with PBS, organoids were
incubated with copper fluorescent probe CS124‐26 for 20 minutes at 37C. Organoids were
then lysed with RIPA buffer and fluorescence was measured at 488nm. Between every step,
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organoids were washed with PBS and centrifuge at 100 g for 5 minutes. Fluorescence signals
were normalized for protein concentration (Lowry assay, Biorad).
Western blot analysis
COMMD1‐deficient, LV‐COMMD1‐DsRed and wildtype organoids whole cell lysates
were prepared using RIPA lysis buffer containing 50 mM Tris–HCl, 150 mM NaCl, 1% NP‐40,
0.25% sodium deoxycholate, 1 mM EDTA, 1 mM sodium fluoride, 1 mM sodium
orthovanadate, 1 µg/ml aprotinin and 1 mM PMSF (Sigma‐Aldrich). Extracted protein was
quantified by Lowry assay (DC Protein Assay, Bio‐Rad). Protein lysates were separated by a
15% Criterion Tris‐HCl polyacrylamide gel (Bio‐Rad) and transferred to a 0.45 μm
nitrocellulose membrane (Bio‐Rad), and blocked with ECL Blocking agent (Amersham GE
healthcare). The blots were probed with anti‐COMMD1 (OriGene, dilution 1:500) overnight
at 4°C and subsequently incubated with HRP‐conjugated anti‐mouse (R&D systems, dilution
1:5000) for 1 hour at RT. Luminescence induced by the ECL Advanced Western Blotting
Detection Kit (Amersham) was measured with a ChemiDoc XRS Imager (Bio‐Rad) and
analyzed with provided software (Quantity‐One 4.6.9).
Statistical Analysis
All experimental data are shown as mean ± standard deviation (SD). The statistical
analyses were performed with SPSS (IBM SPSS statistics 22) and R (R 3.0.2). P‐values were
calculated using Kruskal‐Wallis and Mann‐Whitney U test. The level of significance for all
statistical analyses was set at P < 0.05.
RESULTS
Generation of canine hepatic organoids
Hepatic progenitor cells have been reported to reside in the biliary tree1, 3, 27.
Previously, adult murine and human liver progenitor cells were expanded from the ductal
compartment under organoid culture conditions14, 15. To establish canine liver progenitor cell
cultures, biliary duct fragments isolated from adult normal dog livers were maintained in
three‐dimensional culture by suspension in Matrigel droplets and R‐Spondin‐1 based culture
medium (figures 1A and 1C). Immunocytochemical characterization of the fraction derived
from isolation showed that the cell suspension consisted of hepatocytes (HepPar1), stellate
cells or smooth muscle cells (α‐smooth muscle actin (α‐SMA)), macrophages (MAC384) and
endothelial cells (factorVIII) together with biliary duct fragments (K19). After one week of
culture, only K19+ cells remained (figure 1B), indicating the selection capacity of the
expansion medium. The expansion medium for canine hepatic organoids contained generic
organoid factors Wnt3A, epidermal growth factor (EGF), Noggin and R‐Spondin‐1, a potent
Wnt agonist. Similar to mouse hepatic organoid cultures, the addition of fibroblast growth
factor10 (FGF10), hepatocyte growth factor (HGF), nicotinamide and gastrin was required14.
Furthermore, culture of canine organoids needed supplementation with Wnt3A conditioned
medium, Noggin and a TGF‐β inhibitor, and a Rho‐kinase inhibitor was provided long‐term
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(figure S1). Under these conditions, canine duct fragments formed cysts within 24‐48 hours
and later grew out to larger organoids. Rho‐kinase inhibitor and TGF‐β inhibitor were
essential to retain the culture for more than 3 months (figure S1). The cultures have been
maintained for over eight months by weekly passaging at a 1:4‐1:8 split ratio and retained
their characteristics as described later. Ki67 staining showed the strong proliferative activity
of organoids (figure 1C). Karyotype analysis of organoids showed that most cells (>85%)
harbored normal chromosome numbers even after 8 months in culture (n=3 organoid
cultures per time‐point, 100 cells counted per culture) (figure 1D).
We investigated whether the presence of cells from the in vivo hepatic progenitor
cell niche (hepatocytes, hepatic stellate cells, macrophages and endothelial cells) or the size
of the ducts, potentially reflecting the anatomical location of the duct in the liver, affected
the isolation and growth of canine hepatic organoids. Organoids were cultured from cell‐
fractions immediately obtained after liver‐digestion containing ducts and other cell types, as
well as cell fractions highly enriched for biliary duct fragments by manual picking to minimize
presence of other cell types. In addition smaller or larger size duct fragments were
separately cultured. Interestingly, none of the different cell compositions showed difference
in culture potential, morphology and gene expression profiles (figure S2A and S2B). This
implied that the growth of organoids is independent from the extent of signaling derived
from the non‐epithelial cellular niche. For reasons of clinical application, organoids were also
derived from Tru‐cut biopsies, fine needle aspirated livers and from livers frozen in DMSO‐
based freezing medium. All these methods resulted in the culture of canine hepatic
organoids with the same morphological and gene expression characteristics as organoids
obtained from fresh explanted livers (figure S2A and S2B). Established canine hepatic
organoids recovered well after cryopreservation and maintained the potential for long‐term
proliferation under the same culture conditions (data not shown).
Gene expression analysis of long‐term organoid cultures derived from a single dog up
to passage 28 (approximately 8 months) showed stable expression of stem cell (CD133 and
LGR5), cholangiocyte (KRT19 and SOX9) and early hepatocyte markers (FOXA1, HNF4α), and
very low expression of mature hepatocyte marker (CYP3A12) over time (figure 2A). Heat‐
map (figure 2B) comparison of the average gene expression from all stages (Passage 2‐26) of
the organoid cultures from three dogs and adult normal livers revealed that cells in canine
hepatic organoids have a higher expression of the Wnt target gene and stem cell marker
Lgr5, the pluripotent stem cell markers CD133 and OCT4, and bile duct/progenitor cell
markers KRT19, SPP1, SOX9 and HNF1β compared to normal liver. Early hepatic marker
genes such as alpha‐feto protein (AFP), FOXA1, FOXA2 and HNF4α were mostly higher
expressed in organoids compared to normal liver, whereas mature hepatocyte markers such
as albumin, CYP3A12 and G6PC were very low expressed in organoids. The typical epithelial
marker E‐cadherin was expressed lower in organoids when compared to normal liver, and
hematopoietic and mesenchymal cell markers were weakly detected or absent in organoids
(figure 2B and a more detailed depiction in figure S3). Overall, these results confirmed the
progenitor cell characteristics of the hepatic organoid cultures.
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Figure 1. Generation of long‐term canine hepatic organoid cultures derived from adult liver tissue
(A) Scheme of organoid culture. Canine liver tissue obtained from tru‐cut, fine needle aspiration or wedge
biopsies were enzymatically digested to achieve biliary duct fragments. Isolated ducts were cultured as
described in the Methods. (B) Representative images of K19, HepPar1, α‐SMA, MAC384 and FactorVIII
immunostaining in isolated fraction at day (d) 0 showing the presence of respectively hepatocytes, stellate
cells, macrophages and endothelial cells in the initial culture fraction, and K19 staining of organoids after one
week in culture. HepPar1, α‐SMA, MAC384 and factorVIII stainings were negative in organoids at one week. (C)
Representative phase contrast images of biliary ducts fragments and growing hepatic organoids in culture at
indicated time points and passage number (P). Lower right image is the 3D overlay of Ki67 and DAPI
immunofluorescence staining indicating strong proliferating organoid. (D) Representative karyotype of a cell
with normal chromosome number n= 78. Percentage of cells with chromosome counts in organoids after 1, 3
and 5‐8 months in culture (n=3 organoid cultures per time‐point, 100 cells counted per culture); 1‐3 loss (n=75,
76, 77) and 1 gain (n=79).
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Figure 2. Characterization of canine hepatic organoids
(A) Gene expression analysis by qRT‐PCR of different passage numbers of hepatic organoids derived from a
single dog. Data are presented as dot plots (n=2‐3). See also figure S3. (B) Heat‐map shows comparative gene
expression of stem cell, cholangiocyte (duct) and hepatocyte markers of three different hepatic organoids
against two adult liver tissues. Each organoid represents the mean of gene expression of organoids from
passages 2‐26. Red, up‐regulated; green, down‐regulated. (C) Representative images of
immunohisto/cytochemical stainings of hepatic organoids compared to adult normal liver tissue. Organoids
express cholangiocyte markers, SOX9, HNF1β, K19, K7; hepatocyte markers, HNF4α, albumin; and epithelial
marker, E‐cadherin.

Microscopic morphological examination of H&E stained organoids revealed that
hepatic organoids generally consisted of a single layer of cylindrical or low cuboidal epithelial
cells, and sometimes a pseudostratified arrangement of the cells. The size of the organoids
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varied between 50 µm and 500 µm approximately, and sometimes reached 1mm diameter.
The individual cells measured 10‐12 µm (data not shown).
Immunohistochemistry confirmed that cells of the organoids were strongly
immunopositive for known liver stem cell/cholangiocyte markers SOX9, HNF1β, K19 and K7.
Organoids also expressed the immature hepatocyte marker HNF4A, and showed patchy
staining for albumin, which is reported to be expressed not only by mature hepatocytes but
also by liver stem cells28, 29 (figure 2C). Mature hepatocyte markers, ZO1 and MRP2 were
negative in organoids grown in expansion medium (figure 3D). E‐cadherin positivity proved
the epithelial nature of the organoids (figure 2C).
Differentiation potential of canine organoids
To induce hepatocyte maturation of canine hepatic organoids, Wnt agonists were
withdrawn and Notch signaling was inhibited. After 14 days of differentiation, gene
expression analysis revealed that canine hepatic organoids showed a marked reduction in
expression levels of stem cell and cholangiocyte markers (CD133, TERT, LGR5, SPP1, and
SOX9), and acquired more characteristics of hepatocytes illustrated by an induction of
hepatocyte markers (AFP, HNF4A, and G6PC). Expression of HNF1β was not changed in
differentiated organoids (figure 3A). Hepatic enzymes ALT and AST were induced upon
differentiation and differentiated organoids secreted at least four times up to 50 times more
albumin into the medium compared to organoids cultured in expansion medium and human
hepatocellular carcinoma cell lines HepG2 and Huh7. Fresh primary hepatocytes produced
nine times more albumin compared to differentiated organoids (figure 3B). Hepatocyte
cytochrome P450 function (Cyp3a activity) was also induced in differentiated organoids
towards the activity of fresh primary hepatocytes (about 6.5 times higher) and was slightly
higher than HepG2 and Huh7 (figure 3C). Immunocytochemical staining of differentiated
organoids revealed a clear expression of mature hepatocyte characteristics. Tight junction
protein ZO1 was detectable in the majority of organoids after differentiation, and membrane
protein MRP2 was detected in some of organoids. SOX9, a marker of bile duct and stem cells
was clearly lost upon differentiation (figure 3D). The gene expression and functional studies
indicated no significant difference in differentiation potential between organoids from lower
(P3), middle (P12) and higher (P22) passage number (figures 3A, 3B and 3C). Overall, the
results showed that canine hepatic organoids can be differentiated towards mature
hepatocytes with comparable potential as mouse and human organoids, and retain their
differentiation potential over time in culture14, 15.

Disease modeling and gene therapy in canine hepatic organoids

|

57

3

Figure 3. Hepatocellular differentiation of canine hepatic organoids
(A) Dot plots show fold change of gene expression of organoids cultured in differentiation medium (DM) from
different passage number (P3, P12 and P22) towards organoids cultured in expansion medium (EM) in the
same passage (n=3). *, P < 0.05 of DM compared to EM. Note – hepatocyte expression levels are shown in
figure S3. (B) Hepatic enzymes and albumin secretion of organoids in DM were measured and presented as fold
change toward organoids in EM (n=3). Albumin secretion in organoids was also compared to HepG2, Huh7, and
primary hepatocytes (Hep.). *, P < 0.05 of DM compared to EM. (C) Cyp3a activity was measured in organoids
cultured in DM and presented as fold change toward organoids in EM (n=3). Graph compared Cyp3a activity of
organoids in DM to HepG2, Huh7 and primary hepatocytes (Hep.). *, P < 0.05 of DM compared to EM. (D)
Representative images of immunohistochemical stainings of organoids cultured in EM and DM. Organoids in
DM loose cholangiocyte marker, SOX9, and gain mature hepatocyte markers, ZO1 and MRP2 expression.
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The role of Wnt on HPC biology
As opposed to mouse and human organoid cultures, the culture of canine hepatic
organoids partly relied on the addition of Wnt3a. Wnt is a known regulator of stem cell
proliferation and differentiation during embryogenesis30, 31, and provides maintenance of
stem cell characteristics32, which is essential for long‐term stable cell‐cultures. To investigate
the role of Wnt in promoting long‐term canine organoid cultures, we investigated its effect
on proliferation and differentiation. Organoids were grown in neutral expansion medium
(neutral EM; without Wnt agonists), in medium supplemented with Wnt agonists (Wnt3a‐
conditioned medium and R‐spondin‐1 conditioned medium) or medium supplemented with
the Wnt inhibitor IWP‐2 for 24 hours. Using an EdU incorporation assay to measure DNA
replication, we showed that activation of Wnt signaling strongly enhances proliferation,
whereas inhibition of Wnt suppressed proliferation of canine hepatic organoids (figure 4A).
To address the role of Wnt in differentiation status of the organoids, cultures were treated
with Notch inhibitor DAPT (standard differentiation medium) or with Wnt inhibitor IWP‐2 in
neutral differentiation medium (neutral DM; differentiation medium without DAPT). This
showed that Wnt inhibition induced hepatocytic differentiation to the same degree as Notch
inhibition, as shown by down‐regulation of gene expression levels of SPP1 and up‐regulation
of HNF4A and Albumin gene expression, as well as upregulation of the hepatocytic enzyme
ALT, albumin production, and Cytochrome P450 activity compared to neutral DM. Next, we
assessed whether the combined inhibition of Wnt and Notch signaling further increased the
degree of differentiation of the cells (IWP‐2 and DAPT in neutral DM). Interestingly, this co‐
inhibition did not result in an additive differentiation effect (figures 4B and 4C). Taken
together, the results corroborate the importance of Wnt signaling in proliferation and
maintenance of stemness of canine hepatic organoids.
Organoid disease modeling
To evaluate the use of canine hepatic organoids for disease modelling, we isolated
hepatic organoids from dogs with an autosomal recessive COMMD1 deficiency (figure 5A).
Our previous longitudinal studies demonstrated that these dogs develop copper‐induced
hepatitis33, 34. Intracellular copper levels of 14 days‐differentiated organoids subjected to
high copper levels (500 µM of CuCl2) for 3 hours in the media were measured using a
fluorescence based copper sensor24‐26. This demonstrated that COMMD1‐/‐ organoids had a
higher intracellular accumulation of copper compared to normal organoids, in line with a
copper excretion defect similar to the in vivo situation (figure 5C). This finding clearly
demonstrates the potential to use canine hepatic organoid technology for (translational)
disease modelling purposes, such as the COMMD1‐deficient copper storage disease as an
important model for human Wilson’s disease. We next assessed the potential for gene‐
correction as a basis for autologous gene therapy. By using DsRed‐expressing puromycin‐
selectable lentiviral vectors, the COMMD1 gene was transferred to COMMD1‐deficient
organoids. Five passages after transduction, all cells in organoids showed DsRed positivity,
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Figure 4. Role of Wnt in proliferation and differentiation of canine hepatic organoids
(A) Representative images of EdU and DAPI immunofluorescent staining of organoids (3D overlay) cultured in
neutral EM medium or with Wnt inhibitor (IWP) or Wnt3a‐conditioned medium and Rspondin (Wnt+R) added.
Graph shows percentage of EdU positive cells of organoids (at least 20 organoids of n=3 independent cultures).
Different letters indicate P < 0.05 between groups. (B) Gene expression analysis by qRT‐PCR of organoids
cultured in neutral DM with/without Wnt inhibitor (IWP) and/or Notch inhibitor (DAPT) (n=4). Results
presented as fold change towards neutral DM. *, P < 0.05 of treatment compared to neutral DM. #, P < 0.05 of
IWP compared to DAPT. $, P < 0.05 of DAPT+IWP compared to IWP. (C) ALT, albumin secretion and Cyp3a
activity of organoids cultured in neutral DM with/without Wnt inhibitor (IWP) and/or Notch inhibitor (DAPT)
(n=3). Results presented as fold change towards neutral DM. *, P < 0.05 of treatment compared to neutral. #, P
< 0.05 of IWP compared to DAPT.
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Figure 5. Restoration of cellular copper excretion by COMMD1 gene‐supplementation
(A) Representative phase contrast and fluorescence images of wildtype, COMMD1‐/‐ and LV‐COMMD1‐DsRed
organoids showing successful transduction in LV‐COMMD1‐DsRed organoids. (B) COMMD1 immunoblot of
protein extracts from wildtype, COMMD1‐/‐ and LV‐COMMD1‐DsRed organoids showing successful protein
expression. Beta‐actin was used as loading control. The COMMD1 protein in LV‐COMMD1‐DsRed organoids is
larger due to the remaining amino acids of the cleavage site P2A added to the vector. (C) Copper sensor before
and after CuCl2 treatment of wildtype, COMMD1‐/‐ and LV‐COMMD1‐DsRed organoids (n=4) showing that LV‐
COMMD1‐DsRed organoids successfully restored copper excretion. Different letters indicate P < 0.05 between
groups. (D) Representative phase contrast images of wildtype, COMMD1‐/‐ and LV‐COMMD1‐DsRed organoids
after CuCl2 treatment. Deterioration of the culture and cell death (arrows) are presented in COMMD1‐/‐ and to
some extent in wildtype but not in LV‐COMMD1‐DsRed organoids.

