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Notch receptors and ligands
The Delta-Notch pathway is an evolutionarily conserved signaling pathway that controls 
a broad range of developmental processes including cell-fate determination, terminal 
differentiation, proliferation and apoptotic events (1-3). Notch receptors and ligands 
are transmembrane proteins that belong to the Epidermal Growth Factor (EGF)-like 
family of proteins. After ligand binding, Notch receptors release their intracellular 
domain (NICD), which is cleaved by γ-secretase and then translocates to the nucleus 
to initiate signaling. The NICD interacts with the DNA-binding transcriptional repressor 
C-repeat/DRE Binding Factor 1 (CBF1) also known as Recombination Binding Protein for 
immunoglobulin kappa J region (RBP-J) and converts it into a transcriptional activator 
that induces transcription of target genes (Figure 1). 

The first Notch gene was cloned in 1983 and shown to encode a cell-surface receptor in 
D. melanogaster (4). Functional analysis revealed that Notch is important for cell fate 
decisions during development of D. melanogaster (5). Subsequently, two Notch genes 
(glp-1 and lin-12) were identified in C.elegans, whereas four Notch homologs (Notch1- 
4) were identified in vertebrates (6), probably as a result of duplication events. 
Phylogenetic analysis of vertebrate Notch genes suggested that Notch1a and Notch1b 
(in fish) resulted from a duplication near the teleost/mammalian divergence (7). It was 
further shown that Notch2 appeared in the first round of vertebrate duplication events 
and that vertebrate Notch2 group is closely related to Notch3 (6). Notch4 is found only 
in mammals and is possibly the result of a rapid divergence from Notch3 (7). 

The Delta-Notch pathway

Figure 1 Notch intracellular signaling 
Schematic representation of the Notch signaling cascade. Binding of the Notch ligand to the 
membrane bound Notch receptor leads to a sequence of proteolytic events resulting in cleavage of 
the Notch expracellular domain by ADAM17/TACE, followed by cleavage of the  intracellular domain 
by γ-secretase (107). The Notch intracellular domain (NICD) then translocates to the nucleus and 
binds to the DNA binding transcriptional repressor CBF1/RBP-J. This binding converts CBF1 into a 
transcriptional activator which leads to transcription of target genes like the HES gene family.

γ-secretase

Notch ligand

Notch 
receptor

nucleus

NICD

CBF1/
RBPJ Activation of target genes
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Five canonical mammalian Notch ligands have been described, namely JAGGED1, 
JAGGED2, Delta-like 1 (DLL1), DLL3 and DLL4. Canonical Notch ligands are 
characterized by three related structural motifs: an N-terminal Delta-Serrate-LAG-2 
(DSL) domain (a cryptic EGF-like repeat), specialized tandem EGF-repeats called the 
DOS domain and a variable number of EGF-like repeats (Figure 2). Notch ligands 
can be further classified on the basis of the presence or absence of a cysteine-rich 
domain into the Jagged/Serrate or Delta-like group (Figure 2). Both the DSL and the 
DOS domains are involved in receptor binding (8, 9), but DLL3 and DLL4 are DSL-only 
ligands. 

In addition to the canonical ligands, noncanonical ligands can bind to Notch receptors. 
The function of noncanonical ligands is still poorly understood, but soluble noncanonical 
ligands may act as dominant-negative proteins that block Notch signaling (8, 9). Delta-
like 1 homolog (DLK1) is the best studied noncanonical Notch ligand. It resembles 
DLL ligands, but misses the DSL domain (Figure 2) and was shown to inhibit NOTCH 
signaling as a DOS co-ligand (10, 11). 

The Delta-Notch pathway

Figure 2 Notch Ligands
Schematic representation of DLK1 protein organization  in relation to canonical Notch ligands 
(Adapted from Kopan et al 2009 (9)) . Classical Notch ligands contain the DSL (Delta-Serrate-
Lag-2), DOS (Delta and OSM-11-like proteins) and EFG (Epidermal growth factor) motifs. DLL3 
and DLL4 are a considered DSL-only ligands. DLK1 is considered a DOS co-ligand belonging to a 
subfamily of diffusible ligands.  These ligands might act in combination with DSL-only ligands to 
activate Notch signaling (9).
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One of the most prominent features of canonical Delta-Notch signaling is that the 
ligand-receptor association occurs only between neighboring cells. This feature 
becomes accentuated in the process of “lateral inhibition”, which occurs when two 
initially identical progenitor cells adopt different cell fates due to upregulation of the 
Delta ligand in one cell. This activates the Notch receptor on the neighboring cell, which 
in turn results in down regulation of Delta expression in that same cell, enhancing the 
divergence between the two cells (12, 13). These cells can then adopt alternative cell 
fates (Figure 3).

The Delta-Notch pathway

Figure 3 Lateral inhibition 
Schematic respresentation of the process of lateral inhibition by which pluripotent stem cells adopt 
alternative cell fates. First, an instructive signal leads to upregulation of the Delta ligand in one cell. 
This leads to activation of Notch on the neighbouring cell, which in turn results in downregulation of 
Delta in that same cell, by which the first signal is enhanced. The divergence between the two cells 
can then lead to differentiaton into alternative cell fates.
This process is depicted by the central cell which initially expresses two delta ligands and two 
notch receptors interacting with their right and lower neighbour cells, which expresse 1 and 2 delta 
ligands, respectively. After an instructive signal, Delta becomes upregulated in the central cell, 
depicted by 5 Delta ligands instead of 2, which then leads to downregulation of Delta ligands in its 
right and lower neighbour cell, which now express 0 and 1 Delta ligand.

Notch receptor

Delta ligand

Pluripotent
stem cells
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The Delta-Notch pathway

Importance of Delta-Notch signaling during development: loss 
of function studies
Knockout studies for each of the mammalian Notch receptors and ligands have been 
conducted in mice. Table 1 provides an overview of the resulting phenotypes of these 
Notch pathway knockouts (14-24). 
 

Disrupted gene Phenotype

Notch1 (Swiatek 1994) Embryonic lethal at ED 10, widespread cell death, disturbed 
somitogenesis

Notch2 (Hamada 1999) Embryonic lethal at ED 11.5, widespread cell death, normal 
somitogenesis

Notch3 (Domenga 2004) Viable and fertile, defects in postnatal maturation of vascular 
smooth muscle cells

Notch4 (Krebs 2000) Viable and fertile; in combination with Notch1 mutant severe 
vascular defects

Jagged1 (Xue 1999) Embryonic lethal at ED 10, defects in vascular remodelling of 
embryo and yolk sac

Jagged2 (Jiang 1998) Perinatally lethal, craniofacial defects, skeletal defects, impaired 
thymic differentiation

DLL1 (Hrabe 1997) Embryonically lethal at ED12, severe somite patterning defects, 
hyperplastic CNS

DLL3 (Dunwoodie 2002) Viable with severe axial skeletal defects

DLL4 (Gale 2004) Embryonic lethal from ED10.5, severe vascular remodelling defects 
in embryo and yolk sac

Dlk1 (Moon 2002,
(Raghunandan 
2008,Waddell 2010, 
Puertas-Avendano 2011)

Increased perinatal lethality,  growth retardation, rib deformations, 
increased adiposity
Altered B-cell differentiation in spleen and bone narrow, exaggerated 
primary T-cell response, reduced skeletal muscle mass, disturbed 
pituitary cell type development

NOTCH1
Homozygous disruption of the Notch1 gene is fatal around embryonic day (ED)10, 
indicating that Notch1 is essential for normal embryonic development. Morphological 
and histological analysis of homozygous Notch1-deficient embryos showed normal 
pattern formation through the first nine days of gestation. However, histological 
analysis revealed widespread cell death after this stage, which was attributed to 
disorganized and delayed somitogenesis (23, 25). To explore the role of NOTCH1 
later in development, inducible Notch1 knockout were made. Mice, in which Notch 
expression was deleted neonatally, were transiently growth retarded, severely deficient 
in thymocyte development and developed nodular hyperplasia in the liver (26, 27). 
Inactivation of Notch1 in mouse skin resulted in epidermal and corneal hyperplasia, 
followed by the development of skin tumors (28). Additionally, activating NOTCH1 
mutations are associated with human T-cell acute lymphoblastic leukemia (T-ALL) (29). 
These findings implicate that in the adult stage NOTCH1 is still involved in regulation of 
cell growth including both tumor suppressor and oncogenic functions.