reflecting COMMD1 gene transfer (figure 5A). Western blot analysis confirmed the
accomplishment of COMMD1 gene insertion into COMMD1‐/‐ organoids (figure 5B). To
determine a functional effect of COMMD1 gene supplementation, we again measured
intracellular copper levels in differentiated COMMD1‐/‐, LV‐COMMD1‐DsRed and wildtype
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organoids. The results revealed lower copper content in LV‐COMMD1‐DsRed organoids
compared to COMMD1‐deficient or even wildtype organoids. Twenty‐four hours after
exposure to high copper levels, the COMMD1‐deficient organoids and wildtype organoids
showed reduced viability due to copper accumulation, whereas LV‐COMMD1‐DsRed
organoids remained normal (figure 5D). These data suggest that LV‐COMMD1‐DsRed
transduced organoids were superior in copper secretion compared to COMMD1‐deficient
and to wildtype organoids, and that gene transfer can successfully rescue the phenotype in
vitro.
DISCUSSION
Three‐dimensionally grown liver stem cells, so called hepatic organoids, have
important value in the field of regenerative medicine, both for knowledge development and
for therapeutic strategies such as (autologous) cell transplantation. Finding methods to
generate organoids from tissues derived by minimally invasive techniques is therefore
critical. In the current study, we describe the successful growth of organoids derived from a
large piece of fresh explanted liver, Tru‐cut liver biopsy (14G needle), fine needle aspiration
biopsy (22G needle), DMSO‐based frozen livers and even from tissues that were kept in cold
DMEM with 1% FBS for up to 2 days (data not shown). In all situations, organoids formed
within one week after isolation, could be split at a ratio 1:4‐1:8 from the start and remained
normal chromosome number for over eight months, in line with mouse and human hepatic
organoids14, 15. This flexibility of tissue sampling method combined with the quick formation
of organoids in culture proves their usefulness for the clinic and potential to use patient‐
derived tissues to circumvent the need for donor livers.
The organoids in this study were derived from dog livers. The establishment of canine
organoids is important from the point of view that dogs can fulfil a critical role as clinically
relevant animal model in the translation from mouse to man. A recent study elegantly
showed that the treatment of dogs with a new therapy can facilitate and improve the
translation to human practice. The promising anticancer outcomes and risk/benefit profile
obtained from a comparative canine trial in conjunction with the results observed in rats
have encouraged Roberts et al. (2014) to move forward to successful phase 1 study in
human patient18. Genetic studies have shown that many canine diseases are very similar to
human diseases in terms of causative gene mutation and phenotypic presentation. In
particular, the pathologies of spontaneous liver diseases is largely shared by humans and
dogs with respect to the histological and molecular characteristics of the underlying
pathways19‐21, 23. In addition, the size of dogs is very similar to human pediatric metabolic
liver patients, allowing the optimization of technical aspects such as route of injection or
benefit of repetitive injection of cells for transplantation of novel therapeutic approaches.
Canine hepatic organoids show characteristics of the putative liver stem/progenitor
cells in the liver based on their expression of biliary and hepatocellular markers, and their
potential to differentiate towards hepatocytes. The differentiated organoids obtained
hepatocyte‐specific functions higher than human liver cell lines, HepG2 and Huh7, although
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primary isolated hepatocytes still showed higher expression of albumin, comparable to
previous studies14, 35. The inability to induce full hepatocyte maturation in vitro is well‐known
in the field and perhaps this only occurs after transplantation into a liver, as was shown for
mouse and human derived hepatic organoids that differentiated into mature hepatocytes
upon engraftment in the liver14, 15 Hepatocyte transplantation is currently much more
efficient than stem cell transplantation14, 36, 37. Therefore further improvement of hepatocyte
differentiation in vitro, for example by altering the composition of the culture‐matrix, may
also improve stem‐cell transplantation strategies. Moreover, it will assist the use of patient‐
derived cells to model liver diseases that require full hepatocyte differentiation for disease
manifestation, toxicology studies or personalized treatment strategies.
To culture genetically stable canine organoids for over eight months we modified
murine hepatic organoid expansion medium14. Continuous supply of Wnt agonists, inhibitors
of TGF‐β, and Rho kinase inhibitors were necessary for long‐term viable canine cultures. It is
important to realize that different species require specific and slightly different intervention
with pathways involved in hepatic cell fate control and differentiation38, 39 to obtain long‐
term stable cultures. Neither mouse nor human hepatic organoids need addition of Wnt3a
for long‐term culture14, 15, 19, 21. Our data demonstrate that Wnt is important for proliferation
of canine hepatic organoids and for the maintenance of long‐term stability, while the
inhibition of Wnt enhanced differentiation. This information is interesting in view of the role
of Wnt in canine HPCs during liver disease, and may partly explain the lack of differentiation
during chronic hepatitis or lobular dissecting hepatitis in dogs40. It shows that organoid
cultures are a very useful tool to study stem cell biology and may serve to find potential
therapeutic targets to stimulate endogenous adult HPCs to repopulate the liver during
diseases.
Transplantation of wild‐type differentiated mouse hepatic organoids into Fah‐/‐ mice
resulted in full maturation into hepatocytes and extended life time of the mice14. This study
demonstrated the potential of organoids for transplantation goals, although engraftment
efficiency needs to be enhanced to obtain a complete liver function rescue 41. An important
therapeutic approach could be the autologous transplantation of genetically corrected
organoids, derived from metabolically diseased liver patients. For that purpose, successful
gene correction must be performed in vitro. In this study we used our dog model of
COMMD1‐deficiency induced copper storage disease. This gene mutation causes copper
toxicosis with a phenotype very similar to Wilson’s disease in humans33, 34, 42. COMMD1‐
deficient organoids showed enhanced copper storage in culture. Upon transduction with a
COMMD1 construct, successful restoration of copper excretion and enhanced viability upon
copper exposure was achieved. These experiments demonstrated the feasibility to perform
successful gene correction in hepatic organoids, a key prerequisite for autologous
transplantation therapy. Moreover, it confirms that organoids represent a powerful tool for
disease modelling of canine liver diseases that serve as robust translational model for human
liver diseases such as Wilson’s disease34. The first functional restoration experiments have
been performed in human cystic fibrosis patient‐derived intestinal organoids utilizing
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CRISPR/Cas9 genome editing. This corrected disease causing mutations43 and illustrated the
amazing therapeutic potential of combining organoids and genome editing technology.
Taken together, the ability to culture hepatic organoids obtained directly from
patients opens several new research and therapeutic avenues. First of all, they can be used
as a system to investigate fundamental research questions in relevant patient material of
different species. Second, it provides a platform for pre‐clinical modelling of liver diseases.
And third, these cells have great potential as an alternative source for autologous stem‐cell
therapies. Methods described in this paper pave the way to culture organoids from fresh and
frozen patient samples derived with low invasive techniques. The prospect of using hepatic
organoids in cell therapy is encouraging but does require a strong validation in the clinical
setting. The development of liver stem cell cultures from the dog as a large animal model is
an important step to overcome the challenges of moving from basic translational research
towards application in human patients. Treatment of pet‐dogs in an academic clinical
environment has the benefit to serve both veterinary and human medicine. The next step is
therefore to perform transplantation studies in dogs, to assess long‐term safety, efficacy and
tumorigenicity of organoids for treatment of liver diseases.
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Figure S1. Optimization of canine organoid culture conditions, related to Figure 1.
Canine hepatic organoids were optimized starting with mouse hepatic organoids medium containing EGF, R‐
spondin‐1, FGF10, HGF, gastrin and nicotinamide (M). Thereafter the following individual or combined
supplements were added to the mouse expansion media (M); W: Wnt3a‐conditioned medium and Noggin; S,
SB203580 (p38/RK MAP kinase inhibitor); A, A83‐01 (TGF‐β inhibitor); L, LIF (leukocyte inhibitory factor); R, (Y‐
27632) ROCK inhibitor. Finally, canine expansion medium was optimized (WAR). Experiments were performed
on organoids derived from 1‐3 different dogs.
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Figure S2. Canine hepatic organoids are grown from various isolation conditions, related to Figure 1.
(A) Representative phase contrast images of ducts and organoids derived from fresh liver tissues including
mixed (biliary duct fragments and other cell types), enriched (enriched biliary ducts fragments by manually
picking), small ducts, large ducts, and fine needle aspiration (fine needle aspiration derived liver), as well as
ducts and organoids derived from frozen liver tissues. The morphology shows that canine hepatic organoids
growth are independent of variable isolation conditions. Arrow indicates a duct. (B) Gene expression analysis
by qRT‐PCR of organoids derived from fresh or frozen liver tissues, small or large biliary duct fragments, or fine
needle aspirated liver tissues showing that variable isolation conditions have the same gene expression
pattern. Experiments were performed in organoids derived from two different dogs and from passage 2‐8.

68

|

Chapter 3

Figure S3. Detailed depiction of organoid gene expression in comparison to normal livers, related to Figure 2.
Gene expression analysis by qRT‐PCR of normal liver and hepatic organoids derived from three different dogs
and collected at different passage numbers shows stable gene expression over time and between independent
cultures (n=2‐3 per passage number).
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Table S1. Primary Antibodies used in this study
Antigen

Supplier

Cat. No.

SOX9

Sourc
e
rabbit

LS-C148618

Applica
tion
IHC

Ab
dilution
1:250

LS Biosciences

K7
K19
Albumin

mouse
mouse
mouse

Dako
Novocastra
Sigma

M7018
NCL-CK19
A6684

IHC
IHC/ICC
IHC

1:25
1:300
1:2000

MRP2

mouse

Monosan

Mon9027

IHC

1:75

HNF1β

rabbit

Sigma

HPA002083

IHC

1:400

HNF4α

rabbit

Santa-Cruz

sc-8987

IHC

1:400

ZO1
E-cadherin

rabbit
mouse

Invitrogen
BD Biosciences

40-2300
610181

IHC
IHC

1:250
1:100

HepPar1
factorVIII
α-SMA
MAC387
Ki67

mouse
rabbit
mouse
mouse
mouse

Dako
Dako
BioGenex
Abcam
Dako

M 7158
A0082
MU128-UC
Ab22506
M7240

ICC
ICC
ICC
ICC
IF

1:50
1:500
1:100
1:500
1:50

Ag Retrieval
10 mM citrate
buffer pH 6.0
ProteinaseK
ProteinaseK
Tris/EDTA
pH
9.0
10 mM citrate
buffer pH 6.0
10 mM citrate
buffer pH 6.0
Tris/EDTA
pH
9.0
pepsin
Tris/EDTA
pH
9.0
-

SOX9: SRY (sex determining region Y)‐box 9; K7: Keratin 7; K19: Keratin 19; MRP2: ATP‐
binding cassette, sub‐family C (CFTR/MRP), member 2; HNF1β: Hepatocyte nuclear factor 1,
beta; HNF4α: Hepatocyte nuclear factor 4, alpha; ZO1: tight junction protein 1; HepPar1:
Hepatocyte Paraffin 1; factorVIII: von Willebrand factor; α‐SMA: alpha smooth muscle actin
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Table S2. qRT‐PCR primers used in this study
Gene
HNF4α
CD133
CD45
CSA(albumin)
KRT19
KRT7
DESMIN
HNF1β
SOX17
OCT4
LGR5
CYP3A12
HNF6α
HNF6β
G6PC
SOX9
FOXA1
FOXA2
AFP

Direction
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward

Sequence (5’ – 3’)
GACCGGGCCACAGGGAAACACTAC
TCCACGACGCATTGCCGACTAAAC
CTGGGGCTGCTCTTTGTGAT
AGGCCCCATTTTTCTTCTGTC
GACCATGGGGTGCCTGAAGAT
CACAATGGGGCCACTGAAGAAG
TGTTCCTGGGCACGTTTTTGTA
GGCTTCATATTCCTTGGCGAGTCT
GCCCAGCTGAGCGATGTGC
TGCTCCAGCCGTGACTTGATGT
GCGTGGGAGCCGTGAACATC
CCGCCGCCGCTGGAGAA
GACCGCTTCGCCAACTACATC
CTCGCGCAGCTCCTCCTC
GCCACAATCTCCTCTCACC
GTTGAGGCTTTGTGCAATGG
CGACTCTGTTGTGAACCTCC
ATAGTTGCAGTAGTACACGGC
ACGATCAAGCAGTGACTATTCG
GAGGGACTGAGGAGTAGAGCGT
CTCAGCGTCTTCACCTCCT
TGGGAATGTATGTCAAAGCGT
AGTATGGAGATGTGTTGGTG
TCTTGTGGGTTGTTGAGG
ACCCTGGAGCAAACTCAAGTC
CCTTCCCATGTTCTTGTTCTTTCC
TGGAGTAAACTCAAATCTGGC
CTGTCTTTGTTTGGTTCTTGC
CACATCTACCCTTTCTATCTTTCGG
AGCCCAGAATCCCAACCA
CGCTCGCAGTACGACTACAC
GGGGTTCATGTAGGTGAAGG
GTTAGGGACTGTGAAGATGGA
CGAGTTCATGTTGCTGACC
GCGGTGAAGATGGAAGG
GTTCATGTTGCTCACGGA
GCTGCTCCGCCATCCATCC
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Reverse
CDH1 (E‐cadherin) Forward
Reverse
KRT18
Forward
Reverse
SPP1 (osteopontin) Forward
Reverse
HRPT
Forward
Reverse
RPS5
Forward
Reverse
SRPR
Forward
Reverse
HMBS
Forward
Reverse

GGGGTGCCTTCTTGCTATCTCAT
CAGGAAGCTCTCCACCAGAG
CTGGGAAATGTGAGCACCTC
TTGCTACCTACCGTCGCCTGTTGG
ATCTTGCGGGTGGTGGTCTTCTGG
GAATGCTGTGCTGACTGAGG
TGGCTATCCACATCGTCTCC
AGCTTGCTGGTGAAAAGGAC
TTATAGTCAAGGGCATATCC
TCACTGGTGAGAACCCCCT
CCTGATTCACACGGCGTAG
GCTTCAGGATCTGGACTGC
GTTCCCTTGGTAGCACTGG
TCACCATCGGAGCCATCT
GTTCCCACCACGCTCTTCT
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ABSTRACT
The tumor suppressors Retinoblastoma (Rb) and p53 are frequently inactivated in
liver diseases, such as hepatocellular carcinomas (HCC) or infections with Hepatitis B or C
viruses. Here, we discovered a novel role for Rb and p53 in xenobiotic metabolism, which
represent a key function of the liver for metabolizing therapeutic drugs or toxins. We
demonstrate that Rb and p53 cooperate to metabolize the xenobiotic 3,5‐diethoxycarbonyl‐
1,4‐dihydrocollidine (DDC). DDC is metabolized by cytochrome P450 (Cyp)3a enzymes
resulting in inhibition of heme synthesis and accumulation of protoporphyrin, an
intermediate of heme pathway. Protoporphyrin accumulation causes bile injury and ductular
reaction. We show that loss of Rb and p53 reduced Cyp3a expression, accumulation of
protoporphyrin as well as ductular reaction in livers of mice fed with DDC for 3 weeks. These
findings provide strong evidence that synergistic functions of Rb and p53 are essential for
metabolism of DDC. Because Rb and p53 functions are frequently disabled in liver diseases,
our results suggest that liver patients might have altered ability to remove toxins or properly
metabolize therapeutic drugs. In addition, we show that Rb and p53 functions are also
critical for survival and tumor suppression in hepatocytes in response to DDC‐induced tissue
injury. These findings indicate that Rb and p53 not only function as tumor suppressors in
response to carcinogenic injury, but also in response to non‐carcinogenic injury such as DDC.

Rb/p53 in xenobiotic metabolism and tumor suppression

|

75

INTRODUCTION
Xenobiotics are compounds originating from outside the body, such as drugs and
toxins. Once entered into the mammalian body, xenobiotics get removed by xenobiotic
metabolism, which occurs predominately in the liver and to some extend in the intestine.
Cytochrome P450 enzymes (CYPs) are the key components for oxidation and associated
detoxification of xenobiotics1. The goal is to detoxify these foreign chemical species and
convert them into molecules that are soluble and readily excreted. The large substrate‐
binding cavities of CYPs allow them to accommodate a wide range of substrates, most of
which are hydrophobic2. In some cases the CYP enzyme activity can be altered by interaction
with the xenobiotic. Since modification in CYPs activity will influence the metabolism and
detoxification of xenobiotics, identifying factors that change CYPs expression will be
important for mammals exposed to toxins and for patients receiving drugs that cause severe
side effects or have a small therapeutic window3.
Recent studies provide some evidence that expression of CYPs can be regulate by the
tumor suppressor genes Retinoblastoma (Rb) and p533, 4, however the consequences for
metabolism of xenobiotics in the livers are unknown. Both Rb and p53 are frequently
inactivated in the liver, because of infection with Hepatitis B or C viruses. Both type of
viruses produces viral proteins that can bind to these tumor suppressors and thereby inhibit
its functions5‐8. Furthermore genetic analysis of HCC revealed that a subset of liver tumor
carry Rb and p53 mutations5. Rb and p53 play crucial roles as cell cycle regulators9. Apart for
their role in cell‐cycle control, Rb and p53 have been implicated in many cellular processes
including DNA‐damage responses, DNA repair, DNA replication, cellular differentiation and
apoptosis10.
The Rb protein and its family members, p107 and p130, mediated cellular response
through the control of E2F transcription factor activity and the expression of their target
genes during cell cycle progression. Under resting condition or G0 phase,
hypophosphorylated pRB binds and inhibits E2F transactivation domain. In proliferative
stage, pRB is inactivated by Cyclin‐CDK (cyclin‐dependent kinase) complexes and becomes
hyperphophorylated. This inactive pRB then releases E2F to allow the induction of genes
involve in the transition from G1 phase to S phase of cell cycle. Therefore, the loss or
mutation of Rb leads to deregulation of E2F and inappropriate proliferation which can
contribute to cancer development10, 11. One pathway likely to mediate cell cycle control in
the absence of Rb is the p53 pathway4. In response to cellular stress, the transcription factor
p53 is phosphorylated and binds to specific target genes involved in DNA repair, cell cycle
progression, and apoptosis9, 12. Multiple mechanism have been discovered that resulted in
inactivation of the p53 pathway in HCC13, 14.
Although combined loss of Rb and p53 is a frequent event in human cancer, and
many different cancer patients are treated with xenobiotic anti‐cancer drugs, the impact of
Rb and p53 loss on xenobiotic metabolism is unknown. To determine the role of Rb and p53
in xenobiotic metabolism, we exposed mice with liver‐specific ablation of Rb and p53 to the
xenobiotic 3,5‐diethoxycarbonyl‐1,4‐dihydrocollidine (DDC). Exposure of DDC to mice is an
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established xenobiotic‐induced mouse model of porphyrias, a disease where excess amounts
of protoporphyrin accumulate in the body. Protoporphyrin is required for synthesis of heme,
which carries the oxygen in the blood. DDC interacts directly with CYPs, in particular Cyp3a15,
leading to the generation of an inhibitor of ferrochelatase, a key enzyme required for heme
biosynthesis pathway. Inhibition of ferrochelatase causes accumulation of its substrate
protoporphyrin especially in bile ducts triggering cholangitis and ductular reactions15.
Here, we used the DDC mouse model, and demonstrate that combined deletion of Rb
and p53 in the liver reduces CYP3a expression and DDC metabolism, which led to less
accumulation of DDC‐metabolite protoporphyrin and less bile duct injury. Moreover, we
discovered that hepatocellular injury was instead increased and HCC developed in Rb and
p53 deficient livers in response to DDC. These findings show that Rb and p53 function are
required for efficient metabolism of the xenobiotic DDC and tumor suppression in the liver.
METHODS
Animals
The albumin (alb) enhancer promoter and cre recombinase/loxP system were used to
generate conditional liver specific Rb and/or p53 knockout mice. The alb gene promoter
provides specific deletion of the gene of interest in the liver, as alb is expressed mainly in
hepatocytes and bile duct cells16. Cre recombinase facilitates the excision of target gene
which flanked by two loxP17. In this study, the mouse expressing Cre recombinase under the
control of albumin18 was crossed with the mouse harboring Rb (RbloxP/loxP) and/or p53
(p53loxP/loxP) flanked by two loxP sites19. All mice were bred at least in 7th generations FVB.
Genotyping was performed by polymerase chain reaction on DNA isolated from ear cuts.
Treatment
8‐9 weeks old mice were fed ad libitum with diet contained 0.1% DDC (F4643, Bio‐
serv) for 3 weeks, and then the mice were harvested or changed to normal diet. Control
mice were fed a standard mouse diet. All the mice were housed under standard laboratory
conditions. Experiments were performed in accordance with institutional and national
guidelines approved by Utrecht University Animal Ethics Committee.
During harvesting, blood samples were collected from inferior vena cava, before
removing the liver. Pieces of liver were divided for formalin fixation and freezing in liquid
nitrogen. Blood samples then were centrifuged to collect serum. Frozen tissues were kept in
‐80C.
Immunohistochemistry
A portion of excised liver was fixed in 10% formalin overnight and then processed for
paraffin embedding. 4‐µm thick section was deparaffinized in xylene and rehydrated in
100%, 96%, 70% alcohol and distilled water respectively. Antigen retrieval was done by
heating the slides in 10mmol/liter citrate buffer pH 6.0 for 15 minutes at 70% microwave
power, followed by cooling down for 30 minutes at room temperature. The endogenous
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peroxidase activity was blocked by 1% H2O2 solution (except 3% H2O2 solution for CK19) for
30 minutes. After 15 minutes treating with normal goat serum, the slides were incubated at
4C overnight with antibodies against Ki67 (Biogenex), PH3 (Upstate), CK19 (Kindly gift from
AMC), F4/80 (Abcam) and GFAP (NeoMarkers). The sections were incubated with suitable
concentration of biotin‐labelled secondary antibodies (Vector labs) for 30 minutes, and
subsequently with Vectastain Elite ABC reagents (Vector labs) for 30 minutes. The reaction
was visualized by incubating with DAB solution for 10 minutes. TUNEL staining was done
according to the manufacturer’s instruction (Millipore). The slides then were counterstained
with hematoxylin for 30 seconds, and covered with coverslips utilizing Eukitt.
Quantitative PCR Analysis
RNA was isolated from frozen liver tissues using Qiagen RNeasy kit according to the
manufacturer’s instruction. Then, complementary DNA was generated by reverse
transcriptase with random hexamer primers (RevertAid™ First Strand cDNA Synthesis Kit,
Fermentas). Duplo quantitative PCR was performed on BioRad MyiQ Cycler and can be
visualized using SYBRgreen supermix (BioRad). Quantification of the target gene expression
was determined by the delta delta Ct method and normalized to 18S and beta‐actin
housekeeping genes. Specific primer details for each gene are shown in table S1.
Protoporphyrin Measurement
Unstained liver sections were photographed under polarization light where the
protoporphyrin can be visualized. Adobe photoshop and ImageJ software were used to
measure protoporphyrin levels.
Serum Biochemistry
Serum alanine aminotransferase (ALT) was measured using the UniCel DxC
Synchrome (Beckman Coulter).
Statistical Analysis
All experimental data are shown as mean ± standard error of mean (SEM). The
statistics analyses were performed with SPSS. P‐values were calculated using one‐way
ANOVA. The level of significance for all statistical analyses was set at P < 0.05.
RESULTS
Combined loss of Rb and p53 suppresses protoporphyrin accumulation and ductular
reaction in livers of DDC‐fed mice
Previous studies have demonstrated that expression of genes involved in xenobiotic
metabolism are reduced in Rb and Rb/p53 deficient cells3, 4. To determine in vivo whether Rb
and p53 functions are required for metabolism of xenobiotics, we fed mice a diet containing
the xenobiotic DDC. Since DDC is metabolized in the liver, we generated mice that are
deficient for Rb and p53 in the liver. To this end, conditional Rbf/f and p53f/f mice were
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crossed with transgenic mice expressing the cre‐recombinase under the liver‐specific
albumin enhancer promoter to obtain the deletion of Rb and p53 function in mouse livers.
The endogenous albumin gene is expressed during embryonic development in liver
progenitor cells which then give rise to hepatocytes and bile duct cells20, 21, leading to
efficient deletion of Rb and p53 in those three parenchymal liver cell types of adult mice.
Genotyping PCR of liver sections confirmed the deletion of Rb and p53 (Figure S1).
Adult wild‐type mice (Wt: Alb‐/‐; Rbf/f;p53f/f), mice with liver‐specific deletion of Rb/
(Alb+/‐; Rb/), mice with liver‐specific deletion of p53/ (Alb+/‐; p53/), and mice with liver‐
specific combined deletion of Rb/;p53/ (Alb+/‐; Rb/; p53/) were fed a diet containing
0.1% DDC for 3 weeks. All the mice fed with DDC developed yellowish mucous membrane
and the color of livers was clearly darker compared to untreated groups (Figure S2A).
Histological analysis of hematoxylin and eosin stained liver sections of DDC‐treated revealed
that Wt, Rb/ and p53/ livers displayed strong accumulation of intraductal dark‐brown
protoporphyrin pigment plugs accompanied with ductular reactions near portal regions
(Figure 1A). In contrast, protoporphyrin accumulation and ductular reaction were markedly
reduced in Rb/;p53/ livers. Quantitative analysis of protoporphyrin accumulation by
examining unstained liver slides under polarizing light confirmed the reduced accumulation
of protoporphyrin in Rb/;p53/ livers (Figure 1B). The protoporphyrin accumulation within
the bile ducts provokes a ductular reaction leading to the formation of smaller bile ducts
through proliferation of liver progenitor cells (oval cells). In addition, this ductular reaction is
accompanied with accumulation of hepatic stellate cells, biliary fibroblasts, and
inflammatory cells such as macrophages and neutrophils. We have performed
immunohistochemical analysis with markers for oval/bile duct cells (CK19), hepatic stellate
cells (GFAP) , and macrophages (F4/80), and verified that the number of oval cells, hepatic
stellate cells and macrophages were markedly reduced in Rb/;p53/ livers compared to
other genotypes (Figure 1A, and Figure S3A, S3B). These findings were also supported by
quantitative PCR analysis for CK19 (Figure 1C). The baseline CK19 mRNA levels were not
different between Wt and Rb/;p53/ untreated mice. After DDC treatment, CK19 mRNA
levels increased 6‐8‐fold in Wt, Rb/ and p53/ livers, whereas Rb/;p53/ livers showed
only a 2‐fold increase in CK19 expression. Together these findings demonstrate that loss Rb
and p53 in the liver suppresses protoporphyrin accumulation and ductular reaction in mice
fed with DDC.
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Figure 1. Combined loss of Rb and p53 suppresses protoporphyrin accumulation, ductular reaction and CYP3a
expression in livers of DDC‐fed mice
(A) Representative pictures of H&E (Upper panel 40x, middle panel 200x) and cytokeratin 19 (CK19, x100)
staining on liver sections from mice of indicated genotypes after 3 weeks of DDC feeding. Arrows indicated
protoporphyrin accumulation. (B) Semi‐quantitative analysis of percentage area of protoporphyrin
accumulation from mice fed with normal chow or 3‐weeks DDC diet. Data presented as average ± SEM. * P <
0.05 compared to +DDC, Rbf/ f; p53f/f. (C) (D) (E) Expression of CK19, Cyp3a11 and FECH was measured by qPCR
in livers of indicated genotypes. DDC, Rbf/ f; p53f/f, were normalized to 1. Data presented as average ± SEM of
fold induction. * P < 0.05 compared to +DDC, Rbf/ f; p53f/f.
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Figure 2. Loss of Rb and p53 results in increased hepatocellular injury, hepatocyte proliferation and
polyploidization after DDC
(A) Alanine aminotransferase (ALT) serum levels from mice of indicated genotypes. Data presented as average
± SEM. * P < 0.05 compared to +DDC, Rbf/ f; p53f/f. (B) Representative pictures of TUNEL (100x), Ki67 (50x) and
PH3 (50x) staining on liver sections from mice of indicated genotypes after 3 weeks of DDC feeding. (C)
Percentage of TUNEL positive hepatocyte nuclei (D) Percentage of PH3 positive hepatocyte nuclei (E) Mitotic
index of hepatocytes (F) Multinucleated hepatocytes (G) Anisokaryosis score of hepatocytes from mice fed with
normal chow or 3‐weeks DDC diet. Data presented as average ± SEM. * P < 0.05 compared to +DDC, Rbf/ f;
p53f/f.
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Cyp3a expression is reduced in Rb/;p53/ livers after DDC feeding
To explore why loss of Rb and p53 mitigates DDC‐induced protoporphyrin
accumulation in the liver, we first evaluated whether Cyp3a expression, the enzyme that
metabolizes DDC, was altered. We performed qPCR analysis, and discovered that Cyp3a11
mRNA levels were induced in Wt livers upon DDC exposure (Figure 1D). Importantly,
Rb/;p53/ livers show marked reduction in Cyp3a expression compared to Wt livers.
Inactivation of Rb or p53 alone reduced Cyp3a expression as well, but to a lesser extent than
the combinatorial knockout. These findings suggest that loss of Rb and p53 reduces Cyp3a
expression and thereby inhibiting DDC metabolism and protoporphyrin accumulation. Next,
we investigated whether the expression levels of ferrochelatase, the enzyme that converts
protoporphyrin into heme22, were changed in Rb/;p53/ livers. However, mRNA levels of
ferrochelatase did not differ between genotypes (Figure 1E), indicating that the observed
phenotypes were most likely not related to alterations in ferrochelatase expression.
Loss of Rb and p53 results in increased hepatocellular injury after DDC exposure
Serological evaluation of the alanine aminotransferase (ALT), an established marker
for liver injury, revealed that ALT levels were strongly increased in mice fed with DDC (Figure
2A). Despite that Rb/;p53/ livers displayed less protoporphyrin accumulation and
ductular reaction, their serum ALT levels were higher compared to other genotypes. To
investigate whether increased hepatic injury was associated with enhanced cell death in
Rb/;p53/ livers, we employed a terminal deoxynucleotidyl transferase–mediated
deoxyuridine triphosphate nick end labeling (TUNEL) on liver sections (Figure 2B).
Quantification of TUNEL positive liver cells revealed that all mice treated with DDC showed
an increase in the number of dead hepatocytes compared to untreated mice. Hardly any
TUNEL positive bile duct epithelial cells or oval cells were detected. Combined Rb and p53
loss in the liver resulted in a significant increase in hepatocellular death in mice fed DDC
compared to other genotypes (Figure 2B, 2C). These findings indicate that Rb and p53
deficient livers experience less biliary injury, but instead more hepatocellular injury under
DDC exposure.
Inactivation of Rb and p53 accelerates hepatocellular proliferation and polyploidization in
response to DDC
Since Rb/;p53/ liver/body weight ratios were higher compared to Wt livers in
mice that received a DDC diet for 3 weeks (Figure S2B), we investigated whether increased
hepatocellular death in Rb/;p53/ livers was compensated by accelerating cell division
and/or polyploidization of hepatocytes. To this end, we performed immunohistochemical
analysis on liver sections with antibodies directed Ki67 (stained cells in cell cycle phase G1, S,
G2/M) and phospho‐histone 3 (PH3, stained cells in G2/M). In mice fed a normal chow,
inactivation of Rb and p53 did not alter the proliferation rate of liver cells. In contrast, when
mice were fed a DDC diet, Rb/;p53/ livers displayed a marked increase in mitotic figures,
Ki67 and PH3 positive hepatocytes compared to Wt, Rb/ or p53/ livers (Figure 2B, 2D, 2E).
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Proliferation rates of oval cells and bile duct cells did not differ between the four different
genotypes (Figure S4A, S4B). Furthermore we observed that several Rb/;p53/
hepatocytes were multinucleated or contained extreme large nuclei, suggesting that these
hepatocytes underwent enhanced polyploidization (Figure 2F). Two board certified
veterinary pathologist have analyzed and scored these lesions. The anisokaryosis score, a
measurement for differences in nuclear size, and the incidence of multinucleation were the
highest in Rb/;p53/ livers (Figure 2F, 2G). Rb or p53 ablation alone already resulted in
higher anisokaryosis and multinucleation, but to lesser degree than Rb/;p53/ livers.
These findings suggest that the enhanced hepatocellular death in Rb and p53 deficient
hepatocytes is compensated by increased proliferation and polyploidization of surrounding
hepatocytes.
Inactivation of Rb and p53 shortens life span and accelerates HCC formation after DDC
exposure
To determine whether increased hepatocellular death and proliferation in
/
Rb ;p53/ livers after 3 weeks of DDC exposure had any long‐term effects on liver
homeostasis, mice were subsequently aged on a normal diet. Alb+/‐; Rb/; p53/ mice
needed to be sacrificed already after approximately 7.5 months after DDC feeding, because
of severe swelling of the abdominal cavity. Alb+/‐;p53/ mice lived longer, but needed to be
sacrificed after approximately 15.5 months, whereas Alb+/‐; Rb/ mice were euthanized at
approximately 20 months after DDC exposure (Figure 3A and Table 1 ). Necropsy of mice
with swollen abdomen revealed the presence of visible liver neoplasm. Tumor incidences
differ among groups, which were 27.3%, 40% and 90% in Rb/, p53/ and Rb/;p53/
livers, respectively (Figure 3A and Table 1). No liver tumors were observed in the age‐
matched control mice lacking Alb‐Cre. Histologic examination of the liver samples was
performed in a blinded fashion by a board certified veterinary pathologist. While livers
harboring a single tumor suppressor loss were predominantly classified as well‐
differentiated HCC, livers deficient for both Rb and p53 were categorized as undifferentiated
carcinoma (Figure 3B and Table 1). The results indicated that Rb and p53 have important
tumor suppressor functions in hepatocytes after DDC‐induced liver injury.
DISCUSSION
Metabolism of xenobiotics occurs in mammals predominantly in the liver. Human
patients with liver disease or liver cancer are treated frequently with xenobiotic drugs, and
the efficacy of drug treatment depends on Cyp enzymes since they are required for
xenobiotic metabolism. Our studies demonstrate that Rb and p53, two proteins often
inactivated in liver diseases or liver cancer, are essential for Cyp expression. These findings
are in line with studies demonstrating that loss of Rb and p53 results in reduced expression
of a number of genes involved xenobiotic metabolism, such as Cyp3a11 and Cyp3a253, 23.
However, we show now that reduced expression of Cyp through liver‐specific inactivation of
Rb and p53 is accompanied by reduced metabolism of the xenobiotic DDC through
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evaluation of protoporphyrin, an in vivo measurable fluorescent product that accumulates in
response to xenobiotic metabolism of DDC.