Table 1 Phenotypes of mice with targeted disruption of Notch pathway genes



15Part I

The Delta-Notch pathway

NOTCH2
Homozygous Notch2-deficient embryos show developmental retardation, widespread 
cell death and embryonic lethality before ED11.5, but have, in contrast to Notch1 
knockouts, normal somitogenesis (17). Mice homozygous for a hypomorphic Notch2 
mutation show defects in development of the kidney, heart and eye vasculature (30). 
The human Allagille syndrome is associated with mutations in both NOTCH2 and 
JAGGED1, and is characterized by growth retardation, jaundice due to impairment of 
intrahepatic bile duct formation and defective development of skeleton, heart, eyes 
and kidneys (31, 32). Mice doubly heterozygous for a hypomorphic Notch2 allele and 
a Jagged1 null allele exhibit developmental abnormalities that resemble the human 
Alagille syndrome. Heterozygous Notch2 mutants show no abnormalities, while 
heterozygous Jagged1-deficient mice exhibit limited eye defects without the other 
characteristic features of Alagille’s syndrome (33). Furthermore, mice with a perinatal, 
liver-specific complete elimination of Notch2 (Notch2fl/fl/Alb-Cretg/-) have a paucity of 
bile ducts and jaundice, demonstrating that Notch2 signaling is responsible for the 
liver phenotype in Alagille’s syndrome (34). Recently, we investigated the effects of 
early embryonic elimination of Notch2 in Notch2fl/fl/Alfp-Cretg/- (Notch2-cKO) mice and 
showed that Notch2 is indispensable for biliary differentiation in mice (Chapter 6). 
Neonatal Notch2-cKO mice were severely jaundiced with livers completely devoid of 
cytokeratin19 -positive ductal structures. mRNA levels of transcription factors involved 
in biliary development, including Hnf6, Foxa1, Foxa2, Hhex, Hnf1β, Cebpα and Sox9 
were either permanently or transiently decreased in postnatal Notch2-cKO livers, 
indicating that during cholangiocyte differentiation, they lie downstream from Notch2 
(chapter 6). The above findings imply that mutations in both NOTCH2 and JAGGED1 
determine the severity of the phenotype of Alagille’s syndrome. 

NOTCH3 and NOTCH4
Notch3-null mice are viable and fertile without any apparent phenotypic abnormalities. 
However, adult Notch3 knockout mice show obvious arterial defects due to 
abnormalities in differentiation and maturation of vascular smooth-muscle cells (14, 
20). In agreement with a role for Notch3 in vascular development, mutations in the 
EGF-repeats of the NOTCH3 gene in humans cause the cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) syndrome, 
leading to early stroke and dementia (35). Similar to Notch3, Notch4-null mice are 
viable and fertile (20). Involvement of Notch4 in vascular development is likely because 
its expression during embryonic development is restricted to vascular endothelial cells 
(20). Furthermore, Notch1/ Notch4 double knockouts show a more severe phenotype 
than Notch1 knockouts, with extensive defects in angiogenic vascular remodeling 
that affect the embryo, yolk sac and placenta at ED9.5 (20). The aggravation of the 
phenotype of Notch1 deficiency by Notch4 deficiency suggests a partial functional 
redundancy of Notch4 for Notch1.
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Notch canonical ligand knockouts
Homozygous disruption of the Notch ligands results in severe developmental defects. 
Jagged1-null mice exhibit defects in vascular remodelling of the embryo and yolk sac 
and die at ED10 from extensive hemorrhage (24). Mice homozygous for a Jagged2 
deletion die perinatally because of defects in craniofacial- and limb morphogenesis with 
cleft palate, fusion of the tongue with the palatal shelves, syndactyly (digit fusions) 
of the fore and hind limbs, and defective thymus development (19). Homozygous 
inactivation of Dll1 causes severe defects in somite patterning and a hyperplastic CNS. 
Dll1-deficient mice become hemorrhagic after ED10 and die around ED12 (18). This 
implies that Dll1 expression is a prerequisite for Notch receptors to function during 
somitogenesis and CNS development. In addition to DLL1, DLL3 is also involved in 
somitogenesis, but Dll3-null mice are viable despite severe axial skeletal defects, which 
probably result from delayed and irregular somite formation  (8, 15). In agreement, 
mutations in the human DLL3 gene are associated with spondylocostal dysplasia, that 
is, with similar vertebrocostal defects as seen in Dll3-deficient mice (36) . DLL3 differs 
structurally from the other canonical DSL ligands (Figure 2) and is considered a Notch-
signaling antagonist (8). In agreement, Dll3 expression in the presomitic mesoderm 
is unable to rescue the Dll1-deficient somite phenotype in mouse embryos (8). Dll4 
deficiency causes severe vascular remodeling defects and embryonic lethality even 
in the heterozygous condition. The phenotype of Dll4Lz/+ mice is reminiscent of that 
reported for the homozygous Notch1/Notch4 double knockout, suggesting that DLL4 
is a major physiologic ligand for these receptors and initiates their signaling during 
vascular development (16). Interestingly, mice lacking Jagged1 also exhibit a similar 
phenotype, which suggests an overlapping functional capacity for JAGGED1 and DLL4. 