4

Figure 3. Inactivation of Rb and p53 shortens life span and accelerates hepatocellular carcinoma formation
after DDC exposure
(A) Survival and time to tumor curves of mice of indicated genotypes after feeding with DDC diet for 3 weeks at
young ages and aged with normal chow. (B) Representative macroscopic pictures of H&E staining of liver
tumors of mice feeding with DDC diet for 3 weeks at young ages and aged with normal chow. White and black
dotted lines indicate the borders between normal liver tissue (L) and tumor (T). H&E images taken at 200x
magnification.

Table 1. Percentage tumor incidence, mean time to tumors and tumor classifications
Genotype
AlbCre‐/‐; Rbf/f; p53f/f
AlbCre+/‐; Rb/
AlbCre+/‐; p53/
AlbCre+/‐; Rb/; p53/

% tumor
incidence
0%
27.3% (3/11)
40% (2/5)
90% (9/10)

Mean time to
tumors (days)
n.a.
600
464
227

% Well‐
differentiated HCC
n.a.
100% (3/3)
50% (1/2)
22.2 (2/9)

% undifferentiated
carcinoma
n.a.
0%
50% (1/2)
77.8% (7/9)
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DDC interacts with Cyps in particular Cyp3as, proteins that contain a heme group24.
During oxidative metabolism the 4‐methyl group of DDC is transferred to one of pyrrole
nitrogen of the heme group of Cyps leading to the formation of N‐methyl protoporphyrin
IX22 (Figure 4). This N‐methyl protoporphyrin IX then migrate from the site of production the
endoplasmatic reticulum of hepatocytes to the inner membrane of the mitochondria to
inhibit ferrochelatase, a key enzyme in the heme biosynthesis pathway. The mechanism by
which N‐methyl protoporphyrin IX inhibit ferrochelatase is thought to occur through
competitive substrate inhibition with the endogenous protoporphyrin22. The block at this
level of the heme biosynthesis causes marked accumulation of protoporphyrin in the bile
ducts22, 24 (Figure 4). Human patients with porphyria display a similar phenotype because
they carry mutations in ferrochelatase gene25, 26. Because DDC interacts directly with Cyp
enzymes to generate the ferrochelatase inhibitor, reduced expression of Cyp enzymes in
Rb/;p53/ livers would likely results in less production of the ferrochelatase inhibitor and
thereby prevent the accumulation of its substrate protoporphyrin (Figure 4). Alternatively
loss of Rb and p53 could directly regulate the expression levels of ferrochetalase, but qPCR
analysis revealed no changes in expression (Figure 1E), ruling out any direct regulation
mechanism on ferrochelatase expression.
Increase protoporphyrin crystals induce injury to biliary epithelial cells. The injured
biliary epithelial cells then secrete proinflammatory and chemotactic cytokines, such as TNF‐
α and IL‐6, causing acute cholangitis, ductular reaction and finally biliary fibrosis27. Increase
biliary pressure as a result of partial bile duct obstruction due to protoporphyrin plugs may
also be another mechanism that triggers ductular reaction in DDC model15. Since inactivation
of Rb and p53 reduced the accumulation of protoporphyrin, consequently less biliary injury
was observed and the degree of cholangitis and ductular reaction was dramatically
decreased (Figure 4). Alternatively, Rb and p53 function might be required for the ductular
reaction, especially for the proliferation of the liver progenitor cells. We have isolated and
cultured liver progenitor cells utilizing the liver organoid technology28, but we observed no
differences in cell proliferation between Wt and Rb/p53 deficient liver progenitor cells (data
not shown). These findings suggest that the reduced ductular reaction is not due to the fact
that Rb and p53 are essential for liver progenitor cell proliferation, but rather due to reduced
accumulation of protoporphyrin, the trigger for the biliary injury. Besides the reduced liver
progenitor cells accumulation, we have observed reduced infiltration of inflammatory cells,
which is most likely also due to reduced biliary injury. However we cannot exclude that
deletion of Rb and p53 in hepatocytes resulted in an compromised immune response,
because previous studies described that Rb potentiates the innate immune response in
hepatocytes29.
Although Rb/;p53/ livers displayed less biliary injury, hepatocellular injury was
more severe, since ALT levels and the number of dead hepatocytes were increased. Loss of
hepatocytes was partially compensated by increased cell division of surrounding
hepatocytes as quantified by counting mitotic figures and immunohistochemical staining for
the proliferation marker Ki67 and PH3. In addition, multiple Rb and p53 deficient
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hepatocytes were bigger in size and contained multiple nuclei or enlarged single nuclei,
indicating that these cells are polyploid and that loss of hepatocytes was also partially
compensated by increasing the size of surrounding hepatocytes.

4

Figure 4. Schematic representation of DDC mechanism
DDC interacts with cytochrome P450s (Cyp) in particular Cyp3a to form N‐methyl protoporphyrin IX which
inhibits ferrochelatase causing an accumulation of protoporphyrin in the bile ducts. Bile duct injury induces
ductular reaction and inflammation. In addition, DDC induces reactive oxygen species (ROS) and oxidative
stress causing hepatocellular injury. Protoporphyrin, on the other hand, acts as an antioxidant and protects
hepatocytes. Rb and p53 are important for Cyp expression. Oxidative stress activates Rb and p53. Loss of Rb
and p53 results in reduced expression of Cyp3a, therefore less production of the ferrochelatase inhibitor and
thereby prevent the accumulation of its substrate protophorphyrin. Consequently, less bile injury and ductular
reaction was observed. The reduction of protoporphyrin, an antioxidant, increases oxidative induced
hepatocellular injury and later liver tumors develop.

Polyploidy, the addition of one multiple complete sets of chromosomes, start in
rodents after weaning and the degree of polyploidy increases with age30. However
pathological polyploidization can also be induced by DNA damage and oxidative stress31, 32.
Previous work demonstrated that deletion of Rb in the liver is associated with increased DNA
damage and enhanced polyploidy in hepatocytes33, 34, which is consistent with our
observation that liver specific deletion of Rb increases polyploidy. Combined deletion of Rb
and p53 enhances this phenotype presumably through more DNA damage, because both
tumor suppressors are important guardians of the genome. Moreover metabolism of DDC by
Cyp enzymes is associated with the generation of reactive oxygen species (ROS) and
oxidative stress on hepatocytes24, which is in line with our finding that DDC exposure
enhances liver cell polyploidy. Noteworthy, protoporphyrin can act in a dark environment
such as the liver as antioxidant by scavenging peroxyl radicals24. Since Rb/;p53/ livers
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show less protoporphyrin accumulation and consequently less antioxidants, the increase in
hepatocellular injury and polyploidy might also be related to more oxidative stress (Figure 4).
Oxidative stress is known to mediate damage to cell structures including lipids,
proteins and DNA35. The Rb and p53 tumor suppressor pathways are activated in response
to DNA damage in order to block proliferation, induce apoptosis or enhance DNA repair9‐12.
Because DDC causes oxidative stress and presumably DNA damage, the tumor suppressor
functions of Rb and p53 are most likely activated to protect the genome of hepatocytes. p53
activation most likely leads activation of p21Cip/Waf cyclin‐dependent kinase inhibitor,
resulting in a cell cycle arrest and possibly senescence36. Moreover, DNA damage has been
shown to activate p16, another cyclin‐dependent kinase inhibitor, which prevents Rb
phosphorylation and inhibit E2F mediated transactivation11. However inactivation of Rb or
p53 alone had no major effect on hepatocellular proliferation or apoptosis in response to
DDC, suggesting that Rb and p53 could partially compensate for each other functions. It has
been shown that the p53 pathway could mediate compensatory cell cycle exit and apoptosis
in the absence of Rb37. Lacking of both Rb and p53, DDC‐induced injured hepatocytes
continued to proliferate. Unrestricted hepatocyte proliferation under oxidative stress
condition could result in genomic instability, which is supported by the increase in cell death
and polyploidy after DDC exposure.
Long‐term follow up studies revealed that these mice developed HCC even so DDC
exposure was stopped after 3 weeks, indicating that loss of Rb and p53 in presence of DDC
resulted in the formation of preneoplastic lesions that ultimately progressed to liver tumors.
DDC exposure to wild‐type mice did not result in spontaneous liver tumors. Individual
deletion of Rb or p53 resulted as well in the formation of liver tumors, but with longer
latency, lower frequency and less malignancy compared to combined deletion of Rb and
p53. This less aggressive tumor phenotype of individual knockout mice corresponded with
less cell death, less proliferation and less polyploidy of hepatocytes during DDC exposure.
These studies are in line with studies showing that Rb and p53 suppress tumorigenesis in
response to carcinogens23, 38. However, here we demonstrate that a non‐carcinogenic drug,
such as DDC, can enhance tumorigenesis in livers deficient for Rb and p53.
In summary, we demonstrate that Rb and p53 are not only important for tumor
suppression, but are also critical for xenobiotic metabolism in the liver. Based on the fact
that Rb and p53 are frequently inactivated in liver cancers through hepatitis B or C virus
infection, reduced xenobiotic metabolism in these livers could influence the efficacy or
toxicity of therapeutic drugs or toxins respectively. Since Rb and p53 influence the
expression of a large set of Cyp enzymes, evaluation of the status of Rb and p53 in the liver
before treatment of human patients, might be important in order to adjust the therapeutic
window of drugs.
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Figure S1
Genotyping PCR for Cre, Rb and p53 on normal livers (L) and liver tumors (T) from Alb‐cre mice carrying
conditional floxed alleles for p53 f/f and Rbf/f alleles.  stands for deleted allele.

Figure S2
(A) In situ view of mucous membrane and livers in the abdomen, and images of cut livers of mice after 3 weeks
of DDC diet or control (normal chow). (B) Percentage of liver weight to body weight of mice after 3 weeks of
DDC diet or control (normal chow).
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Figure S3
(A) Quantitative analysis of macrophages number per high power field (HPF) and representative pictures of
F4/80 staining in mice of indicated genotypes after 3 weeks of DDC. (B) Quantitative analysis of hepatic stellate
cells number per high power field (HPF) and representative pictures of GFAP staining in mice of indicated
genotypes after 3 weeks of DDC.

Figure S4
(A) Percentage of PH3 positive nuclei of bile duct cells and (B) oval cells from mice fed with normal chow or
DDC diet for 3 weeks. Data presented as average ± SEM.
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Table S1. Primer sequences used for RT‐PCR
Gene
CK19
Cyp3a11
FECH

Forward primer
5’‐CGGTGGAAGTTTTAGTGGGACC‐3’
5’‐TCTCCTTGCTGTCACAGACCC‐3’
5’‐TGTTTTCTGCCCACTCCCTG‐3’

Reverse primer
5’‐CTTCTCATTGCCAGACAGCAGC‐3’
5’‐CATCTCCTTGAGTTTTCCACTGG‐3’
5’‐ACTGCCAAACCAGTCGGTAGG‐3’
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ABSTRACT
Advances in surgical resection and ablation therapies have improved the survival of
human patients suffering from liver cancer. However, the long term prognosis remains
unsatisfactory, because of the high recurrence rate. Here we have developed a novel mouse
model to study tumorigenesis after surgical interventions. We have generated transgenic
mice with hepatocyte and bile duct‐specific deletion of p53 and Retinoblastoma (Rb), two
tumor suppressors that are inactivated in the majority of human liver cancers by viral,
genetic and/or epigenetic mechanism. We discovered that liver cancer develops at the
necrotic injury site after surgical resection or radiofrequency ablation in p53/Rb deficient
mouse liver. Cancer initiation is associated with specific migration, expansion,
transformation and epithelial‐mesenchymal‐transition of bile duct cells within the injury site
resulting in the formation of undifferentiated carcinomas. Bile duct‐specific deletion of both
p53 and Rb verified that carcinomas at the injury site originates from bile ducts cells. These
findings suggest that human liver patients with hepatitis B and C virus infection or carrying
mutations for p53 and Rb are at high risk to develop liver cancer at the surgical intervention
site.
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INTRODUCTION
Liver cancer is one of the deadliest forms of cancer with approximately 700,000
deaths per year worldwide1. Hepatic resection is the treatment of choice, especially for
patients with large tumors associated with early cirrhosis2. However, long‐term prognosis
after surgical resection of liver cancer remains unsatisfactory, because of the high
recurrence rate3. Radiofrequency ablation (RFA) is used to remove unresectable liver tumors
especially in patients with severe liver cirrhosis4, but the recurrence rate is also inevitably
high5. A retrospective study revealed that the 5‐year recurrence rates after surgery and RFA
were 53.7% and 69.5% respectively6.
Many risk factors have been associated with liver cancer including chronic hepatitis B
and C viral infection, chronic alcohol consumption, aflatoxin B1 intoxication, and basically all
cirrhosis‐inducing conditions7. These etiological exposures are believed to interfere with the
control of the cell cycle machinery through inactivating tumor suppressor pathways8. Among
the pathways that are often disrupted in concert are those regulated by the tumor
suppressors p53 and Rb9. For example, viral proteins derived from Hepatitis B and C viruses
have been shown to inactivate p53 as well as Rb in liver cells10, 11. Furthermore, somatic
mutations or deletions of p53 as well as inactivation of members of the Rb pathway are
common molecular events in human liver cancer12, 13. These observations suggest that
inactivation of p53 and Rb may be necessary to develop liver cancer. Interestingly, liver
specific deletion of the Rb gene in mice does not result in spontaneous tumor
development14, whereas combined deletion of all three pocket proteins (Rb, p107, p130) led
to spontaneous liver cancer, indicating compensatory tumor suppressor mechanisms within
the pocket protein family15. Deletion of p53 in mice is sufficient to cause spontaneous liver
cancer16, 17. Intriguingly, liver‐specific deletion of both Rb and p53 did not result in
spontaneous liver cancer in mice aged to one year. However, in response to an injection of a
hepatocarcinogen (DEN), tumors started to develop at the age of three months17, 18.
Previous studies in humans demonstrated that molecular events that lead to the
inhibition of the p53/Rb pathways occurred at early stages of the disease, indicating that
these tumor suppressor pathways might play a critical role in preventing liver cancer
initiation19. Three different liver cell types could function as candidates for the cell of origin
in liver cancer: hepatocytes, bile duct cells and liver progenitor cells20. However, identifying
the cell types from which liver cancer originated 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 patients21.
In this study, we show that liver‐specific inactivation of Rb and p53 in mice leads to
the spontaneous formation of macroscopically visible liver tumors at the age of 13 months
with histological similarities to human liver cancers. Moreover, we show that surgical
resection and radiofrequency ablation accelerate tumor genesis in Rb/p53 deficient livers,
resulting in the formation of undifferentiated carcinomas. In addition, we discovered that
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loss of Rb and p53 allows the migration, expansion and transformation of Ck19‐positive bile
duct cells at the injury site.
METHODS
Animals
All experiments were approved by the Utrecht University Animal Ethics Committee
and performed according to institutional and national guidelines. Albumin‐cre and R26R‐
LacZf/f mice were derived from Jackson laboratory22, 23. Rbf/f and p53f/f conditional knockout
mice were provided by Dr. A. Berns (Netherlands Cancer Institute, Amsterdam, The
Netherlands). Ck19‐cre‐ERT mice were generated as described previously24.
Sequential partial hepatectomy
The first partial hepatectomy (PH) was performed on mice at age of 10‐14 weeks as
described previously25. The second PH, removing the right lateral lobe, was performed 10
weeks after the first PH.
Radiofrequency ablation (RFA) and treatment with anti‐inflammatory drugs
RFA was done on mice at the age 10‐11 weeks using single non‐cooled bipolar
electrode from Celon Power system (Celon AG, Telow, Germany) as described previously26.
During the treatment with anti‐inflammatrory drugs the Alb‐cre+/‐;p53∆/∆;Rb∆/∆ mice received
two different drugs; dexamethasone or Sulindac. Dexamethasone was dissolved in saline and
given to the mice by intraperitoneal injection (IP; 2 mg/kg) once every other day for 9 weeks
starting a day before RFA. Alb‐cre+/‐;p53∆/∆;Rb∆/∆ control group received equivalent volume
of saline. Additional control Alb‐cre+/‐ ;p53f/f;Rbf/f received Dexamethasone injection 4mg/kg
without RFA. The second anti‐inflammatory drug (Sulindac) was provided diluted into the
drinking water (18 mg/ml); the control group received normal drinking water.
β‐galactosidase and immunostaining
Immunohistochemical, immunofluorescence, and β‐galactosidase staining on liver
sections were performed as described previously27.
RESULTS
Loss of p53 and Rb in liver results in spontaneous cancer
We used homologous recombination techniques and Cre‐loxP technology to disrupt
p53 and Rb function in the liver. To this end, mice transgenic for Cre under the control of the
albumin promoter (Alb‐cre) were crossed to p53f/f;Rbf/f mice. Gene recombination in adult
mouse livers was documented by PCR and X‐gal staining (Figure S1A and SB). Homozygous
deletion of p53 and Rb in the liver led to spontaneous tumor formation in 13‐ to 26‐ month‐
old mice with an incidence of 63% (n=19) (Figure 1A and Table). No liver tumors were
observed in age‐matched control mice lacking the Cre transgene (Alb‐cre‐/‐ ;p53f/f;Rbf/f;
n=17). Histological analysis of tumor nodules discovered different phenotypes. Some masses
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showed local infiltrating growth and were composed of well‐differentiated hepatocytes
forming trabeculae of multiple cell layers, which were classified as well‐ differentiated
hepatocellular carcinoma (HCC, Figure 1B). A few locally invasive neoplastic nodules
contained predominantly biliary structures with papillary areas that were lined by single or
multilayered cuboidal or cylindrical cells, which were classified as well‐differentiated
cholangiocarcinomas (CC, Figure 1C). However, the majority of the masses were
undifferentiated carcinomas composed of predominately small, pleomorphic and often
spindle‐shaped (sarcomatoid) cells. Intermingled with the sarcomatoid cells, we observed
prominent fibrous stroma and areas with either poorly differentiated hepatocytes or
cholangiocytes forming ductules. We classified these neoplastic lesions as undifferentiated
hepatocholangiocellular carcinomas HCC/CC (HCC/CC, Figure 1D‐F). Importantly these
undifferentiated carcinomas contained multiple areas with coagulation necrosis (Figure 1E)
which was accompanied by the infiltration of inflammatory cells, including neutrophils,
macrophages, and lymphocytes (Figure 1D and Figure S1B). The degree of necrosis and
inflammation was more severe in undifferentiated HCC/CC compared to well differentiated
HCC/CC (Figure 1E). Notably the liver surrounding the undifferentiated tumors displayed also
more infiltration of inflammatory cells compared to well‐differentiated tumors (Figure 1F).
These findings suggest that loss of epithelial differentiation might be dependent on tissue
injury and its associated inflammatory response. Alternatively, since undifferentiated
carcinomas exhibited more necrosis this might trigger an enhanced immune response.
Hepatic resection leads to cancer at the ligation site in p53∆/∆;Rb∆/∆ livers
Survival analysis demonstrated that the mean life span of Alb‐cre+/‐;p53∆/∆;Rb∆/∆ mice
that developed spontaneous liver tumors (527 days; n=12) was significantly shorter than
wild‐type Alb‐cre‐/‐;p53f/f;Rbf/f mice (730 days; n=17; P=<0.05) (Figure 2A and Table).
Although deletion of p53 and Rb is already induced during fetal development23, tumor
formation occurred relatively late in life, indicating that additional events are required to
initiate cancer. To investigate whether tumor development could be accelerated in Alb‐cre+/‐
;p53∆/∆;Rb∆/∆ mice, we performed two subsequent partial hepatectomies. Surgical resection
resulted in the early formation of large liver tumors with an incidence of 66% (Table). The
mean survival time of Alb‐cre+/‐;p53∆/∆;Rb∆/∆ mice that underwent hepatic resections and
developed liver tumors was significantly shorter compared to tumor mice without surgery
(Figure 2A and Table). We expected that liver tumors would be located in the regenerating
lobes, because these lobes underwent multiple rounds of cell division, which would likely
increase the risk of gaining additional mutations. Surprisingly, in all Alb‐cre+/‐;p53∆/∆;Rb∆/∆
mice that suffer from liver cancer a large tumor was found at the stump of the resected
hepatic lobes (Figure 2B), whereas in the regenerating lobes hardly any liver tumors were
detected. Histological examination revealed that all tumors located in the stump regions
were undifferentiated HCC/CC accompanied with multifocal marked tumor necrosis and
infiltration of inflammatory cells (Figure 2C, Table and data not shown). Notably, within the
majority of these tumors we found the ligature of the partial hepatectomy procedures,
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indicating that tumors developed at the injury site as a consequence of the surgical
procedure (Figure 2C). Tumors that developed occasionally in a regenerated lobe away from
the injury site were more well‐differentiated HCC or CC (Figure 2D, 2E and Table). Partial
hepatectomy on wild‐type (Alb‐cre‐/‐ ;p53f/f;Rbf/f) mice did not cause liver cancer (Figure S2).

Figure 1. Liver specific loss of p53 and Rb in mice results in sponteneous development of a variety of liver
tumors.
(A) In situ view of a liver tumor in the abdomen of Alb‐cre+/‐; p53/; Rb/ mouse, (B) H&E stained histological
sections showing well differentiated HCC with trabecular pattern, (C) well differentiated CC, (D)
undifferentiated HCC/CC with inflammation and necrosis(N). White and black dotted lines indicate the borders
between non‐tumor part of the liver denoted with capital letter L and tumor part shown with capital letter T.
All histological images are magnified 100x. Quantification of inflammation and necrosis; (E) in well differentied
and undifferentied HCC/CC and (F) in non‐tumor liver tissues adjacent to neoplastic tissues. Data represent
average ± s.e.m, (n= 10). *p <0.05, undifferentied versus well differentiated HCC/CC

Radiofrequency ablation initiates cancer within necrotic lesions of p53∆/∆;Rb∆/∆ livers
We evaluated whether RFA, a different therapy approach to remove tumors from the
liver, had any effects on p53∆/∆;Rb∆/∆ livers. RFA was performed on the left lateral liver lobe
of 10 week old mice and destructed approximately 30% of the lobe. Alb‐cre+/‐;p53∆/∆;Rb∆/∆
and Alb‐cre‐/‐ ;p53f/f;Rbf/f mice were euthanized post RFA treatment every week for 10 weeks
(Figure S3A). Histological examination of the injured liver lobes at different time points
revealed that distinct neoplastic foci were detectable at first at 5 weeks after RFA treatment
within the necrotic regions of p53∆/∆;Rb∆/∆ livers (Figure 3). Remarkably, all Alb‐cre+/‐
;p53∆/∆;Rb∆/∆ mice developed liver tumors only at the injury sites, while control Alb‐cre‐/‐
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;p53f/f;Rbf/f mice showed no tumor development (Figure 3 and Table). Liver tumors that
developed upon RFA treatment were classified as undifferentiated HCC/CC similar to the
liver tumors induced by hepatic resections (Figure 3, 2B, C and Table). In Alb‐cre+/‐;p53∆/∆ ,
4/5 mice developed tumors within 6 months after RFA, whereas no tumor was observed in
Alb‐cre+/‐;Rb∆/∆ within 12 months after RFA treatment. Morphologically, tumors observed in
Alb‐cre+/‐;p53∆/∆ were identical to Alb‐cre+/‐;p53∆/∆;Rb∆/∆ tumors (data not shown).

1
2
3
4
5

Alb‐cre‐/‐ ;p53f/f;Rbf/f;
(with surgery)
Alb‐cre+/‐;p53∆/∆;Rb∆/∆
(no surgery)
Alb‐cre+/‐;p53∆/∆;Rb∆/∆
(PH)
Alb‐cre+/‐;p53∆/∆;Rb∆/∆
(RFA)
Ck‐cre+/‐;p53∆/∆;Rb∆/∆
(RFA)

Mean
life
span
730

Tumor at
surgery site
0% (0/17)

Loss of
epithelial
differentiation
n.a.

Tumor not
at surgery
site
0% (0/17)

Loss of
epithelial
differentiation
n.a.

527*

n.a.

n.a.

66% (8/12)***

229**

66% (23/35)

100% (23/23)

63%
(12/19)
6% (2/35)

n.a.

100%
(16/16)
42% (10/24)

100% (16/16)

0% (0/16)

n.a.

100% (10/10)

0% (0/24)

n.a.

n.a.

0% (0/2)

Table. Life span, 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). Loss of epithelial
differentiation in tumors located at surgery site of group 3 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.

Bile ducts cells migrate, expand and transform within necrotic regions of p53∆/∆;Rb∆/∆ livers
after RFA
Next, we investigated which liver cell types invaded into the necrotic region before
distinct neoplastic foci were recognizable. One week after RFA, we observed in Alb‐cre+/‐
;p53∆/∆;Rb∆/∆ mice as well as in Alb‐cre‐/‐;p53f/f;Rbf/f control mice that multiple well
differentiated bile duct structures were present within the necrotic region (Figure 3). These
bile ducts were surrounded by myofibroblasts, inflammatory cells and endothelial cells and
were localized adjacent to the border between dead and viable liver tissue. Intriguingly, at 3
weeks these bile duct structures and the surrounding cells had migrated and expanded
deeper into the necrotic liver regions of Alb‐cre+/‐;p53∆/∆;Rb∆/∆ mice, whereas enhanced
migration or expansion was not observed in Alb‐cre‐/‐;p53f/f;Rbf/f control mice. Notably,
viable well‐differentiated hepatocytes had never been detected within necrotic regions
(Figure S3B). To confirm the presence and expansion of bile ducts within the necrotic region,
we stained liver sections with an antibody against cytokeratin 19 (CK19), which is a marker
for bile duct cells (Figure 4A). Quantification of the immune histochemical CK19 staining
within the necrotic lesions verified the increased number of bile ducts at 3 weeks post RFA in
Alb‐cre+/‐;p53∆/∆;Rb∆/∆ mice (Figure S4A). Next, we determined the proliferation index of bile
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duct cells by performing Ki67 staining (Figure 4B). Three weeks after RFA, the number of
Ki67‐positive bile ducts cells was significantly higher in p53∆/∆;Rb∆/∆ livers compared to
control livers (Figure S4A). These findings suggest that liver‐specific loss of p53 and Rb
results in enhanced migration and proliferation of bile ducts into the area of tissue injury.
Remarkably, at five weeks post RFA as well as at later time points, bile duct structures were
still present within the neoplastic foci, but were smaller in size (Figure 3). Furthermore
multiple small ductules contained very pleomorphic cholangiocytes with hyperchromatic
nuclei protruding into the lumina. The ductules were intermingled with many spindle shaped
cells with moderate anisokarysosis, and classified as undifferentiated carcinoma cells.

Figure 2. Hepatic resection in Alb‐cre+/‐; p53/; Rb/ mice results in reduced survival and formation of
undifferentiated carcinomas at the ligation site.
(A) Survival curves of Alb‐cre+/‐;p53/;Rb/ mice that developed liver tumors after partial hepatectomy (+PH)
with (red line) or without partial hepatectomy (‐PH) (black line). Life span of control Alb‐cre‐/‐;p53f/f;Rb f/f mice
is indicated by black dotted line. (B) In situ view of a liver tumor in the abdomen of Alb‐cre+/‐; p53/; Rb/
mouse after PH. (C) Representative pictures of H&E stained liver sections from undifferentiated carcinomas
within the remaining stump (ST). Suture material (arrowheads) is localized within early neoplastic lesions. (D)
Well differentiated HCC and (E) CC with moderately differentiated bile ducts (arrows) in regenerating lobes
(RL). White and black dotted lines indicate the borders between normal liver tissue (L) and tumor (T). H&E
images taken at 100x magnification.
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Figure 3. Radiofrequency ablation (RFA) in Alb‐cre+/‐; p53/; Rb/ mice leads to expansion of bile duct cells
and formation of liver tumors at the injury site.
Representative H&E liver sections from necrotic lesions of Alb‐cre+/‐; p53/; Rb/ mice and control Alb‐cre‐/‐
;p53f/f;Rbf/f mice at different time points after RFA. Migration of bile ducts (arrows) and appearance of liver
tumors (T) are indicated. Black dotted lines mark the border between viable liver tissue (L) and necrotic RFA
lesion (N). Left and middle panel H&E images taken at 100x magnification and and 200x for right panel.
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Figure 4. Loss of p53 and Rb in the liver leads to enhanced proliferation of bile duct cells within the RFA
injury site.
(A) Immunohistochemical analysis for cytokeratin 19 (CK19) and (B) Ki67 on liver sections from mice of
indicated genotypes at 1 and 3 weeks after RFA. Images taken at 200x. (C) 5‐bromo‐4‐chloro‐3‐indolyl‐D‐
galacto‐pyrmoside (X‐gal) at 3 weeks after RFA displaying the migration and expansion of p53/Rb‐deficient bile
ducts (arrows) into the necrotic lesions. Upper panel 100x, lower panel 200x. (D) X‐gal and
immunohistochemical staining for CK19 from mice with indicated genotypes 10 weeks after RFA. The presence
of bile ducts (arrows) within the tumors (T) is indicated. Images in Left panel taken at 40x, and right panel at
200x magnification. Black dotted lines mark the border between viable liver tissue (L) and necrotic (N) RFA
lesion.

The Alb‐cre transgene is known to specifically express Cre in hepatocytes. To verify
that homologous recombination of conditional alleles had also occurred in bile duct cells, we
crossed Alb‐cre+/‐;p53∆/∆;Rb∆/∆ mice with mice carrying the LacZ‐Cre‐reporter transgene
(LSLR26Rf/f)22. As expected LacZ expression was detected in all examined hepatocytes,
whereas necrotic tissues did not show LacZ expression in Alb–cre+/−;LSLR26RΔ/Δ mice (Figure
4C). Importantly, bile duct cells in non‐injured livers (Figure S1B) as wells as bile ducts
invading early into the necrotic regions of Alb‐cre+/‐;p53∆/∆;Rb∆/∆;LSLR26RΔ/Δ mice showed
strong LacZ expression (Figure 4C), indicating that p53 and Rb has not only been deleted in
hepatocytes but also in bile duct cells. LacZ expression was also monitored in liver tumors 10
weeks after RFA, and we found that undifferentiated carcinomas cells and bile duct cells
expressed LacZ, supporting that undifferentiated neoplastic cells originate from epithelial
liver cells (Figure 4D). Deletion of p53 and Rb in liver tumors was confirmed by PCR analysis
(Figure S1A).
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p53∆/∆;Rb∆/∆ bile duct cells are resistance to proliferation inhibitor TGFβ
Since the proliferation rate of wild type bile duct cells within the RFA zone decreased
at 3 weeks (Figure S4A), we hypothesize that p53∆/∆; Rb∆/∆ bile ducts might respond less to
inhibitory proliferation signals than wild type bile ducts cells. The transforming growth factor
beta (TGFβ) is secreted protein and a known inhibitor of cellular proliferation. We found that
TGFβ is highly expressed by cells, presumably macrophages, localized at the transitional and
necrotic RFA zone 3 weeks after surgery (Figure SB). To test our hypothesis, we isolated and
cultured bile duct cells from p53∆/∆;Rb∆/∆ livers and wild type liver utilizing the liver organoid
technology. Administration of TGFβ to the culture medium of wild type liver organoids
strongly reduced the DNA replication rate, quantified by EdU incorporation assays (Figure
S4C). In contrast, TGFβ addition to p53∆/∆;Rb∆/∆ liver organoids resulted in less inhibition of
DNA replication. Time course analysis with daily measurements of DNA replication further
supported that p53∆/∆;Rb∆/∆ liver organoids were less sensitive to inhibitory effects and
displayed a higher proliferation rate in response to TGFβ (Figure S4D).
Tissue destruction leads to epithelial‐mesenchymal transition of p53∆/∆;Rb∆/∆ neoplastic
liver cells
Pathological analysis of all spontaneous liver tumors arising in p53∆/∆;Rb∆/∆ livers
revealed that approximately 30% of tumors were well differentiated HCC or CC, while the
remaining tumors were either poorly differentiated or undifferentiated (Figure 5A). 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 partial hepatectomy or after
RFA were undifferentiated HCC/CC (Figure 5A and Table). These findings prompt us to
hypothesize that tissue destruction induced epithelial‐mesenchymal transition of neoplastic
liver cells. To investigate the differentiation degree of the liver tumors in more detail, we
performed immunohistochemical marker analysis. HNF4α, a nuclear marker for mature
hepatocytes28, was strongly expressed in normal hepatocytes and well differentiated HCC,
whereas undifferentiated carcinomas showed almost no expression (Figure 5B). We
observed that bile ducts located within undifferentiated carcinoma showed weak expression
of HNF4α, which is in line with previous studies describing HNF4α expression in activated
bile ducts28 (Figure 5B). CK19 staining displayed strong expression in normal bile ducts, in
well differentiated CC, and in large and small ductular structures within undifferentiated
carcinomas (Figure 4D, 5B and data not shown). Undifferentiated carcinoma cells showed
infrequent low expression of CK 19 (Figure 4D, 5B). Next, we investigated the expression of
E‐cadherin, a general marker for epithelial cells. Strong membranous E‐cadherin expression
was observed in normal hepatocytes and cholangiocytes, in well differentiated HCC and CC,
and in ducts of undifferentiated carcinomas. Consistent with the expression pattern of the
other epithelial marker HNF4α and CK19, undifferentiated carcinoma cells lacked E‐cadherin
expression (Figure 5B and Figure S5). To determine whether these carcinomas cells had
gained a mesenchymal phenotype, we performed S100A4 staining. Undifferentiated
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carcinomas cells show strong S100A4 expression, whereas bile ducts and hepatocytes lacked
S100A4 expression (Figure 5B and Figure S5). Next, we investigated whether epithelial and
mesenchymal markers are co‐expressed in tumors after surgical intervention. To this end,
we performed double immunofluorescence staining and observed colocalization of CK19 and
S100A4 as well as CK19 and vimentin in early tumor lesions (Figure 6A, B) while other
regions of advanced tumor lesions and normal liver tissues did not show co‐expression of
epithelial and mesenchymal markers (Figure S6A, S6B).
Finally, Ki67 staining demonstrated enhanced Ki67 expression in undifferentiated
carcinomas compared to well differentiated carcinomas (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∆/∆ of neoplastic liver cells.
Bile duct‐specific deletion of p53 and Rb leads to liver cancer after RFA.
Given the migration and expansion of bile duct cells into early necrotic lesions of
∆/∆
p53 ;Rb∆/∆ livers (Figure 3), we examined whether the bile duct cell could represent the
cell‐of‐origin in this injury‐induced mouse model of liver cancer. To delete p53 and Rb
specifically in bile duct cells, we bred mice transgenic for Cre under the control of the
tamoxifen‐inducible CK19 promoter (CK19‐creERT)24 with p53f/f;Rbf/f mice. To monitor Cre‐
specific expression, mice were also crossed with the R26LSL‐lacZ reporter mice. X‐gal
staining on liver sections from CK19‐cre+/‐;p53∆/∆;Rb∆/∆;LSLR26RΔ/Δ mice injected with
tamoxifen demonstrated LacZ expression in bile duct cells, whereas hepatocytes,
myofibroblasts, inflammatory cells and endothelial cells showed no LacZ expression (Figure
7A). To further ensure that CK19‐cre expression is limited to bile duct cells, we have exposed
tamoxifen‐injected CK19‐cre+/‐;p53∆/∆;Rb∆/∆;LSLR26RΔ/Δ mice also to a 3,5‐diethoxycarbonyl‐
1,4‐dihydrocollidine (DDC) diet for three weeks to induce liver progenitor cell (oval cell)
proliferation29. We observed LacZ expression only in bile ducts during DDC exposure as well
as during the recovery phase after switching back to a normal diet (Figure S7A). These
findings demonstrate the CK19‐cre expressing cells are not able to generate hepatocytes
even under stress conditions when proliferation of liver progenitor cells is induced.
Importantly, RFA resulted in the formation of liver tumors at the site of tissue
destruction in 42% of CK19‐cre+/‐;p53∆/∆;Rb∆/∆ mice injected with tamoxifen (Figure 7A and
Table). Distinct neoplastic foci were detectable at first 9 weeks after RFA treatment and
tumors showed strong LacZ expression and PCR analysis confirmed deletion of p53 and Rb
within these tumors (Figure 7A and Figure S1A). Occasionally tumors were also found in the
wall of the stomach or intestine, because the CK19‐cre transgene is also expressed in CK19+‐
cells of the alimentary tracts24 (data not shown). Comparative histological analysis revealed
that the tumors had the same morphology as the tumors that developed in Alb‐cre+/‐
;p53∆/∆;Rb∆/∆ mice after RFA or partial hepatectomy (Figure 7B). Furthermore marker analysis
on these undifferentiated HCC/CC from CK19‐cre+/‐;p53∆/∆;Rb∆/∆ mice demonstrated similar
expression pattern for epithelial and mesenchymal markers (Figure 7B and Figure S7B).