The comparison of the phenotype of Notch receptor- and Notch-ligand knockouts 
does not reveal extensively overlapping phenotypes, apart from the described DLL4 
and NOTCH1/4 vascular phenotypes. In the case of fixed ligand-receptor-pairs, one 
would expect that the deficiency of either the ligand or the receptor to cause a similar 
rather than a different phenotype. The existence of non-overlapping phenotypes is, 
on the other hand, also compatible with particular ligand-receptor pairs, which, upon 
modification, affect a specific phenotype, but not another. Possibly, therefore, both 
conditions are met if only a limited number of permutations of ligands per receptor or 
vice versa are functional. Alternatively, the interactions between receptors and ligands 
could become unique by having additive effects (the Notch1/Notch4 double knockout 
has the same phenotype as the Dll4 knockout). The relatively mild phenotype of 
Notch3 and Notch4 knockout mice suggests functional redundancy with NOTCH1 and/or 
NOTCH2, but not vice versa. 

The Delta-Notch pathway
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Protein structure 
Both the human DLK1 and the murine Dlk1 genes are maternally imprinted, paternally 
expressed genes on chromosome 14 and 12 in man and mouse, respectively (37). 
Delta-like 1 homolog (DLK1), also known as Preadipocyte factor 1 (Pref-1) and Fetal 
antigen (FA1) (38, 39), is an EGF-like membrane-bound protein. It contains six tandem 
EGF-like repeats, a juxtamembrane region with a TACE (ADAM17)-mediated cleavage 
site, a transmembrane domain, and a short intracellular tail (40). TACE-mediated 
cleavage yields  a soluble form of DLK1 with a molecular weight of 50 kDa (40). 
Alternative DLK1 splicing products have been described in several mammalian species 
(41-43), which mostly result from in-frame deletions of the juxtamembrane region 
and the sixth EGF repeat, resulting in membrane bound forms that sometimes lack the 
TACE-sensitive cleavage site. The biological activity of these splicing variants is yet not 
fully understood. 

The structure and amino-acid sequence of the EGF repeats in DLK1 are closely related 
to those present in the canonical DLL ligands. However, DLK1 misses the conserved 
cryptic EGF repeat that is called the DSL domain, which is present at the N-terminus 
of all canonical Notch ligands (Figure 1). For this reason, DLK1 is considered a DOS 
(co)ligand (8, 9, 44). Despite of the absence of a DSL domain, interaction between 
DLK1 and the NOTCH1 receptor was shown in the yeast GAL4 two-hybrid system. In 
this model system, pairs 10/11 and 12/13 of the NOTCH1 EGF-like repeats interacted 
with DLK1 EGF repeats 1, 2, 5 and 6. (10). NOTCH1 EGF-like repeats 11 and 12 are 
those reported to interact with the DOS domain of canonical ligands (45-48). DLK1 
behaved as a negative regulator of NOTCH1 signaling in mesenchymal cell lines (10, 
11). Furthermore, overexpression of murine Dlk1 in Drosophila altered the cellular 
distribution of Notch and inhibited the expression of Notch target genes (49). Recently, 
a new protein, highly homologous to DLK1, named DLK2, has been discovered that 
also interacts with the NOTCH1 receptor and inhibits Notch signaling (50, 51). The 
inhibitory effect of DLK1 and DLK2 on Notch signaling may be mediated by competition 
of with canonical ligands of the DSL type for the binding site on the Notch receptor 
(11, 52). DLK1 was also shown to be involved in other signaling pathways, such as the 
ERK/MAPK pathway via binding to fibronectin (53) and the FGF-signaling pathway by 
interacting with the FGF-binding molecule Cfr (54). In this review we will focus on its 
possible roles in the Notch pathway.

DLK1, a noncanonical Notch ligand
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DLK1 expression during development 
Dlk1 expression is widely distributed during mouse embryonic development, with high 
expression in placenta, liver, adipose tissue, skeletal muscle, lung, vertebrae, and the 
pituitary- and adrenal gland(s) (38, 39, 55, 56). In the adult, in contrast, expression 
becomes restricted to (neuro)endocrine tissues like the pituitary gland, adrenal glands, 
pancreas, monoaminergic neurons in the central nervous system, testes, prostate and 
ovaries (38, 55, 57-62). The reported expression pattern, together with its involvement 
in the Notch pathway, suggests an important role for DLK1 during the maturation 
of several tissues. However, Dlk- null mice display a relatively mild phenotype, with 
increased perinatal lethality and growth retardation accompanied by accelerated 
adiposity and developmental defects in the eyelids, ribs and lungs, (21) as well as 
alterations in B-cel differentiation (22),  and pituitary cell type development (63). 
Furthermore, muscle-specific Dlk1-deletion resulted in disturbed muscle development 
and regeneration(64).