Surgical resection and radiofrequency in p53/Rb-deficient mice

|

105

These findings provide strong evidence that the bile duct cell is the cell‐of‐origin of
p53∆/∆;Rb∆/∆ liver tumors induced by tissue destruction.

5

Figure 5. Surgical resection or radiofrequency ablation in Alb‐cre+/‐; p53/; Rb/ mice lead to formation of
undifferentiated carcinomas that underwent epithelial‐mesenchymal transition.
(A) Classification of liver tumors from mice without surgical intervention (‐PH), and mice treated with partial
hepatectomy (+PH) or radiofrequency ablation (+RFA). Number of tumors analyzed (n) is shown. (B)
Representative pictures of H&E (20x) and immunohistochemical staining of hepatocyte nuclear factor 4α
(HNF4α, 100x), CK19 (x100), E‐cadherin (x100) and S100A4 (x40). Magnifications for the respective images are
shown in brackets.
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Figure 6. Immunofluorescence staining of normal and liver tumors showing colocalization of epithelial and
mesenchymal markers.
(A) pictures from normal liver; top row and liver tumors at the bottom row showing immunofluorescence for
epithelial marker CK19 (green), mesenchymal marker vimentin (red) and merged CK19 and Vimentin (yellow).
(B) Pictures from normal liver; top row and liver tumors at the bottom row showing immunofluorescence for
epithelial marker CK19 (green), mesenchymal marker S1004 (red) and merged CK19 and S100A4 (yellow),
nuclear stained with DAPI (blue). All images taken at 400x magnification.

Administration of anti‐inflammatory drugs could not prevent tumor development at the
RFA injury site in p53/Rb deficient livers
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. To this end, two anti‐inflammatory drugs were used; one group of Alb‐cre+/‐
;p53∆/∆;Rb∆/∆ mice received Sulindac in the drinking water after they underwent RFA. The
control group received normal water. A second cohort of Alb‐cre+/‐;p53∆/∆;Rb∆/∆ mice were
injected with Dexamethasone or saline a day before RFA and continued treatment for 9
weeks. The Sulindac treated group did not differ from the control group; all mice developed
liver tumors at the border zone. Analysis of livers from Dexamethasone treated mice
revealed reduced inflammation and bile ducts migration into necrotic region, three weeks
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after RFA (Figure 8A). Surprisingly only one mouse did not develop tumors at RFA site, 67%
developed smaller tumors compared to control mice and one mouse developed a tumor
larger than the control mice. As expected, the saline treated mice all developed tumors at
RFA site. Evaluation of the area of tumor at the border zone showed no significant
differences between dexamethasone and saline treated mice at ten weeks after RFA (data
not shown). Treatment with high dose of Dexamethasone (4mg/kg) alone did not induce any
pathological change in the liver (data not shown). In addition, Dexamethasone treatment of
liver organoids in vitro did not show significance difference in proliferation response
between p53/Rb deficient and p53/Rb competent liver organoids (Figure 8B). These findings
suggest that the inflammatory response at the injury site does not significantly contribute to
the development of the liver tumors after RFA.

Figure 7. Bile duct specific deletion of p53 and Rb in mice leads to undifferentiated carcinomas at the RFA
injury site.
(A) X‐gal staining, left panel show in situ X‐gal positive bile ducts cells (BD, arrows) found in portal triad of
normal liver (L), whereas portal fibroblasts, blood vessels (BV) and hepatocytes were not stained. Images at
400x magnification. Right panel, X‐gal staining on a frozen section from a liver tumor at RFA injury site; image
at 20x magnification, only tumor part stain positive for x‐gal. (B) Representative images of sections from RFA
lesion stained for H&E, immunohistochemical staining for HNF4α and CK19. The present of bile ducts (arrows)
within the tumors is indicated. Black dotted lines mark the border between normal liver tissue (L) and tumors
(T). Left panel, 100x, right panel 400x magnification.
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Figure 8. Dexamethasone decreases cellular migration into necrotic RFA region.
(A) Decreased inflammatory cells and bile ducts into necrotic region in Dexamethasone treated mice compared
to saline treated, 3 weeks after RFA . H&E stained liver, images magnification 200x. (B) Percentage increase of
Edu incorporation in Liver organoids (ODPCs) from wildtypes, and liver deficient of p53 and Rb after 24 hours of
dexamethasone treatment when compared to untread ODPCs.

Administration of anti‐inflammatory drugs could not prevent tumor development at the
RFA injury site in p53/Rb deficient livers
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. To this end, two anti‐inflammatory drugs were used; one group of Alb‐cre+/‐
;p53∆/∆;Rb∆/∆ mice received Sulindac in the drinking water after they underwent RFA. The
control group received normal water. A second cohort of Alb‐cre+/‐;p53∆/∆;Rb∆/∆ mice were
injected with Dexamethasone or saline a day before RFA and continued treatment for 9
weeks. The Sulindac treated group did not differ from the control group; all mice developed
liver tumors at the border zone. Analysis of livers from Dexamethasone treated mice
revealed reduced inflammation and bile ducts migration into necrotic region, three weeks
after RFA (Figure 8A). Surprisingly only one mouse did not develop tumors at RFA site, 67%
developed smaller tumors compared to control mice and one mouse developed a tumor
larger than the control mice. As expected, the saline treated mice all developed tumors at
RFA site. Evaluation of the area of tumor at the border zone showed no significant
differences between dexamethasone and saline treated mice at ten weeks after RFA (data
not shown). Treatment with high dose of Dexamethasone (4mg/kg) alone did not induce any
pathological change in the liver (data not shown). In addition, Dexamethasone treatment of
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liver organoids in vitro did not show significance difference in proliferation response
between p53/Rb deficient and p53/Rb competent liver organoids (Figure 8B). These findings
suggest that the inflammatory response at the injury site does not significantly contribute to
the development of the liver tumors after RFA.
DISCUSSION
In this study, we found that liver‐specific deletion of Rb and p53 resulted in the
spontaneous formation of a variety of malignant liver tumor types. Remarkably, Rb/p53
deficient livers exposed to surgical resection or RFA, the most common therapy approaches
for human liver cancer, developed highly aggressive and undifferentiated carcinomas
predominantly at the site of ligation or thermal destruction.
An important question, which is difficult to address in human patients, is whether
liver cancers originate from hepatocytes, liver progenitor cells or bile duct cells. We used
genetically modified mice that lack the expression of tumor suppressors in different liver cell
lineages to identify the cell of origin in an injury‐induced model of liver cancer. Albumin‐cre
activation in Rb/p53 conditional knockout mice resulted in the expansion of cells with
characteristics of bile ducts. We showed that Albumin‐cre transgenic mice expresses cre not
only in hepatocytes, but also in bile duct cells. To genetically delete Rb and p53 exclusively in
bile ducts cells and not in hepatocytes, we used the Ck19‐creERT transgenic mice24 and
found that the same type of tumors developed at the same location. These observations
strongly suggest that Rb/p53 deficient liver tumors in mice initiate from bile duct cells at the
injury site upon surgical resection or RFA. However, we cannot rule out the possibility that
liver progenitor cells could function as well as the cell of origin in this model, because Ck19 is
known to be expressed both in bile duct cells and liver progenitor cells30.
This study provides insights into the pathogenesis of the development of liver tumors
after surgical resection or RFA treatment, a scenario that is often observed in human
patients that underwent surgical or RFA therapy after having been diagnosed with liver
cancer6. We provide now strong evidence that the necrotic injury site induced by these
therapeutic modalities could serves as an optimal microenvironment for the initiation of
liver tumors. Notably, surgical resection and RFA caused liver cancer only in Rb and p53
deficient livers, while wild‐type mice that underwent the same procedure were tumor‐free.
Nevertheless, Rb and p53 are commonly inactivated in human liver cells for example through
infection with hepatitis B and C virus10, raising the risk to develop liver tumors after surgical
interventions. In fact, several human studies show that high hepatitis B virus load at the time
of tumor resection was independently associated with higher tumor recurrence31, 32.
Moreover antiviral treatment after resection was associated with significantly lower
cumulative risk of recurrence31, 33.
It was surprising to observe that liver tumors developed predominantly within or at
the periphery of the necrotic regions, and rarely in the regenerating liver lobes. Previous
studies in mice have shown that intrasplenic injection of colon carcinoma cells leads to
outgrowth of tumor cells at the periphery of the RFA lesions26. We show that thermal
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destruction leads to massive coagulation necrosis, followed by a wound healing response
characterized by the migration of activated bile duct cells, inflammatory cells,
myofibroblasts, and deposition of extracellular matrix (fibrosis) into the necrotic regions. In
wild‐type livers this dynamic wound healing process slows down and results in sequestration
of the necrotic regions. In contrast, the chronic inflammatory response continues in Rb/p53
deficient liver and is associated with expansion and enhanced proliferation of bile duct cells.
Remarkably, within 5 weeks after injury, bile duct cells transform and initiate tumor
formation within the necrotic regions. Since loss of p53 and activation of TGFβ have been
shown to play an important role in promoting liver cancer and maintenance of stem cell
behavior and increased TGFβ gradient promotes differentiation towards biliary lineage16, 17,
one possible mechanism leading to transformation of bile duct cells is that loss of Rb and
p53 in bile duct cells along with increased gradient of TGFβ in necrotic region promotes
activation, expansion and transformation of biliary cells to acquire cancer stem cell like
characteristics and cancer cell plasticity after tissue damage. In fact, chronic inflammation in
liver tumor patients associated with TGFβ has been associated with poor prognosis and high
recurrence rate. Furthermore, there is increasing evidence that liver cirrhosis, a disease
process that also is characterized by liver necrosis, fibrosis and chronic inflammation, is a risk
factor for the development of cholangiocarcinomas in humans34. Moreover, in a mouse
model of liver cirrhosis, p53‐deficient mice were exposed to CCl4 and developed bile duct
tumors with reduced epithelial marker expression35, providing further support that a chronic
inflammatory response can influence the differentiation state of cholangiocarcinomas.
Intriguingly, early cancer lesions were associated with epithelial‐mesenchymal transition of
the bile duct cells migrating into the necrotic lesion. Bile duct cells showed reduced
expression of epithelial markers (E‐cadherin, Ck19) and gained the expression of
mesenchymal markers (S‐100, vimentin), resulting in the formation of undifferentiated
carcinoma at the injury site. Previous studies have provided evidence that a chronic
inflammatory response can influence carcinogenesis and induce epithelial‐mesenchymal
transition36. In our injury‐induced mouse model of liver cancer, we observed the
accumulation of inflammatory cells and fibrosis surrounding the bile duct cells, suggesting
that this inflammatory response has a tumor‐promoting function. Notably, the accumulation
of extracellular matrix components are known to participate in the regulation of bile duct
differentiation during development37, indicating that the injury response in our mouse
model could influence the differentiation state of bile duct cells. Surprisingly, use of anti‐
inflammatory agent showed strong reduced bile duct expansion in the first weeks after
surgery but overall tumor incidence after RFA was reduced only by 20% suggesting that
blocking inflammation is not sufficient to prevent tumor genesis in p53/Rb deficient and RFA
treated liver.
Patients with loss of both tumor suppressors p53 and Rb are more likely to have poor
prognosis and early recurrence as observed in our model in which tumor was not observed
up to one year in liver deficient for Rb alone when treated with RFA, and liver deficient of
p53 alone formed tumors approximately six months after RFA suggesting differential but
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synergistic role of p53 and Rb injury associated liver tumors. Similar cooperation of these
two tumor suppressors has been described in carcinogen induced liver tumor model18.
In summary, our findings show that deletion of Rb of p53 leads to the expansion,
transformation, and EMT of bile duct cells/progenitor cells within an necrotic environment
induced by surgery/RFA. We conclude that the combination of loss of tumor suppressors and
necrosis causes liver cancer and EMT at the surgery site. Finally, we provide the field with a
novel mouse model, in which surgical resection and RFA treatment leads to formation of
highly aggressive, fast growing and undifferentiated carcinomas. This model could represent
a powerful tool to test the efficacy of anti‐cancer drugs that are aimed to use in human
patients that developed liver tumors after hepatic resection or RFA.
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Figure S1
(A) Genotyping PCR for Cre, p53, and Rb on normal livers (L) and liver tumors (T) from Alb‐cre and Ck19‐cre
mice carrying conditional floxed alleles for p53f/f and Rbf/f alleles.  stands for deleted allele, line between lane
1 indicates images were taken from separate gels. (B) X‐gal staining to show expression of LacZ reporter in
normal liver Left and right picture at 100x and 400x magnifications respectively. (C) Representative picture of
H&E stained undifferentiated liver tumor (T). Arrowheads indicate infiltrating inflammatory cells. Images at
100x magnification.
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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

Figure S3
(A) Schematic time schedule illustrating early detection and incidence of liver tumors in mice of indicated
phenotypes. (B) Immunohistochemical analysis for HNF4α on liver sections from mice of indicated genotypes at
3 weeks after RFA. Black dotted lines mark the border between viable liver tissue (L) and necrotic RFA lesion
(N). Bile ducts are indicated by arrows. Image magnifications in upper panel 100x, lower panel 400x.
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Figure S4 Loss of p53 and Rb in the liver leads to enhanced proliferation of bile duct cells. (A)
Immunohistochemical (IHC) analysis for cytokeratin 19 (CK19) (left pannel) and and Ki67 (right pannel) in
necrotic region following RFA on liver from mice of indicated genotypes at 1 and 3 weeks after RFA. (B) TGFB1
expression analysis on liver sections, 3weeks after RFA . (C) Effect of TGFB1 treatment on proliferation of
Organoid derived from liver progenitor cells (ODPC) isolated from wildtype, p53 and Rb deficient livers at
increasing dosage. (D) Comparison of proliferation rate of wildtype versus p53 and Rb knockout ODPC kept in
culture for 5 days with and without TGFB1 treatment
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Figure S5 Higher magnification (400x) of the epithelial and mesecnchymal 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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Figure S6 Representative pictures of immunofluorescence staining for CK19, Vimentin and S100A4 from Alb‐
cre+/‐; p53/; Rb/ liver tumor. (A) and (B) well differentiated bile ducts positive for CK19 sorrounded by CK19
negative mesenchymal tissues which are positive for mesenchymal markers vimentin and S100A4 respectively.
(C) Ki67 (100x) on liver sections from well differentiated HCC from liver without partial hepatectomy (‐PH), and
undifferentiated carcinomas from liver with partial hepatectomy (+PH) or radiofrequency ablation (+RFA). The
presence of bile ducts (arrows) within the tumors is indicated (arrow). Black dotted lines mark the border
between normal liver tissue (L) and tumors (T)
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Figure S7
(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 accumulation in portal region. Bottom panel is liver from mice fed
with DDC for 3 weeks and then switched to 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. Black dotted lines mark the border between normal liver (L) and tumors (T). Left panel, 100x, right
panel 400x magnification
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ABSTRACT
Polyploidization is observed in all mammalian species and is a characteristic feature
of hepatocytes, but its molecular mechanism and biological significance are unknown.
Hepatocyte polyploidization in rodents occurs through incomplete cytokinesis, starts after
weaning and increases with age. Here, we show in mice that atypical E2F8 is induced after
weaning and required for hepatocyte binucleation and polyploidization. A deficiency in E2f8
led to an increase in the expression level of E2F‐target genes promoting cytokinesis and
thereby preventing polyploidization. In contrast, loss of E2f1 enhanced polyploidization and
suppressed the polyploidization defect of hepatocytes deficient for atypical E2Fs. In addition,
E2F8 and E2F1 were found on the same subset of target promoters. Contrary to the long‐
standing hypothesis that polyploidization indicates terminal differentiation and senescence,
we show that prevention of polyploidzation through inactivation of atypical E2Fs has,
surprisingly, no impact on liver differentiation, zonation, metabolism, and regeneration.
Together, these results identify E2F8 as a repressor and E2F1 as an activator of a
transcriptional network controlling polyploidization in mammalian cells.
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INTRODUCTION
Polyploidization, the addition of one or multiple complete sets of chromosomes,
represents one of the most dramatic changes known to occur within the genome, but
surprisingly it is well tolerated and a common phenomenon in nature, particularly in fungi
and plants1‐3. In mammals, polyploidy often occurs in specific tissues such as the liver, but
the biological significance is unknown4, 5. Oxidative damage to the liver and regeneration
after partial hepatectomy are both associated with a pronounced increase in the population
of polyploid cells6, 7. There is also a correlation between polyploidy and the process of ageing
and senescence. In the liver, polyploidy generally increases with age and injury‐induced
polyploidization is accompanied by attenuated hepatocyte replication and other cell ageing
events7, 8. Furthermore, previous studies in mice demonstrated that hepatocyte
polyploidization is accelerated when the growth rate increases during postnatal
development or is stimulated by treating mice with triiodthyronine, growth hormone or
insulin9, 10.
In rodents, liver cell polyploidization is a physiological process passing through a
binucleation step11. Proliferating hepatocytes can engage an abortive cell cycle with
incomplete cytokinesis and give rise to binucleated hepatocytes. When a binucleated cell
proceeds through another cell cycle and its centrosomes cluster to establish a single bipolar
spindle, mononucleated tetraploid hepatocytes are formed. During postnatal growth,
progressive polyploidization continues and tetraploid as well as octoploid hepatocytes with
one or two nuclei are generated. Remarkably, the opposite event can also occur: octoploid
hepatocytes divide into diploid and tetraploid daughters through formation of multipolar
mitotic spindles – a phenomenon called ploidy reversal12. Previous studies showed that
abortive cell cycles can arise from variety of defects in different aspects of cell division such
as DNA replication, dissolving sister chromatid cohesion, mitotic spindle function and
cytokinesis13. Several studies demonstrated that E2F transcription factors coordinate
expression of genes involved in these cell cycle processes14, 15. In mammalian cells, the E2F
family has been traditionally divided into activator (E2F1‐3) and repressor (E2F4‐8)
subclasses16, 17. The classic E2Fs (E2F1‐6) contain one DNA binding domain, whereas the
atypical family members, E2F7 and E2F8, contain two DNA binding domains18‐23.Mice
deficient in E2f7 or E2f8 are viable and lived to old age. E2f7/E2f8 double knockout mice
died at embryonic day 11.5 revealing that the two proteins perform overlapping functions
during embryonic development17, however their postnatal functions are unknown. Here, we
demonstrate in postnatal mice that E2F8 controls a transcriptional network that needs to be
repressed to induce liver cell polyploidzation. This physiological process is essential for
controlling cell size, but is unexpectedly not relevant for liver differentiation or liver
regeneration.
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METHODS
Animals
All experiments were approved by the Utrecht University Animal Ethics Committee
and performed according to institutional and national guidelines. E2f7 and E2f8 knockout
mice (conditional and conventional) were generated as described previously17. Albumin‐cre
and R26R‐LacZloxP/loxP mice were derived from Jackson laboratory18, 19. E2f1 mice were
provided by Dr. M. Greenberg (Duke University Medical Center, North Carolina). All mice
were bred into FVB background for at least 5 generations. Partial hepatectomy on mice
were performed as described previously20.
Immunofluorescence and Immunohistochemistry
Formalin‐fixed liver tissues were embedded in paraffin, and cut into 4 μm sections.
After deparaffinization and dehydration, antigen retrieval was done by boiling sections in 10
mM citrate buffer for 15 min, followed by cooling at room temperature for 30 min.
Immunofluorescent cell membrane staining was done using rabbit anti‐β‐catenin (Abcam,
ab2982; diluted 1:100 in PBS) and anti‐rabbit Alexa Fluor 488 (Invitrogen, A‐11008; 1:200 in
PBS) antibodies. TO‐PRO‐3 (Invitrogen, T3605; 1:200 in PBS) was used to stain nuclei. Images
were taken using a Leica DMRE fluorescence microscope with 40x objective (IP Lab software)
and analyzed for hepatocyte nuclei numbers using ImageJ software. For Ki67
immunohistochemical staining, sections were stained with rabbit anti‐Ki67 antibody
(Biogenex, MU297‐UC; 1:75 in PBS) and biotinylated secondary antibody (Vector Labs,
BA2000; 1:250 in PBS). Vectastain Elite ABC reagents (Vector Labs) were used according to
the manufacturer’s instructions. Slides were counterstained with hematoxylin. Similar
staining were done using following antibodies for phospho‐Histone H3 (Millipore, 06‐570;
1:600 in PBS), alpha‐fetoprotein (Santa Cruz, sc8108; 1:50 in PBS), cytokeratin 19 (Abcam,
ab15436; 1:50 in PBS), carbamoylphosphate synthetase (generated by W. Lamers21; 1:1000),
glutamine synthetase (BD Transduction Laboratories, 610518, clone 6/Glutamine
Synthetase; 1:1000). TUNEL positivity was analyzed using Millipore ApopTag® peroxidase in
situ apoptosis detection kit (S7100). For porphyrin measurements, liver sections were
stained with H&E and analyzed using ImageJ software.
β‐galactosidase staining
Liver tissues were incubated in a fixative (2% paraformaldehyde, 0.2% glutaraldehyde
in a 100 mM sodium phosphate buffer, pH 7.4) for 2 h at 4°C, then washed for 10 min twice
in PBS, and finally stained in β‐galactosidase staining solution (4 mM potassium ferricyanide,
4 mM potassium ferrocyanide, 2 mM MgCl2, O.2% NP‐40, 0.1% sodium deoxycholic acid and
1mg/ml X‐gal (Sigma, B4252) in PBS). X‐gal‐stained tissues were washed for 10 min twice
with PBS and post‐fixed in 10% neutral‐buffered formalin for 48 h at 4°C. Samples were
paraffin embedded, and 5 m sections were counterstained with nuclear fast red.
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Flow cytometry
Freshly prepared liver cell suspensions were fixed in 70% ethanol overnight at 4°C.
Cells were washed in PBS and then treated with pepsin (0.5mg/ml 0.1N in HCl) to isolate
hepatocyte nuclei. The nuclei were stained with anti‐BrdU‐FITC (Becton Dickinson; 347583),
and/or PI (propidium iodide; 5 g/ml PI and 250 g/ml RNAse in PBS), and analyzed with a
FACS Calibur flow cytometer (Becton Dickinson) and BD CellQuest Pro software.
RNA isolation, cDNA synthesis and quantitative PCR
Total RNA was isolated from pieces of snap‐frozen liver using the Qiagen RNeasy kit
as described by the manufacturer, which included the optional DNase treatment before
elution from columns. Subsequently, cDNA was synthesized with random hexamer primers
according to the manufacturers’ protocol. (Fermentas, K1622). Quantitative PCR was
performed on a BioRad MyiQ Cycler using SYBRgreen Supermix (BioRad). Reactions were
performed in duplo, and relative amounts of cDNA were normalized to GAPDH using the
Ct method. Primer sequences for the indicated genes are included in Supplementary
Table S1.
Gene expression microarrays
Microarrays were performed on E2f7‐/‐E2f8‐/‐ versus wild type livers at 3, 4 and 16
weeks of age. Total RNA was isolated from livers using the RNeasy kit (Qiagen).
Subsequently, cDNA was synthesized and Cy‐3/Cy‐5 labeled cRNA was generated by using a
Low RNA Input Fluorescent Linear Amplification Kit (Agilent Technologies, Santa Clara, CA).
The labeled cRNA was purified using a Qiagen RNeasy kit and hybridized on 4X44K Agilent
Whole Mouse Genome Dual Color Microarrays (G4122F). A duplicated dye swap experiment
was performed in each case. Microarrays were scanned on an Agilent scanner at 5 μm
resolution. Microarray signal and background information were retrieved with Feature
Extraction (V9.5.3, Agilent technologies). Statistical analysis of expression changes was
performed by using Gene Spring GX (Agilent). Only features with a fold change higher than
1.5 and a corrected P value below 0.05 were further analyzed. Lists of up‐ or downregulated
transcripts were analyzed using the DAVID and PANTHER gene ontology tools22, 23.
Enrichment of PANTHER Biological Pathway terms was determined, and P‐values and
Benjamini corrected P‐values were calculated using DAVID. A Benjamini value below 0.05
was considered statistically significant.
E2F binding sites analysis
The Pscan algorithm24 was used to detect overrepresentation of E2F binding motifs in
promoter regions between ‐450 and +50 base pairs from the transcription start site. Briefly,
for each promoter in a list, the short sequence most closely matching the position weight
matrix of the classic E2F motif (TTTSSCGC, where S is either a C or a G) within the indicated
promoter region of each gene was identified, and a matching score was calculated, where 0
means no match at all, and 1 is a perfect match. Average matching scores were then tested
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for significant changes compared to the background score of the whole mouse genome,
using a z‐test with Bonferroni correction for multiple testing.
Concentration E2f7 and E2f8 mRNA in mouse livers
A dilution series for qPCR (10ng to 0.0001ng) was prepared using plasmids containing
E2f7 or E2f8 cDNA (pcDNA3‐mE2f7‐HA, pcDNA3‐his‐myc‐mE2f8 flag) and mixed with cDNA
from livers of E2f7‐/‐ or E2f8‐/‐ mice, respectively. Quantitative PCR was performed on the
dilution series and wild type liver samples (n=5) from 4 week old mice. With the Bio‐Rad IQ5
2.0 standard edition the relative quantity CT was calculated for E2f7 and E2f8 samples
using IQ5 2.0 (Bio‐Rad). Copy numbers of the template in 10 ng plasmid DNA was then
calculated using the formula: number of copies = (amount*6.022x1023) /
(length*1x109*650). Ten nanograms of plasmid DNA contained for E2f7 1.12x109 copies and
for E2f8 1.19x109. This was used to calculate the number of copies in the wild type liver
samples.
Western blot analysis
Liver nuclear extracts were prepared using Qproteome Cell Compartment Kit from
Qiagen (37502) according to manufacturer’s instructions. Liver and HepG2 whole cell lysates
were prepared using a lysis buffer containing 150 mM NaCl, 1.0% NP40, 0.5% deoxycholate,
0.1% SDS, 50 mM Tris (pH 8.0), supplemented with Protease Inhibitor Cocktail (Roche).
Protein lysates were separated by SDS‐polyacrilamide gel electrophoresis (PAGE) and
transferred to nitrocellulose membrane. Membranes were probed with following antibodies:
anti‐E2F1 (Santa Cruz, sc‐193; diluted 1:1000), anti‐E2F2 (Santa Cruz, sc‐633; 1:500), anti‐
E2F3 (Santa Cruz, sc‐878; 1:500), anti‐E2F4 (Santa Cruz, sc‐1082; 1:500), anti‐E2F8 (abcam,
ab109596; 1:1000), anti‐Cyclin A (Santa Cruz, sc‐596; 1:1000), anti‐Aurora A (Cell Signaling,
3092; 1:1000), anti‐ECT2 (Santa Cruz, sc‐1005; 1:500), anti‐γ‐Tubulin (Sigma, T6557, clone
GTU‐88; 1:2000), anti‐HDAC1 (Santa Cruz, sc‐7872; 1:500), and anti‐flag (Sigma Aldrich,
F3165, clone M2; 1:2000). As secondary antibodies, anti‐rabbit‐HRP (Amersham Biosciences,
NA934; 1:5000) and anti‐mouse‐HRP (Amersham Biosciences, NA931; 1:5000) were used. All
antibodies were diluted in 4% non‐fat milk in TBST.
Cell culture and transfections
HepG2 cells, a well differentiated human hepatocellular carcinoma cell line (ATCC HB‐
8065), were cultured in DMEM (Invitrogen, 41966‐052) supplemented with 10% FBS (Lonza,
DE14‐802F). For transfections with flag‐tagged versions of E2F7 and ‐8, 2.5 million cells were
plated in 100 mm2 cell culture dishes. The next day, transfections were done using 50 L
Dharmafect4 (Dharmacon) and 35 g of pcDNA3 plasmid DNA containing cDNA encoding
flag‐tagged versions of E2F7, E2F8, or N‐terminally deleted E2F8 lacking the first 1145 base
pairs, which contain the DNA binding domains of E2F8. After 24 hours, the medium was
replaced, and 48 h after transfections, cells were processed for ChIP and immunoblotting.
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Chromatin immunoprecipitation
ChIP was performed according the Millipore’s EZ ChIP protocol, with the following
specifications: cells were crosslinked for 10 minutes using 1% freshly prepared
paraformaldehyde. Crosslinking was then stopped by adding 100 mM glycine for 5 minutes.
After washing twice with PBS, cells were scraped in 1 ml of ChIP lysis buffer.
Immunoprecipitations on sonicated chromatin were performed using BSA‐blocked Fast Flow
Agarose G beads (Millipore, 16‐266). For E2F1 and flag immunoprecipiations (IPs), 2 million
cells were used in each reaction. For detection of endogenous E2F7 and E2F8 enrichment on
target promoters, a double IP protocol was used, as previously described, with an input of 20
million cells per IP32. In regular IPs, 2 g of one of the following antibodies was used: anti‐
E2F1 (sc‐193), or anti‐flag (F3165). Equal amounts of rabbit and mouse normal IgG (DAKO
X0931 and Cell Signalling #27295) were used as negative controls. Double IPs were
performed with 10 g and 5 g of antibody for first and second IP reactions, respectively.
The following antibodies were used: anti‐E2F7 (Santa Cruz, sc‐66870), anti‐E2F8 (Abcam,
ab109596), or rabbit IgG.
Serum analysis
Alanine transaminase (ALT) activity in serum was measured using the UniCel DxC
Synchrome (Beckman Coulter).
Statistical methods
Data are presented as means ± SEM, unless indicated otherwise. Differences
between two groups were compared using a t‐test in normally distributed groups. When
data were not normally distributed, differences were compared with a Mann‐Whitney test.
For the results involving more than two groups, one‐way ANOVA followed by Tukey’s
correction was used. When not normally distributed, multiple groups were tested by
Kruskal‐Wallis tests with Dunn’s post hoc correction. Differences were considered significant
at the level of P<0.05.
RESULTS
E2f7 and E2f8 are induced during onset of hepatocyte polyploidization
To determine E2F expression levels in postnatal liver development, we harvested
murine livers during the first 9 weeks after birth and analyzed the mRNA and protein levels
by quantitative PCR (qPCR) and Western blot analysis, respectively. Antibody specificity was
verified using livers of E2F knockout mice (figure S1a‐d). Expression of E2f1‐6 were strongly
induced in one week old livers and decreased from three weeks after birth. In contrast,
mRNA levels of E2f7 and E2f8 were low in one week old livers and were strongly induced at
three to five weeks (figure 1a). Importantly, the induction of these atypical E2Fs coincided
with the onset of hepatocyte polyploidization (figure 1c). Atypical E2F protein expression
during postnatal development was not detectable, which is most likely related to the low
sensitivity of the antibodies (figure S1d, data not shown). However, E2F8 protein was
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detected in regenerating livers, at a time when many hepatocytes proliferate in a
synchronized manner, and atypical E2Fs accumulate maximally (figure S1d).
E2F8 is essential for hepatocyte binucleation and polyploidization
To investigate E2F7 and E2F8 function in postnatal liver development, we used
homologous recombination techniques and Cre‐loxP technology to disrupt E2F7 and E2F8
function in mice. Mice transgenic for Cre under the control of the hepatocyte‐specific
albumin promoter (Alb‐Cre) were crossed to E2f7loxP/loxPE2f8loxP/loxP mice that harbor loxP
sites flanking sequences that are required for DNA binding17. We confirmed hepatocyte‐
specific Cre activity by interbreeding the Alb‐cre+/‐E2f7loxP/loxPE2f8loxP/loxP mice with the Cre
reporter mice (R26R‐LacZloxP/loxP), in which loxP sites flanking a stop cassette were placed
upstream of the LacZ gene. LacZ expression was detected in all examined hepatocytes of
adult Alb‐cre+/‐E2f7loxP/loxPE2f8loxP/loxPR26R‐LacZloxP/loxP mice (figure S1e). Similar to previous
studies31, E2f7 and E2f8 recombination was incomplete in three and four week old livers
(figure S1f), but qPCR showed a marked decrease of E2f7 and E2f8 mRNA levels in adult
livers of Alb‐cre+/‐E2f7loxP/loxPE2f8loxP/loxP mice (figure S1g). E2F8 protein expression was not
detectable in adult livers of Alb‐cre+/‐E2f7loxP/loxPE2f8loxP/loxP mice that underwent partial
hepatectomy, compared to wild type littermates that underwent the same procedure,
demonstrating efficient ablation of E2F8 (figure S1d).
Analysis of livers at different stages of postnatal development revealed that E2f7‐/‐ and E2f8‐
/‐
single knockout mice as well as hepatocyte‐specific double knockout mice showed no
significant changes in gross morphology (data not shown). However histological analysis of
liver sections reflected that hepatocytes of E2f8‐/‐ and Alb‐cre+/‐E2f7loxP/loxPE2f8loxP/loxP mice
(referred as E2f7‐/‐E2f8‐/‐) were smaller in size and were less frequently binucleated
compared to wild type and E2f7‐/‐ animals. To determine the number of nuclei per cell, we
performed simultaneous nuclear (TO‐PRO‐3) and plasma membrane (β‐catenin)
immunofluorescence labeling of liver sections at different stages of postnatal liver
development (figure 2a). From week three onwards the proportion of binucleated
hepatocytes increased continuously with age. This physiological binucleation process was
markedly reduced in E2f8‐/‐ livers at three and four weeks of age (figure 2a and 2b).
Combined deletion of E2f7 and E2f8 in hepatocytes resulted in stronger inhibition of
binucleation compared to E2f8‐/‐ livers. E2f7‐/‐ livers showed a minor decrease in
binucleation at 4 weeks.
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Figure 1. Atypical E2Fs are induced during onset of hepatocyte polyploidization
(a) Expression of E2f1‐8 was measured by qPCR in wild type livers. One week samples were normalized to 1.
Data presented as average ± SEM of fold induction [n= 4 mice (1 wk), n=3 (3 wk), n=5 (4 wk), n=4 (5 wk), n=5
(7wk) and n=3 (9 wk)]. (b) Expression of E2F proteins was measured by Western blot analysis in wild‐type livers.
(c) Representative FACS histograms showing DNA content of propidium iodide (PI)‐stained nuclei from wild‐
type livers at indicated ages.

Flow cytometry analysis on isolated nuclei stained with propidium iodide revealed
that E2f8‐/‐ and E2f7‐/‐E2f8‐/‐ livers were composed of predominantly diploid and some
tetraploid hepatocytes, whereas wild type and E2f7‐/‐ livers contained large populations of
tetraploid and octaploid hepatocytes (figure 3a‐d).
To determine whether inhibition of liver cell polyploidization resulted in cell size
changes, we measured cell density from liver sections labeled with TO‐PRO‐3 and β‐catenin.
As shown in Figure 2a, hepatocytes of four week old E2f8‐/‐ and E2f7‐/‐E2f8‐/‐ animals were
smaller in size resulting in a higher cell density (figure 2c). These findings demonstrate that
the physiological hypertrophy of polyploid hepatocytes in wild type and E2f7‐/‐ animals is
compensated by increased numbers of smaller diploid hepatocytes in E2f8‐/‐ and E2f7‐/‐E2f8‐
/‐
animals.
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Figure 2. E2F8 is essential for hepatocyte binucleation
(a) Immunofluorescence staining for β‐catenin and TO‐PRO‐3 of liver sections at 4 weeks of age. Scale bars
indicate 5 µm. (b) Quantification of binucleated hepatocytes at 3 and 4 weeks of age. Data presented as mean
± SD (n=3 mice/genotype, 500‐1000 cells/mouse). (c) Quantification of hepatocyte density from liver sections
as shown in a at 3 and 4 weeks of age. Data presented as mean ± SD (n=3 mice/genotype). Asterisks in b and c
indicate P values <0.05 versus wild type.

Given the polyploidization defect was more severe in E2f7‐/‐E2f8‐/‐ livers compared to
individual knockout livers, we measured the expression levels of atypical E2Fs in livers of
individual E2f7‐/‐ and E2f8‐/‐ mice by qPCR. This analysis showed that E2f7 mRNA levels
increased in E2f8‐/‐ livers, whereas E2f8 mRNA levels did not change in E2f7‐/‐ livers (figure
3e), supporting the above observation that E2F7 could partially compensate for the loss of
E2F8 function (figure 2a‐c). Furthermore, we discovered that E2f7 mRNA levels in postnatal
wild type livers are extremely low compared to E2f8 mRNA levels (figure 3f), consistent with
our previous Northern blot analysis demonstrating that E2f7 expression is almost not
detectable in adult livers, whereas E2f8 is highly expressed25, 26. These gene expression data
suggest that the observed differences in liver polyploidization phenotypes between atypical
E2F knockout mice is related to their expression levels in the liver.
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Figure 3. E2F8 is essential for hepatocyte polyploidization
(a) Representative FACS histograms showing DNA content of liver nuclei at 4 weeks of age. (b‐d) Quantification
of DNA content in liver nuclei from (b) E2f7‐/‐E2f8‐/‐, (c) E2f7‐/‐, and (d) E2f8‐/‐ mice, and their respective wild
type littermates at 3, 4, and 5 weeks of age. The percentage of nuclei with indicated DNA content (2C, 4C, 8C)
was calculated scoring the number of events at each ploidy level and presented as mean ± SEM percentage PI
stained nuclei (n=3 mice/genotype). (e) Expression of E2f7 and E2f8 measured by qPCR in livers of wild type,
E2f7 ‐/‐, and E2f8‐/‐ mice. Data represent average ± SEM (n=5 mice/genotype). (f) Quantification of E2f7 and E2f8
copy numbers per ng RNA in 4 weeks old wild type livers. Data represent average ± SEM (n=5 mice/genotype).
Asterisks in b‐e indicate P values <0.05 versus wild type.
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Figure 4. Inactivation of atypical E2Fs increases E2F‐target gene expression
(a, b) Venn diagrams of up‐ and down‐regulated transcripts, respectively. Gene names per category are shown
in Supplementary Table S4. (c,d) Heat maps of significantly enriched PANTHER gene ontology clusters of up‐
and down‐regulated transcripts from microarray analysis on E2f7‐/‐E2f8‐/‐ versus wild type livers at 3, 4, and 16
weeks of age. Fold enrichments over background were calculated using DAVID. Detailed ontology results are
listed in Supplementary Table S3. (e) E2F binding sites near transcription start sites of transcripts analyzed using
Pscan. Bars indicate matching scores of putative binding sites relative to the positional sequence frequency
matrix of the consensus E2F motif TTTSSCGC. Average scores per condition were compared with a random
background score (bg; red line). Asterisk: P=0.01 versus background; triple asterisk: P=1.9E‐24 versus
background, Bonferroni‐corrected. Sequences, scores and location of E2F binding site are listed in Table S2.
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Expression of cytokinetic genes is up‐regulated in E2f7‐/‐E2f8‐/‐ livers
Since atypical E2Fs function as transcriptional repressors17, 32, we wanted to identify
gene products that were altered in postnatal livers deficient for these E2F family members.
Because inhibition of hepatocyte binucleation was more pronounced in E2f7‐/‐E2f8‐/‐ than
E2F8‐/‐ livers (figure 2a,b), we performed cDNA microarray analysis on 3, 4 and 16 week old
wild type and E2f7‐/‐E2f8‐/‐ livers. This global analysis of gene expression showed that 2‐3
times more transcripts were upregulated than down‐regulated in E2f7‐/‐E2f8‐/‐ livers relative
to wild type (figure 4a, b), underscoring that E2F7 and E2F8 act as transcriptional repressors.
Functional annotation of upregulated genes in 4 week old livers revealed a bias for cell cycle
gene products known to be involved in DNA replication (e.g. E2f1, Cdc6, Ccna2, Pcna), DNA
repair (e.g. Brca2, Rad51), mitosis (e.g. Aurka/b, Ccnb1, Plk1) and cytokinesis (e.g. Ect2,
Mklp1, Racgap, Prc1) (figure 4c and table S2‐4). Interestingly, previous studies demonstrated
that a subset of these up‐regulated transcripts including Racgap, Aurkb, Prc1 and Plk1
showed altered expression and localization during hepatocyte binucleation33. Remarkably
the majority of the cell cycle transcripts were up‐regulated exclusively at 4 weeks coinciding
with the time when liver cell polyploidization starts (figure 4c). A small subset of these cell
cycle transcripts involved in DNA replication (e.g. E2f1, Cdc6, Mcm2,3,6) were already up‐
regulated at 3 weeks, but not at 16 weeks (figure 4a, c and table S2‐4). qPCR and Western
blot analysis confirmed the altered expression of many of the genes in 4 week old E2f7‐/‐
E2f8‐/‐ livers (figure 5 and figure S2). E2f8‐/‐ livers showed a similar but less pronounced up‐
regulation of gene products involved in DNA replication, mitosis and cytokinesis, whereas
deletion of E2f7 does not alter their expression.
Computational promoter analysis utilizing Pscan for identifying overrepresented
transcription factor binding sites34, revealed that the majority of up‐regulated gene products
in 4 and 16 week old E2f7‐/‐E2f8‐/‐ livers contain consensus E2F binding sites in their
promoter (figure 4e). Many genes with high matching scores are known E2F target genes
(table S2), confirming that high scores correspond with a high likelihood of the sequences to
represent a true E2F binding site. In contrast, down‐regulated transcripts do not show E2F
motif matching scores above background levels and are involved for example in lipid and
steroid metabolism (figure 4d, e, figure S2b and Table S2‐4). Together, these data suggest
an important role for E2F8‐mediated repression of cell cycle regulated E2F‐target genes
during the onset of liver cell polyploidization, coinciding with the time when atypical E2F
transcription is induced.
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Figure 5. Inactivation of atypical E2Fs increases cytokinetic gene expression
(a) Expression of cell cycle genes was measured by qPCR in livers at 4 weeks of age. Data presented as average
± SEM (n=3 mice/genotype). Asterisk denotes P<0.05 versus wild type. (b) Western blot analysis of cell cycle
genes in livers at 4 weeks of age. Arrows indicate specific bands, whereas asterisk indicates unspecific bands.