DLK1, a noncanonical Notch ligand
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Role of DLK1 and Notch in different cellular 
systems

Despite of the reported inhibitory action of DLK1 on Notch signaling in vitro (10, 
11, 49), DLK1 involvement in Notch signaling during development remains poorly 
understood. DLK1 is expressed in many embryonic tissues, in which active Notch 
signaling was also reported (65-72). Postnatally, DLK1 expression has disappeared 
from most of these tissue, but is associated with pediatric malignancies, such as 
hepatoblastoma, neuroblastoma and nephroblastoma (73-76), and some adult 
malignancies, such as myelodysplastic syndrome, pituitary tumors, breast, colon and 
prostate carcinoma (42, 57, 77-79). DLK1 expression in comparison with the Notch 
pathway will be discussed below in adipogenesis, placental and muscle development, 
as well as its presence in pediatric carcinogenesis. Its involvement in liver, lung, 
pancreas, pituitary -  and adrenal gland will be discussed in the next chapters. 

Adipogenesis
The best established function for DLK1/Pref-1 is that of an inhibitor of adipogenesis, 
as it prevents the differentiation of preadipocytes into mature adipocytes (39, 40, 80, 
81). DLK1 is highly expressed in murine preadipocytes, whereas its expression has 
become completely abolished in mature adipocytes. The 3T3L1 cell line is a frequently 
used murine preadipocyte cell line to study the mechanism of adipocyte differentiation 
after hormonal induction (39, 82). When 3T3L1 cells are induced to differentiate into 
mature adipocytes, constitutive overexpression of soluble DLK1 prevents adipogenic 
differentiation by inhibition of the expression of the key transcriptional regulators of 
adipogenesis, Cebpα and Pparγ (39, 80). Similarly, a decrease in body mass due to 
decreased weight of all adipose tissue pads, including brown fat, is seen in transgenic 
mice with adipocyte-specific overexpression of Dlk1. Conversely, mice lacking Dlk1 
display accelerated adiposity in adulthood and enlarged, fatty livers with increased 
expression of lipogenic ezymes Fas and Scd1(21). 

It is well possible that soluble and membrane-bound DLK1 differ in function, as 
membrane-bound DLK1 is required for adipogenesis in the 3T3L1 cell line (83). 
Furthermore, overexpression of both soluble and membrane-bound DLK1 significantly 
enhances adipogenic differentiation in the mesenchymal stem cell line C3H10T1/2 (11). 
Additionally, we recently showed that liver-specific overexpression of Dlk1 resulted in 
a sex- and diet-dependent increase of Notch signaling, accompanied by an increase 
adipogenic (Cebpα and Pparγ) and lipogenic genes (Fas and Scd) in liver and adipose 
tissue. Dlk1-overexpressing female mice on a high-fat diet were most sensitive 
(Chapter 4).
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The precise role of the Notch pathway in adipogenesis remains controversial with 
reportedly both stimulatory and inhibitory roles for Notch1 and Hes1 during adipocyte 
differentiation (10, 11, 66, 84, 85). The effect of DLK1 on the Notch pathway during 
adipogenesis has been studied in vitro in cell lines with (3T3L1 mouse preadipocyte 
cell line) or without (Balb/c14  mouse fibroblast cell line) endogenous DLK1 expression 
(10). Increased Dlk1 expression correlated with a decrease in Notch1 expression and 
a concomitant decrease in levels of downstream target Hes1 in both cell lines, and 
resulted in inhibition of adipogenesis in 3T3L1 cells (10). Furthermore, in the the 
mesenchymal stem cell line C3H10T1/2, DLK1 overexpression also resulted in Notch 
signaling inhibition (11). These findings support the hypothesis that DLK1acts as a 
negative regulator of Notch signaling. Interestingly, constitutive Notch1 expression 
leading to increased Hes1 mRNA levels resulted in a decrease of Dlk1 mRNA levels 
and also prevented adipocyte differentiation in the 3T3L1 cell line (84). Additionally, 
inhibition of Notch1 expression prevented the potentiating effects of DLK1 on 
adipogenesis in C3H10T1/2 cells (11). It was, therefore, proposed that “a proper 
balance of Notch signaling is critical for adipogenesis to proceed” and that “DLK1 
might be a critical factor to control the proper level of Notch signaling for cells to 
undergo adipogenesis” (10). Collectively, these findings indicate that DLK1 is not only 
an inhibitor of adipogenesis, but that its role in adipogenesis is dependent on the 
biological context.