Cytokinetic genes are direct targets of atypical E2Fs and E2F1
We then performed chromatin immunoprecipitation (ChIP) assays to assess the
ability of E2F7 and E2F8 to bind to promoters that were up‐regulated in 4 week old E2f7‐/‐
E2f8‐/‐ livers. ChIP assays were performed in HepG2 cells, a human liver cancer cell line, since
ChIP‐ grade antibodies are currently only available for human, but not for murine E2F7 and
E2F8. qPCR assays showed that endogenous E2F7 and E2F8 were recruited to promoters of
genes involved in DNA replication, mitosis, and cytokinesis (figure 6a). Remarkably, E2F8 was
more enriched on these promoters than E2F7. To exclude that differences in antibody

E2F8 is essential for polyploidization

|

135

affinity are responsible for the enhanced recruitment of E2F8 to target promoters, we
overexpressed flag‐tagged versions of E2F7 and E2F8 (figure S3a) and confirmed the
enhanced enrichment of E2F8 on promoters utilizing an antibody against the Flag‐epitope
(figure 6b). A mutant form of E2F8 that is incapable of binding DNA failed to
immunoprecipitate target promoters.
Next, we investigated whether promoters of E2F7/8 target genes also recruit E2F1 in
hepatocytes. To this end, we performed ChIP assays in HepG2 cells with an anti‐E2F1
antibody. These experiments showed that E2F1 protein is enriched on the same promoters
as the atypical E2Fs (figure 6c). These findings suggest that genes involved in DNA
replication, mitosis and cytokinesis are regulated by the atypical E2F repressors, in particular
E2F8, as well as by the classical E2F1 activator.
Loss of E2f1 rescued polyploidization defects in E2f7‐/‐E2f8‐/‐ livers
Given that E2F8 and E2F1 bind to common targets, we hypothesized that E2F1 could
participate in regulating the same genes as the atypical E2Fs, particularly in the absence of
E2F7 and E2F8 function. To test this possibility, Alb‐cre+/‐E2f7loxP/loxPE2f8loxP/loxP mice were
bred with E2f1+/‐ mice to generate Alb‐cre+/‐E2f7loxP/loxPE2f8loxP/loxPE2F1‐/‐ mice with combined
deletion of E2f7, E2f8 and E2f1 in the liver (referred as E2f7‐/‐E2f8‐/‐E2f1‐/‐).
Immunofluoresence and flow cytometry analyses performed on three and four week old
E2f7‐/‐E2f8‐/‐E2f1‐/‐ livers showed that loss of E2F1 reduced the defect in hepatocyte
binucleation, density and polyploidization caused by a deficiency in E2f7 and E2f8 (figure 7a‐
e). E2f8‐/‐E2f1‐/‐ mice showed a similar rescue of the polyploidization defect (figure S3b). In
addition, qPCR analysis demonstrated that inactivation of E2F1 also suppressed the up‐
regulation of cell cycle genes in E2f7‐/‐E2f8‐/‐ livers, as shown here for Racgap, Mklp1, Ect2,
and Cdc6 at different time points post weaning (figure 7f and figure S3c). We interpret these
results to mean that high levels of E2F target genes observed in E2f7‐/‐E2f8‐/‐ livers is due to
the additive effective of both derepression and E2F1‐mediated activation. Consistent with
this view, we found that E2f1‐/‐ livers showed enhanced hepatocyte polyploidization (figure
7a,d,e) accompanied with reduced cell cycle gene expression relative to wild type livers two
days after weaning (figure 7f and figure S3c). These data are supported by the observation
that transgenic overexpression of E2F1 in mice inhibits hepatocytes polyploidization35. Livers
of E2f2‐/‐ and E2f3‐/‐ mice showed no differences in hepatocyte polyploidization compared to
wild‐type littermates (data not shown). In summary, we conclude that E2F1 is a key
modulator that antagonizes E2F8‐mediated repression through activation of the same target
genes which are critical for controlling hepatocyte polyploidization.
Polyploidization has no impact on liver differentiation and regeneration
We first tested whether E2f7‐/‐E2f8‐/‐ livers show normal liver zonation by analyzing
the expression of differentiation markers utilizing immunohistochemistry. Hepatocytes
express location‐dependent enzymes to facilitate detoxification36. Therefore periportal and
pericentral hepatocytes can be identified by their specific content of specific enzymes. Here,
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two zonally expressed proteins and key enzymes in ammonia metabolism, glutamine
synthetase (GS; pericentral) and carbamoylphosphate synthetase I (CPS; periportal) were
tested for their expression as markers for fully differentiated hepatocytes36. Furthermore,
we investigated the expression of Alpha‐fetoprotein (AFP, immature hepatocyte),
Cytokeratin 19 (CK19, bile ducts and oval cells), and TdT‐mediated dUTP nick end labeling
(TUNEL, apoptotic cells). These experiments showed equal expression patterns of tested
markers between wild type and E2f7‐/‐E2f8‐/‐ livers at different stages of postnatal
development (figure 8a and data not shown).
Liver weight analysis revealed that livers of weaned E2f8‐/‐ and E2f7‐/‐E2f8‐/‐ mice
were slightly heavier compared to wild type and E2f7‐/‐ livers (Figure S4). These observations
prompted us to examine proliferation in E2f7‐/‐E2f8‐/‐ livers more closely. When assessed by
immunohistochemistry and flow cytometry using Ki67(G1‐M), PH3(G2‐M) and BrdU(S)‐
specific antibodies, we observed no significant differences in the percentage positively
stained nuclei between wild type and E2f7‐/‐E2f8‐/‐ livers at different time points after
weaning (figure 8b and data not shown). These findings suggest that the minor increase in
liver weight is not related to enhanced proliferation.
Given that decreased regenerative capacity of the liver in older animals coincides
with greater proportions of polyploid hepatocytes, we wanted to determine whether loss of
polyploidization had any functional consequences on liver regeneration. We performed
partial hepatectomies in wild type and E2f7‐/‐E2f8‐/‐ mice at the age of 4 months and 18
months and analyzed liver weight and BrdU incorporation at different time points post
hepatectomy. These analyses failed to reveal any significant differences in the regenerative
capacity of E2f7‐/‐E2f8‐/‐ and wild type livers (figure 8c).
To assess whether inhibition of polyploidization had an effect on detoxifying activity
of liver cells, we treated wild type and E2f7‐/‐E2f8‐/‐ mice with the hepatotoxin 3,5‐
diethoxycarbonyl‐1,4‐dihydrocollidine (DDC) for 3 weeks. The xenobiotic drug DDC causes
severe liver damage with biliary porphyrin accumulation, inflammation, fibrosis and
continuous proliferation of hepatocytes, bile duct cells and oval cells. Histological analysis of
the liver sections revealed no obvious differences in the overall toxic response to DDC (figure
8d). Furthermore, we observed no detectable differences in liver weight, PH3‐stained liver
nuclei, serum levels of alanine aminotransferase (ALT, liver injury test) and porphyrin
accumulation.

E2F8 is essential for polyploidization

|

137

6

Figure 6. E2F8 and E2F1 bind to the same promoters of cytokinetic genes
(a) ChIP‐qPCR on a panel of E2F target genes in HepG2 cells. ChIP assays were performed with antibodies
against E2F7, E2F8 or non‐immune IgG. A non‐specific region 700bp upstream of E2F binding sites of the E2F1
promoter (control) served as negative control for unspecific binding. (b) ChIP‐qPCR performed on HepG2 cells
overexpressing flag‐tagged E2F7 (7‐flag), E2F8 (8‐flag), or E2F8‐DNA binding domain mutant (8m‐flag). (c) ChIP‐
qPCR assays with an antibody against E2F1 or IgG in HepG2 cells. Graphs represent average ± SEM (n=3).
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Figure 7. Loss of E2f1 restores polyploidization in E2f7‐/‐E2f8‐/‐ livers
(a) Immunofluorescence staining for β‐catenin and TO‐PRO‐3 of liver sections of indicated genotypes at 4
weeks of age. Scale bars indicate 5 µm. (b) Quantification of binucleated hepatocytes in TO‐PRO‐3/β‐Catenin‐
stained liver sections at 4 weeks of age. Data presented as mean ± SD of (n=4 mice/genotype, 500‐1000
cells/mouse). (c) Quantification of hepatocyte density in liver sections at 4 weeks of age. Data represented as
mean ± SD (n=4 mice/genotype). (d) Representative FACS histograms showing DNA content of PI‐stained liver
nuclei at 4 weeks of age. (e) Flow cytometric quantification of hepatocyte nuclei from livers at 21, 23 and 28
days of age. Results are expressed as mean ± SEM (n=4 mice/genotype). (f) Expression of Ect2, Mklp1, and
Racgap measured by qPCR in livers at 21, 23 and 28 days of age. Data presented as average ± SEM (n=3
mice/genotype). Asterisks in b, c, e, f depict P<0.05 versus wild type; # indicates P<0.05 versus E2f7 ‐/‐ E2f8‐/‐.
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Figure 8. Polyploidization has no impact on hepatic differentiation or regeneration.
(a) Immunohistochemical analysis for glutamine synthetase (GS), carbamoylphosphate synthetase (CPS), alpha‐
fetoprotein (AFP), cytokeratin 19 (CK19), or TdT‐mediated dUTP nick end labeling (TUNEL) on liver sections
from 4 week old mice. (b) Quantification of Ki67 or phopho‐histone 3 (PH3) positive hepatocyte nuclei in wild
type (wt) and E2f7‐/‐E2f8‐/‐ (78‐/‐) livers at indicated age. Data represent average ± SEM (n=3 mice/genotype). (c)
Liver/body weight (LW/BW) ratio in E2f7‐/‐E2f8‐/‐ and wild type livers of young (4 months) and old (18 months)
mice at different time points after two‐thirds partial hepatectomy. BrdU incorporation was measured by flow
cytometry after staining hepatocyte nuclei with anti‐BrdU FITC antibody and PI. (d) Representative HE stained
liver sections from 14 weeks old mice fed 0.1% 5‐diethoxycarbonyl‐1,4‐dihydrocollidine (DDC) containing diet
for 3 weeks (far left panel). Quantification of liver/body weight ratio, PH3, porphyrin, and alanine
aminotransaminase (ALT) serum levels. Data represent average ± SD (n=3 mice/genotype).