DLK1 and Notch during placental development  
The mammalian placenta consists of the maternally derived decidua and fetally derived 
trophoblast, both with their separate vasculature. (86). In placenta of mice and human, 
DLK1 is only expressed in the endothelial cells of the fetal vasculature in the umbilical 
cord and in the mesenchymal fibroblasts of the chorionic villi, respectively, while all 
other placental derivatives are DLK1-negative (38, 55). Furthermore, soluble human 
DLK1 (FA1) can be detected in serum during pregnancy, with highest levels from 
gestational week 20 till 37 and twin pregnancies show significantly higher FA1 levels 
compared to singleton pregnancies (38). In agreement, maternal serum FA1 levels 
positively correlated to the number of fetuses in mice (87), suggesting that soluble 
DLK1 in maternal serum is produced by the fetus.

The canonical Notch pathway members are involved in all stages of preimplantation 
development (67). In mouse placenta, mutations in Notch1/Notch4, Dll4 and Rbpj/
Cbf1 result in an early block in chorio-allantoic fusion or branching (67).  Despite of 
the lack of disturbed placentation in Dlk1 knockout mice (21), the uniparental disomy 
12 (UDP12) mutant mouse model implies Dlk1 involvement in placental development. 
In these embryos both copies of chromosome 12 are derived from either the father 
(pUDP12) or the mother (mUPD12), which results in loss or overexpression of 
imprinted genes (88). 

Role of DLK1 and Notch in different cellular 
systems
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The mutant embryos show over-and undergrowth of the placenta, respectively, and 
die during gestation. In pUDP12 where the maternal imprinting is lost, embryos show 
defects in the fetal vasculature of the placenta and increased Dlk1 levels (89). 
These findings suggest that the observed placental defects are at least partly due to 
overexpression of Dlk1, however, whether its role during placental development is 
exerted via signaling through the Notch pathway, remains to be elucidated.

DLK1 and Notch during muscle development 
The callipyge (CLPG) phenotype is an inherited skeletal muscle hypertrophy of sheep. 
The CLPG mutation occurs in a highly conserved motif between the imprinted Dlk1 
and noncoding Gtl2 genes (90). This mutation causes abnormally high postnatal Dlk1 
expression in affected muscles, without altering its imprinted status (91). Normally, 
Dlk1 expression in muscle is rapidly downregulated after birth in both sheep and 
mice (90, 91) (chapter 2), and becomes re-expressed during muscle injury and 
chronic myopathies (64, 92). Transgenic mice expressing ovine Dlk1 under control 
of the murine myosin light chain 3F promoter have high Dlk1 expression in type 
myosin heavy-chain type IIB (MYH4) muscle fibers throughout pre- and postnatal 
development. Compared to controls, these mice also show increased relative muscle 
mass and average fiber diameter in both the foreleg and hind-leg muscles (90). 
Deletion of Dlk1 in the myogenic lineage resulted, on the other hand, in reduced 
skeletal muscle mass due to a reduction in the number of myofibers and Myh4 gene 
expression and also impaired muscle regeneration. Dlk1 knockout inhibited the 
expression of the muscle-determining transcription factor MyoD, and facilitated the 
self-renewal of activated satellite cells. Conversely, Dlk1 over-expression inhibited 
the proliferation and enhanced differentiation of cultured myoblasts (64).These 
findings show that DLK1 participates in the regulation of muscle fiber growth during 
development and that postnatally persisting Dlk1 expression in skeletal muscle 
contributes directly to the muscular hypertrophy observed in CLPG sheep. 
Notch signaling inhibits myogenic differentiation by suppression of MyoD expression, 
which is critical for the proper expansion of muscle progenitors during development  
(70, 72, 93, 94). Mice carrying either a hypomorphic allele of the Notch ligand Dll1 or 
a myocyte-specific deletion of the Notch downstream transcription factor Cbf1 both 
display severe muscle hypotrophy due to uncontrolled premature differentiation of the 
muscle progenitor cell pool, with increased expression of myogenic regulatory factors  
MyoD and Myogenin and  a reduced number of  muscle progenitor cells (70, 94). 
Comparison of the DLK1 and Notch muscle phenotypes shows that DLK1 and Notch 
have opposite effects on myogenesis, which is compatible with the putatively inhibitory 
effect of DLK1 on Notch signaling.

Role of DLK1 and Notch in different cellular 
systems
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DLK1 and Notch in pediatric malignancies

Pediatric tumors like neuroblastoma, hepatoblastoma and nephroblastoma (Wilms 
tumor) are believed to arise from cellular populations that have not completed 
the process of differentiation. Signal-transduction pathways involved in embryonic 
development, like the Wnt/beta-catenin pathway, are frequently upregulated in 
these tumors (95, 96). Recently, both DLK1 and the Notch pathway have also been 
associated with pediatric malignancies (73, 75, 76, 97-99).  

Neuroblastoma 
Neuroblastoma, an embryonic tumor originating from immature sympathetic 
neuroblast, displays a remarkable spectrum of clinical and biological behavior, ranging 
from spontaneous regression of metastases to rapid and fatal progression despite 
intensive therapy (74). High expression of DLK1 and the NOTCH3 receptor was 
reported in subsets of neuroblastoma tumors and cell lines (98). DLK1 expression 
correlated perfectly with dopamine β-hydroxylase (DBH) expression, an enzyme 
which is normally highly expressed in the chromaffin cells of the adrenal medulla and 
converts dopamine to noradrenaline (98). During early embryonic development, DLK1 
expression is detected throughout the adrenal gland, while later during development 
expression becomes restricted to the chromaffin cells, one of the few cell types that 
maintains postnatal DLK1 expression (55, 58). Interestingly, the reported DLK1 
expression in neuroblastoma cell lines was inversely correlated to NOTCH3 expression 
(98). Therefore, it was suggested that overexpression of NOTCH3 in neuroblastoma cell 
lines corresponds with early precursor stages, whereas overexpression of DLK1 reflects 
differentiation arrest in a relatively late stage of the chromaffin lineage (98). 

Hepatoblastoma 
Hepatoblastoma, a malignant pediatric liver tumor, is believed to derive from 
hepatoblasts, because of the stem-cell like appearance of the hepatoblastoma 
cells (100-102). Hepatoblastomas are characterized by a diversity of epithelial 
and often mesenchymal patterns of differentiation, with some epithelial variants 
that morphologically resemble embryonic or fetal hepatocytes (103, 104). 
Recently, increased expression of DLK1was found to be a consistent feature among 
hepatoblastomas (75, 76, 95, 97). DLK1 was significantly elevated in all histological 
subtypes when compared to normal liver, sometimes even higher than in fetal liver 
(75). We recently showed that serum DLK1 levels were significantly elevated in 
hepatoblastoma patients compared to age-matched controls, even in the youngest 
patients, in whom serum α-fetoprotein levels are often in the same range as the still 
elevated control levels (chapter 3).These findings make DLK1 a candidate serum 
marker to diagnose hepatoblastoma in the young infant age group.
NOTCH2 receptor expression was increased in 92% of hepatoblastomas compared 
to normal liver tissue. HES1, the best studied Notch downstream target, was also 
elevated in hepatoblastomas, especially in the pure fetal subtype (75, 105). These 
findings indicate that active Notch signaling occurs in hepatoblastoma tumors and 
might regulate tumor growth. The abrupt disappearance of DLK1 expression in late 
liver development, together with its re-appearance in hepatoblastoma, imply a role for 
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DLK1 in hepatoblastoma pathogenesis. However, we showed recently that transgenic 
mice with hepatocyte-specific overepression of DLK1 do not develop liver tumors up 
to 1.5 years of age (chapter 4). These findings imply that increased Notch signaling, 
probably via the NOTCH2 receptor, is more likely to be involved in the pathogenesis of 
hepatoblastoma.

Wilms tumor 
Nephroblastoma is a pediatric tumor of the kidney, also known as Wilms tumor. Loss of 
imprinting (LOI) of the reciprocally imprinted H19/IGF2 domain is a common feature 
of Wilms tumor, where H19 is a non-coding gene and IFG2 an important regulator 
of fetal growth (73, 106). The DLK1 gene is similarly arranged by formation of an 
imprinted domain with a noncoding gene called GTL2 (73). DLK1 expression is absent 
in developing kidney, but interestingly, high DLK1 expression was detected in 11 out of 
30 Wilms tumors with prominent myogenic differentiation and blastemal components. 
The imprinting status of the DLK1/GTL2 domain was shown to be retained (73). Since 
DLK1 is associated with muscular growth and development (90), DLK1 expression in 
Wilms tumor may only reflect the presence of myogenic differentiation in a significant 
proportion of the tumor cells (see section 3.2).