140

|

Chapter 6

DISCUSSION
In contrast to many previous studies stating that liver cell polyploidy is generally
considered to indicate terminal differentiation and cellular senescence4‐7, 37, the data
presented here suggest that polyploidization is not required for hepatocyte differentiation
or zonation and does not impair liver cell proliferation. We show that changing the ploidy
status of hepatocytes does not alter its physiology at least for the physiological parameters
we have investigated, but seems to create a similar cell of a different size. Recent studies by
Duncan et al. are consistent with our data showing that diploid and octoploid hepatocytes
proliferated at equivalent rates12. The appearance of polyploid cells has been noticed
commonly after cellular stress, ageing, and in various diseases, perhaps because polyploidy
confers a metabolic benefit13. Remarkably, our data demonstrate that livers composed of
predominately polyploid hepatocytes have no advantage in metabolizing for example
xenobiotic drugs compared to livers composed of diploid cells. However this observation
does not rule out the possibility that a polyploid hepatocyte is still more metabolic active
than a diploid hepatocyte, because diploid cells in E2f7‐/‐E2f8‐/‐ livers might compensate
through their increased cellular density.
In vitro and in vivo experiments presented here provide a mechanism for controlling
hepatocyte polyploidization, where E2F8 and E2F1 regulate a transcriptional program
through repression and activation, respectively. Genetic inactivation of E2f8 resulted in
increased expression of cell cycle regulated E2f‐ target genes including Ect2, Mklp1, and
Racgap, which are essential regulators of cytokinesis38. Ablation of E2f1 reduced the
expression of these cytokinetic genes and rescued the polyploidization defect of hepatocytes
deficient for atypical E2Fs. Consistent with a direct role in transcriptional regulation, ChIP
experiments show that E2F8 and E2F1 are recruited to the same promoters of cytokinetic
genes and that this requires intact DNA‐binding activity.
Previous studies showed that Ect2, Mklp1, and Racgap are impaired in relaying
information from the spindle to the cortex during hepatocyte binucleation, thereby
preventing the formation of a functional contractile actomyosin ring and thus cytokinesis40.
In addition, expression of a dominant negative mutant of Ect2 increased the number of
binucleated hepatocytes46, supporting the concept that inhibition of cytokinetic gene
expression through E2F8 transcriptional repressor activity promotes binucleation and
consequently polyploidization.
A substantial portion of the deregulated transcripts identified in E2f7‐/‐E2f8‐/‐ livers
are not only involved in cytokinesis but are also in DNA replication, DNA repair and
chromosome segregation. Previous studies showed that DNA replication and DNA repair
factors such as ORC6 and BRCA2 can localize to the cleavage furrow and are required for
cytokinesis40, 41. Moreover, replication or repair defects can lead to aberrant chromosomes,
segregation errors, and chromatin trapped at the division site blocking cytokinesis13. These
studies show that disturbance in DNA replication or repair can have consequences on the
cytokinesis process, suggesting that E2F8 mediated repression of DNA replication/repair
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gene expression could possibly also contribute to cytokinesis failures and generate polyploid
cells.
Studies in Drosophila and Arabidopsis discovered an important role for E2Fs in the
control of endocycles2, 42, 43. Such cell cycles consist of S and G phase without mitosis and
result in the formation of polyploid cells42, 44. While atypical E2Fs have not been identified in
flies, plants express three different atypical E2Fs (E2Fd, e, f)16. In contrast to our observation
and a recent study by Chen et al. where loss of atypical E2Fs prevents hepatocyte
polyploidization and trophoblast endocycles45, atypical E2feKO knockout plants displayed
enhanced endocycles46. E2Fe represses the anaphase‐promoting complex/cyclosome
(APC/C) activator gene Cdh1, which triggers the destruction of mitotic cyclins46. Similar
observations have been made in flies and mice, where inhibition of CDK1 blocks mitotic
progression and thereby promotes endocycles47, 48.
However, there are some interesting parallels between our work and studies
performed in non‐mammalian species that supports the hypothesis that E2Fs are essential
for polyploidzation and require the downregulation of E2F target genes. For example gene
expression analysis in flies revealed that E2F target genes are less expressed in endocycling
than in mitotic cells49. We show that E2F8 is critical to repress E2F target genes to abort cell
cycle progression and to allow polyploidization in hepatocytes. Loss of E2F repressors in
Drosophila (dE2f2) and Arabidopsis (E2Fc), as well as expression of a stabilized variant of the
E2F activator (dE2F1PIP3a) prevented endocycles50‐53, supporting the concept that
continuously high expression levels of E2F target genes during cell cycle progression
prevents polyploidization. Concurrent with this concept, we have shown that E2F target
genes are continuously up‐regulated during S‐G2/M in mammalian cells deficient for atypical
E2Fs17, 32.
In summary, we show that regulation of E2F target genes through E2F8 repression
and E2F1 activation controls polyploidzation in mammalian cells. Concurrent with this work,
studies in mice demonstrated antagonistic roles for E2F7/8 and E2F3a in coordinating a
transcriptional network essential for placental development54, providing evidence that
atypical E2F repressors and classical E2F activators control not only hepatocyte
polyploidization but also other developmental processes.
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Figure S1 (a‐c) Confirmation of E2F antibody specificity in mouse liver protein lysates.
(a) E2F1 immunoblot of liver nuclear protein extracts from 4 week old wild type and E2f1‐/‐ mice. HDAC1 was
used as loading control. (b) E2F2 immunoblot of liver protein lysates from 4 week old wild type and E2f2‐/‐ mice.
Gamma‐tubulin was used as loading control. (c) Immunoblot on liver protein lysates using antibody detecting
E2F3a and E2F3b isoforms. (d‐g) Liver specific deletion of E2f7 and E2f8 in mice. (d) Immunoblot with E2F8‐
specific antibody on liver protein lysates from liver of 5 weeks old wild type mouse, adult wild type and liver‐
specific E2f7‐/‐E2f8‐/‐ mice 40 hours after partial hepatectomy (pHx). (e) Macroscopic pictures of livers with
indicated genotypes stained in situ with 5‐bromo‐4‐chloro‐3‐indolyl‐D‐galacto‐pyramoside (X‐gal). Lower panel
shows microscopic pictures of X‐gal and nuclear fast red stained liver sections. (f) Genotyping PCRs for Cre,
E2f7, and E2f8 on livers from mice with the indicated genotypes at 3 and 4 weeks of age. ∆ stands for deleted
allele. (g) Expression of E2f7 and E2f8 in adult livers of the indicated genotype measured by qPCR.
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Figure S2 Gene expression analysis in livers deficient for atypical E2fs
(a) Confirmation of microarray data of significantly upregulated cell cycle transcripts in E2f7‐/‐E2f8‐/‐ livers at 4
weeks of age by qPCR analysis. Wild type samples were normalized to 1. Data presented as average ± SEM of
fold induction (n=4 mice/genotype). (b) Verification of decreased transcripts analyzed and presented as in a. (c)
Expression of other cell cycle transcripts analyzed and presented as in a.
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Figure S3
(a) Flag‐immunoblots showing expression of flag‐tagged E2F7, E2F8, an N‐terminally deleted version of E2F8
lacking either DNA binding domains (8m) or empty vector (e.v.) in HepG2 cells, 48 hours after transfection.
Arrows indicate the different constructs, asterisks indicate non‐specific bands. Gamma‐tubulin was used as
loading control. (b‐c) Loss of E2f1 in E2f8‐/‐ livers rescues the polyploidization defect, and restores E2F target
gene expression. (b) Flow cytometric quantification of hepatocyte nuclei from livers at 4 weeks of age. Results
are expressed as mean ± SD (n=2‐6 mice/genotype). Asterisks depict P<0.05 versus wild‐type; # indicates
P<0.05 versus E2f8‐/‐. (c) Expression of Cdc6 transcripts measured by qPCR in the livers of mice with indicated
genotypes at 21, 23, and 28 days of age. Wild type samples were normalized to 1. Data presented as average ±
SEM of fold induction (n=3 mice/genotype). Asterisks indicate P<0.05 versus wild type; # depicts P<0.05 versus
E2f7‐/‐E2f8‐/‐.
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Figure S4 Liver weight analysis of atypical E2f‐deficient mice.
Liver/body weight ratios in wild type versus E2f7‐/‐, E2f8‐/‐ or E2f7‐/‐E2f8‐/‐ livers at indicated ages. Bars
represent mean ± SEM of 2‐5 mice per genotype.
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Figure S5 Full immunoblot scans.
Figure S1b are lanes 3 and 7 of the E2F2 and tubulin blots of Figure 1b.
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Summary
An alternative source of livers or hepatocytes for transplantation in patients with
(genetic) liver diseases and liver failure is needed because liver donors are scarce. HPC‐
derived hepatocyte‐like cells could be one of the options. Because dogs and humans share
liver‐pathologies and disease‐pathways, the dog is considered the best model for human
liver disease. We can use (experimental or spontaneously ill) dogs to test safety and efficacy
of a new treatment before considering to apply it in human clinics. In Chapter 3, we
developed the long‐term culture system of adult canine hepatic progenitor cells in three
dimensions, called organoids. Canine liver organoids, even after eight months in culture,
showed characteristics of stem cells, cholangiocytes and hepatocytes, mimicking in vivo liver
progenitor cell phenotype. They also had potential to differentiate towards functional
hepatocytes. Moreover, organoids derived from COMMD1‐deficient dogs presented a
copper excretion defect similar to the in vivo situation in dogs with copper storage disease.
Upon transduction with a COMMD1 construct, successful restoration of copper excretion
and enhanced viability upon copper exposure was achieved. Our results show that patient‐
derived liver organoids are a powerful tool to perform disease modeling and demonstrate
the feasibility to perform gene correction in liver organoids, a key prerequisite for
autologous transplantation for gene‐therapy. In addition, we showed that organoids can be
derived from fresh explanted liver, 14G Tru‐cut liver biopsy, 22G fine needle aspiration
biopsy, DMSO‐based frozen livers, from snap frozen livers and even from tissues that were
kept in cold DMEM with 1% FBS for up to 2 days. This easily manageable approach to
provide tissues is very important for the creation of patient‐specific organoid cultures.
Upon liver injury either hepatocytes themselves or progenitor cells, if hepatocyte
proliferation is insufficient or exhausted, proliferate to regenerate the liver. However, in
many virus‐induced liver diseases and cancers the hepatocytes harbor mutations in the
tumor suppressor genes, Rb and p53. Therefore the regenerative response during viral
infections may differ from regeneration under normal situations. In Chapter 4, we analyzed
the cooperative role of Rb and p53 in accordance with the 3, 5‐diethoxycarbonyl‐1, 4‐
dihydrocollidine (DDC) diet, a xenobiotic inducing hepatobiliary injury and oval cell
proliferation. DDC is metabolized by Cytochrome P450 (Cyp) 3a, and then inhibits heme
biosynthesis causing porphyrin accumulation. Porphyrin is believed to elicit oval cell
proliferation due to biliary damage. In this study, DDC was fed for 3 weeks to mice with liver
specific deletion of Rb and/or p53. Deletion of both Rb and p53 deregulates Cyp3a activity
causing less porphyrin accumulation, therefore mild oval cell proliferation is induced
compared to p53 and/or Rb intact livers. In addition, Rb/p53 deficient livers experience less
biliary injury, but instead more hepatocellular injury under DDC exposure. Enhanced
hepatocellular death in Rb/p53 deficient hepatocytes is compensated by increased
proliferation of surrounding hepatocytes. Finally, inactivation of Rb/p53 shortens life span
and accelerates HCC development after DDC exposure. To conclude, Rb and p53 are not only
important cell cycle regulators, but also influence xenobiotic metabolism of cells.
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Liver resection and radiofrequency ablation (RFA) are the treatment of choice for
liver cancers. Yet, cancer recurrence rate after resection is high. In Chapter 5 we focused on
identifying the mechanism of liver tumor formation after surgical interventions. Partial
hepatectomy and radiofrequency ablation (RFA) were performed in mice with p53 and Rb‐
specific deletion in the livers. Liver cancer developed at the necrotic injury site of both
surgical methods, and cancer initiation was associated with migration, expansion, and
transformation of bile duct cells within the injury site. This resulted in the formation of
undifferentiated carcinomas. To conclude, a necrotic environment induced by surgery
combined with loss of tumor suppressor genes causes liver cancer and epithelial‐
mesenchymal transition at the surgery site. Bile duct cells or HPCs are the cell‐of‐origin of
liver tumors in this model.
Polyploidization is a normal physiological event for livers. Biological effects of
polyploidization in terms of liver injury and regeneration are discussed in Chapter 6. We
demonstrated that atypical E2Fs, especially E2F8, are essential for hepatocyte binucleation
and polyploidization. E2F7 and E2F8 are induced after weaning and coincide with the onset
of hepatocyte polyploidization. E2F8 inactivation resulted in up‐regulation of E2F‐target
genes promoting DNA replication, DNA repair, mitosis and cytokinesis. Moreover, E2F8 and
E2F1 bind to the same promoters. Loss of E2F1 rescued polyploidization defects of
hepatocytes deficient for atypical E2Fs. Prevention of polyploidization through inactivation
of atypical E2Fs did not have any impact on liver differentiation, zonation, metabolism and
regeneration.
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Discussion
This thesis describes the establishment of a robust canine in vitro liver stem cell
system to study liver regeneration and cancer and to use this animal model in translational
studies from mice to man. Second, it discusses the in vivo role of murine adult stem cells in
liver regeneration and cancer.
In Chapter 3, our results showed that differentiated canine organoids, obtained by a
specific inhibition of Notch and TGFβ signaling, were not fully functional mature
hepatocytes. One explanation could be that organoids were grown and differentiated in
Matrigel, which is mainly composed of laminin. Laminin can inhibit differentiation of HPCs,
while maintaining proliferation and undifferentiated states of HPCs1, 2. In contrast, collagen
is the major extracellular matrix (ECM) protein in the liver. Changing compositions of
basement membrane matrix may assure more efficient hepatic differentiation. Further
investigation is needed in order to obtain optimum conditions for differentiation, for
instance for transplantation purposes. Liver extracellular matrix (LEM) derived from
decellularized livers can be used in basement membranes to provide the cells with growth
factors present in the LEM. In addition, LEM can be used as an efficient strategy for
preparing functional scaffolds. Microstructures of native extracellular matrices and their
biochemical compositions can be maintained in the LEM, providing tissue‐specific
microenvironments for efficient hepatic differentiation. Two‐dimensional culture on plates
coated with LEM enhanced hepatic differentiation of adipose‐derived stem cells. Rat primary
hepatocytes also improved viability and function in LEM hydrogel culture3. For our system,
liver organoids may be more efficiently differentiated in LEM.
Hepatocellular carcinoma (HCC) is the third leading cause of cancer deaths
worldwide. Several predisposing factors are involved with tumor initiation and progression
as shown in Chapters 4 and 5. Although the main treatments of HCC are resection and
transplantation, cytotoxic systemic therapy is important especially after tumor resection4.
Because genetic/epigenetic alterations in the cancer genome can influence the response to
therapy, it is very challenging to find relevant candidate genes as potential targets for
cancer. Defining molecular targeted agents for a specific HCC subgroup will lead
to personalized therapy3, 5, 6. The goal of personalized cancer therapy is to first detect
cancer‐driving mutations and signalling pathways and subsequently block these pathways by
administration of a combination of chemical inhibitors. In this perspective, organoids may be
of great benefit for use in personalized cancer treatment. The ability to culture liver
organoids obtained directly from patients by minimally invasive techniques opens up several
new research areas and therapeutic avenues. For example in Chapter 3 we showed that
canine liver organoids can be used as a system for pre‐clinical modeling of liver diseases. In
this perspective, patient‐specific tumor tissues can be obtained by Tru‐cut biopsy or fine
needle aspiration, then grown as organoid culture system. Exon and RNA sequencing can be
applied to identify mutations and altered signalling pathways in tumour organoids, and
compared with original tumour tissue. In future, current therapies or targeted interventions
can be tested on patient‐specific tumour organoids in vitro to see the effect of tumour
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growth inhibition before these drugs can be used to treat the cancer patient. This will also
aid the reduction of animal use in translational/regenerative medicine. Recently, organoids
were successfully isolated and cultured from tumor tissues of pancreas, colon and prostate
gland7‐9. We are able to culture liver organoids derived from HCC tissues from murine and
canine livers. Surprisingly, canine tumor organoids have less proliferative capacity than
normal organoids in the same defined culture medium (unpublished data). Organoids are
cultured from dog tumors, subsequently transplantation of tumor organoids is performed in
mice to confirm the phenotype in comparison to the original tumor tissues. In addition, such
orthotopic transplantation models are important for in vivo testing of drugs derived from
organoid studies. Dogs can fulfil a role as clinically relevant animal model in the translation
from mouse to man as the pathologies of spontaneous liver diseases is largely shared by
humans and dogs with respect to the histological and molecular characteristics of the
underlying pathways10‐12. The dog in this case can be used for long term safety follow up.
Along these lines, liver organoid cultures hold potential not only for modeling diseases and
cancers in vitro but also possibly for evaluating fundamental research questions. For
example, polyploidization was found in mouse liver organoids similar to the livers13. We
therefore tried to use the organoid culture system to recapitulate in vivo phenotype of
polyploidization found in E2F7‐/‐E2F8‐/‐ mouse in Chapter 6. However, we did not show a
difference in number of diploid and polyploid cells between wildtype and E2F7‐/‐E2F8‐/‐
organoids in contrast to the polyploidy in vivo (unpublished data). This could be due to the
fact that organoids were not differentiated towards hepatocyte‐like cells before analysis.
Attempts should be made on differentiated organoids.
Polyploidization in liver is a normal developmental process that mainly occurs
through failure of cytokinesis14. Previous publications claimed that polyploidization indicates
terminal differentiation and senescence15‐17. In Chapter 6, however, by using E2F7‐/‐E2F8‐/‐
mouse model we revealed that polyploidization has no impact on liver regeneration and
differentiation. Duncan et al. (2010) observed a similar phenomenon that mouse diploid and
polyploid hepatocytes proliferate at comparable rate18. In contrast, two studies indicated an
influence of polyploidization on proliferation. Diploid hepatocytes of rats showed greater
capacity for DNA synthesis compared with polyploid hepatocytes under growth stimulation
with hepatocyte growth factor19. Binucleated hepatocytes of mice have higher preference to
divide after 70% partial hepatectomy than mononuclear hepatocytes20. Hepatocyte‐derived
organoids might be useful in this perspective to study the effect of polyploidization on
regeneration.
Clearly, being polyploid is energy saving from escaping mitosis, which is beneficial
during high energy consumption in rapidly growing phases such as the suckling‐weaning
period or after partial hepatectomy21‐23. In addition, hepatocytes may undergo
polyploidization in response to a variety of cellular stressors in order to conduit the energy
to promote metabolic activity and act as a gene backup via its additional copies in case of
stress‐induced mutation24. Polyploid hepatocytes can generate aneuploid progenies by a
ploidy reversal process18, 25. These cells carry genetic diversity that may be an adaptive
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mechanism to become more resistant to xenobiotic or nutritional injury14. However, in
Chapter 6 we demonstrated by means of histologic characteristics, hepatocyte proliferation
and enzymatic injury level that polyploidization does not reduce the DDC‐induced injury
response. In the DDC injury model, cytochrome P450 (Cyp) enzymes and especially Cyp3a
are necessary for metabolization of DDC and thereby causing protoporphyrin accumulation.
The accumulation of protoporphyrin induces injury to bile ducts, but at the same time it can
act as an antioxidant to protect hepatocytes. Therefore the cytochrome P450 enzymes are
important indicators for the level of biliary and hepatocellular injury. A possible explanation
for the fact that differences in polyploidization did not impact the extend of injury upon DDC
treatment, could be that the amount of Cyp3a does not change due to polyploidization. This
may be because the Cyp enzymes are mainly localized in the endoplasmic reticulum (ER) and
some are also found in other subcellular compartments, such as mitochondria, plasma
membrane, and lysosomes26. Yet, the relation between the amount of cytochrome P450 and
polyploidization has never been addressed. Other injury models should be performed in the
future to further investigate the exact roles of polyploidization on xenobiotic injury.
As mentioned before, polyploidization might protect hepatocytes from genotoxic
damage by increasing the gene copy number. Nevertheless, polyploid cells had more
chromosome alterations, indicating of chromosomal instability and thereby potentially
promoting tumor development24. Inactivation of Rb and p53 leads to enhance
polyploidization in hepatocytes27. In Chapter 4, p53 and Rb deficient mice treated with DDC
also had bigger nuclei and more anisokaryosis than wildtype mice. Chromosomal instability
due to p53/Rb deficiency‐induced polyploidization together with genotoxic damage induced
by DDC could play a role for tumorigenesis in these mice.
Although liver regeneration to restore livers during liver damage is essential for
survival in some cases, it can lead to cancer when mutations in tumor suppressor genes are
involved. In Chapter 4 and Chapter 5, p53 and Rb deficient mice were subjected to different
types of injury, being DDC, partial hepatectomy and radiofrequency ablation (RFA) leading to
tumor development. The incidence and severity of tumors varied depending on the degree
of necrosis and inflammation. RFA induced the highest tumor incidence (100%) and all
tumors were undifferentiated carcinomas. Upon partial hepatectomy tumor occurrence was
35% less compared to RFA treated mice and tumors developed much slower but the type of
tumor was the same as found in the RFA group, namely undifferentiated carcinomas. Since
hepatectomy and RFA are often performed to treat liver cancer in humans, the results found
in these mouse models should be taken into account when performing clinical liver surgery,
as the same phenomenon might be observed there. If possible, partial hepatectomy might
be a better option than RFA to resect liver tumors in patients in terms of survival and tumor
recurrence rate. Preoperative anti‐inflammatory drugs before RFA could for example be
introduced in order to reduce tumor recurrence, although the study in Chapter 5 showed
only a 20% reduction of tumor incidence after dexamethasone treatment. Further
investigations need to be done to prove the effects in human. In addition, tumorigenicity is
another important aspect to take into account when working towards stem cell‐based
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therapy. Wnt signaling, one of the most common pathways found to be activated in
hepatocellular carcinoma28 is turned on during the proliferative phase of organoids.
Moreover, genetic instability might be introduced along the culture period. Hence, the
safety and efficacy of organoid‐derived cells should be very well tested for long term before
considering to apply stem cell‐based therapies in humans. The assessment of the
tumorigenicity can be clarified in mouse, but large animal models have the advantage of
long term analysis in this perspective.
In this thesis, several mouse models have been used to recapitulate the features of
human liver cancers. The studies have proven to be tremendously useful in cancer research.
Still, caution should be taken before extrapolation of the results retrieved from mice to
humans. We have established a system to culture canine liver organoids for fundamental
research purposes, disease modeling and regenerative strategies that will be highly
beneficial in the translation from mice to man. Canine organoids cultured from tumor tissues
could be of benefit in terms of personalized cancer treatment in veterinary patients, for
example to investigate epigenetic changes during HCC development, which has never been
addressed in dogs, mice or humans utilizing this novel and powerful organoid technology.
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Regeneratie van de lever tijdens leverziekte is noodzakelijk voor het herstel en de
overleving van patiënten. De capaciteit van de lever om te regeneren is zeer groot en komt
tot stand door deling van de volwassen levercellen, de hepatocyten en cholangiocyten, of
door activering van de volwassen stamcellen van de lever ‐ de lever progenitor cellen (LPCs).
LPCs kunnen na activatie differentiëren naar functionele hepatocyten of cholangiocyten. Als
het verlies aan functioneel leverweefsel groter is dan de gelijktijdige regeneratie, dan treedt
leverfalen op. De enige bestaande effectieve behandeling voor eindstadium leverziekten,
inclusief levertumoren, is levertransplantatie. Echter het tekort aan leverdonoren en de
benodigde levenslange immuuntherapie na een lever transplantatie noodzaakt te zoeken
naar alternatieve therapieën voor leverziekten. Een voorbeeld van zo’n alternatieve
behandeling is de transplantatie van hepatocyten verkregen door in vitro differentiatie van
LPCs.
Tijdens schade aan de lever vinden er veel veranderingen plaats zoals toegenomen
oxidatieve stress, metabole veranderingen op cel niveau, necrose, ontsteking en
verbindweefseling. Ook worden mutaties van verschillende tumor‐suppressor genen
geïnduceerd, bijvoorbeeld door virale infecties. Deze verandering samen leiden tot cirrhose,
wat het risico op lever kanker vergroot en kan leiden tot het overlijden van de patiënt. Door
middel van verschillende experimentele leverschade modellen in de muis worden de
moleculaire en cellulaire processen onderzocht die betrokken zijn bij de reactie van de lever
op schade, lever regeneratie en de ontwikkeling van levertumoren zoals het hepatocellulair
carcinoom. Ook zijn deze modellen zeer nuttig voor het identificeren van de cel van
oorsprong voor het ontstaan van leverkanker. Dit proefschrift richt zich op de rol van de LPC
in lever regeneratie en kanker. Hiervoor wordt gedeeltelijk gebruik gemaakt van een 3D
kweeksysteem van lever stam/progenitor cellen – de organoiden technologie – en van een
aantal leverschade modellen in verschillende genetische muismodellen.
Een alternatieve bron voor hepatocyten of levers voor transplantatie in patiënten
met een (genetische) leveraandoening of lever falen is noodzakelijk vanwege het tekort aan
lever donoren. Hepatocyt achtige cellen verkregen door differentiatie van LPCs in kweek
kunnen zo’n alternatieve bron zijn. Omdat honden en mensen met lever ziekte dezelfde
pathologische processen en moleculaire ziektemechanismen vertonen, en omdat ook de
reactie van de lever op deze processen in hond en mens zeer vergelijkbaar is, wordt de hond
beschouwd als het beste translationele model voor humane leverziekte. Honden met
leverziekten kunnen worden ingezet om veiligheid en effectiviteit van een nieuwe
behandeling te testen, alvorens de stap naar de humane kliniek te maken. In Hoofdstuk 3
van dit proefschrift wordt een kweeksysteem beschreven dat we ontwikkeld hebben voor
het langdurig stabiel kweken (minimaal 8 maanden) van volwassen honden LPCs in 3D. Deze
lever organoiden van honden vertoonden karakteristieken van stam cellen, cholangiocyten
en hepatocyten vergelijkbaar met de LPCs in de lever en kunnen worden gedifferentieerd
richting functionele hepatocyten. Organoiden verkregen van honden met een
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COMMD1deficiëntie, wat in vivo leidt tot een defect in het uitscheiden van koper met
koperstapelingshepatitis tot gevolg, vertoonden in kweek ook een verminderde koper
excretie. Transductie met een COMMD1 construct leidde tot succesvol herstel van de koper
excretie capaciteit van deze cellen, en verhoogde ook de viabiliteit van de cellen na
blootstelling aan koper. Deze resultaten laten zien dat organoiden verkregen van patiënten
een krachtige tool zijn voor het modeleren van ziekten in kweek. Tevens toont het de
haalbaarheid van gencorrectie in lever organoiden, een essentiële voorwaarde voor
autologe cel‐transplantatie in het kader van gen therapie voor bijvoorbeeld metabole
leverziekten. Tot slot laten we in dit hoofdstuk zien dat organoiden verkregen kunnen
worden uit vers verzameld explant weefsel, via 14G Tru‐cut lever biopten, door middel van
22G dunne naald aspiratie biopten en zelfs uit weefsel dat gedurende 2 dagen op koud
DMEM medium met 1% kalf serum bewaard is geweest. Deze potentieel weinig invasieve en
relatief weinig kritische methode van weefselverzameling maakt de haalbaarheid voor het
verzamelen van weefsels in de kliniek zeer groot. Dit is uitermate belangrijk voor het
succesvol kweken van patiënt specifieke organoiden en het creëren van bijvoorbeeld een
biobank.
In reactie op leverschade gaan hepatocyten delen om de lever te herstellen. Of,
wanneer onvoldoende hepatocyten over zijn bij ernstige leverschade of ze door uitputting
niet meer voldoende kunnen delen, de LPCs gaan delen ten behoeve van regeneratie.
Tijdens virale lever ziekten worden tumor‐suppressor eiwitten zoals Rb en p53 geïnactiveerd
wat kan resulteren in ongecontroleerde cel proliferatie. De regeneratieve respons tijdens
virale infecties kan daardoor verschillen van regeneratie onder normale omstandigheden. In
Hoofdstuk 4 hebben we de rol van Rb en p53 geanalyseerd tijdens leverschade in muizen
geïnduceerd met het 3,5‐diethoxycarbonyl‐1,4‐4dihydrocollidine (DDC) dieet. DDC is een
xenobiotic en induceert hepatobiliaire schade en proliferatie van LPCs. DDC wordt
gemetaboliseerd door Cytochroom P450 (Cyp) 3a en remt de synthese van haem. Hierdoor
treedt een accumulatie van porphyrines op wat leidt tot schade aan de galwegen wat
gedacht wordt de directe aanleiding te zijn voor de proliferatie van de LPCs. In de studie in
hoofdstuk 4 worden muizen met een specifieke deletie van Rb en/of p53 drie weken lang
gevoerd met DDC. Dit toonde aan dat er een verminderde porphyrine stapeling optrad met
als gevolg een en mildere LPC respons vergeleken met de Rb en/of p53 intacte levers,
waarschijnlijk ten gevolge van het feit dat deletie van zowel Rb als p53 de Cyp3a activiteit
reduceert. Ook was duidelijk dat, hoewel de biliaire schade in Rb/p53 deficiënte levers
minder was, de hepatocellulaire schade juist groter was dan in normale muizen. Deze
toegenomen celdood van Rb/p53 deficiënte hepatocyten werd gecompenseerd door
toegenomen proliferatie van de nabijgelegen intacte hepatocyten. Tot slot, inactivatie van
Rb/p53 verkortte de levensduur tijdens blootstelling aan DDC en versnelde de ontwikkeling
van hepatocellulair carcinoom (HCC). Concluderend zijn Rb en p53 niet alleen belangrijke
regulators van de celcyclus maar beïnvloeden zij ook in belangrijke mate het metabolisme
van xenobiotica in de cel.
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Lever resectie en radio frequentie ablatie (RFA) zijn de behandelingen die ingezet
worden voor patiënten met lever kanker. Echter, na resectie treedt vaak een recidief op. In
Hoofdstuk 5 focussen we op de mechanismen die ten grondslag liggen aan de formatie van
lever tumoren na chirurgische interventie. Partiële hepatectomie of RFA werd uitgevoerd op
muizen met een specifieke p53 en Rb deletie in de lever. In beide chirurgische modellen
ontwikkelde lever kanker ter plaatse van de necrotische schade. De initiatie van
kankerontwikkeling was geassocieerd met migratie, expansie en transformatie van
galwegcellen in de beschadigde gebieden. Dit resulteerde in de formatie van
ongedifferentieerde carcinomen. Concluderend kunnen we stellen dat een necrotische
omgeving ten gevolge van een chirurgische ingreep gecombineerd met verlies aan tumor
suppressor genen (bijvoorbeeld ten gevolge van een virale infectie) leidt tot het ontstaan
van epitheliale‐mesenchymale transitie en lever kanker. In de hier gebruikte modellen waren
cholangiocyten of LPCs de meest waarschijnlijke cel van oorsprong voor het ontstaan van de
tumoren.
Polyploidisatie is een normaal fysiologisch proces in de lever, en is gekenmerkt door
de amplificatie van het gehele genoom in hepatocyten. Wat de biologische effecten van
polyploidisatie zijn in termen van lever schade en regeneratie wordt bediscussieerd in
Hoofdstuk 6. We laten in dit hoofdstuk zien dat atypische E2F eiwitten, met name E2F8,
essentieel zijn voor polyploidisatie en het onstaan van binucleaire hepatocyten. De expressie
van E2F7 en E2F8 genen wordt na het spenen geïnduceerd en valt samen met het ontstaan
van polyploidisatie van hepatocyten. E2F8 inactivatie resulteert in up‐regulatie van E2F
target‐genen wat DNA replicatie, DNA herstel mitose en cytokinese stimuleert. Zowel E2F8
als E2F1 binden aan dezelfde promotors maar hebben een tegengesteld effect: verlies van
E2F1 herstelt de defecten in polyploidisatie van hepatocyten door een deficiëntie voor
atypische E2Fs (zoals E2F8). Preventie van polyploidisatie door inactivatie van atypsiche E2Fs
had echter geen effect op lever differentiatie, zonatie, metabolisme of regeneratie, waaruit
opgemaakt kan worden dat polyploidisatie niet essentieel is voor deze biologische
processen.
In dit proefschrift zijn verschillende muismodellen gebruikt om de mechanismen van
leverziekte en regeneratie en de kenmerken van lever kanker bij mensen zo nauwkeurig
mogelijk te recapituleren. Dit soort studies zijn uitermate belangrijk gebleken voor onder
andere het onderzoek naar kanker. Echter, de nodige voorzichtigheid is geboden bij het
extrapoleren van deze resultaten naar de situatie in de mens. Wij hebben een systeem
ontwikkeld om lever organoiden van honden te kweken wat kan worden ingezet voor het
beantwoorden van fundamentele onderzoeksvragen, voor het modeleren van ziekten in een
kweekbakje en voor het ontwikkelen van regeneratieve strategieën. Dit systeem voor de
hond zal ook waarde kunnen hebben in de vertaling van bevindingen in de muis naar de
mens vanwege de grote gelijkenis in moleculaire mechanismen van leverziekte in hond en
mens. Organoiden gekweekt van honden met een lever tumor zouden bijvoorbeeld gebruikt
kunnen worden voor het ontwikkelen van individuele therapieën voor kanker in veterinaire
patiënten, maar ook voor het onderzoeken van epigenetische veranderingen die tijdens de
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ontwikkeling van HCC optreden. Dit is nog nooit onderzocht in honden, muizen of mensen in
combinatie met de vernieuwende en krachtige organoiden technologie. De ontwikkeling van
eenzelfde kweeksysteem voor verschillende diersoorten biedt niet alleen op het vlak van
leverkanker maar voor veel verschillende organen en ziekten sterke kansen voor het verder
ontwikkelen van regeneratieve veterinaire en humane geneeskunde.
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