DLK1 and Notch in pediatric malignancies
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The aim of the research described in this thesis was to characterize the Notch pathway 
in  mouse liver, specifically the roles of DLK1 and Notch2.  Furthermore, we wanted to 
investigate the value of DLK1 as a serum marker for hepatoblastoma. 
Chapter 2 describes the DLK1 expression pattern during embryonic development and 
its relation to the Notch pathway. The usefulness of DLK1 as a novel serum marker 
for the pediatric liver tumor hepatoblastoma is discussed in chapter 3. The effects of 
liver-specific overexpression of DLK1 are described in chapter 4. Chapter 5 provides 
an introduction into biliary development and involved genes/transcription factors 
including the Notch pathway. The  indispensable role of Notch2 in biliary differentiation 
is described in Chapter 6. The inhibitory effects of  Dlk1 overexpression on bile duct 
proliferation are described in chapter 7. Chapter 8 provides a summary of the results.

Aim and outline of the thesis
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Delta-like 1 homolog (DLK1) is a noncanonical ligand in the Delta-Notch signaling 
pathway. Although Dlk1 mRNA is abundantly present embryonically and declines 
rapidly just before birth, Dlk1-knockouts display a relatively mild phenotype. To assess 
whether this mild phenotype was due to post-transcriptional regulation, we studied the 
expression of DLK1 protein in mouse embryos and found abundant expression in liver, 
lung, muscle, vertebrae, pancreas, pituitary and adrenal gland(s). DLK1 expression 
was absent in heart, stomach, intestine, kidney, epidermis and remaining CNS. DLK1 
protein expression, therefore, correlates well with the reported Dlk1 mRNA expression 
pattern, which shows that its expression is mainly regulated at the pre-translational 
level. The comparison of the reported expression patterns of Notch mRNA and those 
of DLK1 in organs where lineage commitment and branching morphogenesis are 
important developmental processes suggests that DLK1 is a ligand that prevents 
premature Notch-dependent differentiation, possibly by competing with canonical 
ligands.
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Introduction 

Delta-like 1 homolog (DLK1), also known as preadipocyte factor1 (Pref-1), is a 
transmembrane EGF-like protein consisting of an N-terminal signal sequence, six EGF-
like repeats, a short juxta-membrane region containing a TACE-mediated cleavage 
site, a transmembrane domain and a short C-terminal cytoplasmic tail (1, 2). DLK1 is 
a noncanonical member of the evolutionarily conserved Delta-Notch signaling pathway, 
which is involved in stem-cell decisions during development (3). Although DLK1 lacks 
the Delta-Serrate-Lag2 (DSL) domain for binding with the EGF-like repeats of Notch 
receptors, which all canonical Notch ligands possess, (4, 5), specific interaction of 
DLK1 with the NOTCH1 receptor was demonstrated with the yeast two-hybrid system 
and Notch1 signaling was inhibited by Dlk1 (6, 7). Furthermore, in Drosophila, Dlk1 
was shown to regulate the function of the Notch receptor, resulting in an altered 
cellular distribution of Notch itself and inhibition of expression of Notch target genes 
(8). 

DLK1 function has been studied most in the murine preadipocyte cell line 3T3L1, 
which expresses both the transmembrane (55kDa) and soluble (50kDa) form of 
the DLK1 protein. Soluble DLK1 acts as an inhibitor of adipogenesis, preventing the 
differentiation of murine preadipocytes into mature adipocytes (1, 9, 10).  However, 
recent data show that DLK1 is also able to promote adipogenesis of mesenchymal stem 
cells (4). Other proposed roles for DLK1 have been in maturation along the chromaffin 
lineage in the adrenal gland (11), in hematopoietic supportive abilities (12), in 
regulation of expansion of muscle progenitor cells (13) and in hepatoblast proliferation 
(14, 15). Thus DLK1 seems to inhibit or promote differentiation of immature cells 
depending on the cellular context.

DLK1 is widely expressed during embryonic development of mammals (9, 14, 16-18), 
but in the adult, its expression is highly restricted (19-22). Despite the widespread 
prenatal expression, DLK1-knockout mice display a relatively mild phenotype with 
growth retardation, accelerated adiposity, and eyelid and skeletal deformations 
(22).  Previous expression studies of DLK1 have focussed on mRNA levels. Because 
posttranscriptional regulation can be extensive, we studied DLK1 protein expression 
in mouse embryos with daily intervals from embryonic day (ED)10 till just after birth, 
in an attempt to gain more insight in the function of this noncanonical Notch pathway 
member during development.
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Materials and Methods

Tissue collection
Male and female FVB mice were maintained on a 12 hr light/12hr dark cycle with 
free access to water and food in the animal facility of the AMC, The Netherlands. 
Noon of the day of the detection of a vaginal plug was considered to be ED 0.5. To 
further confirm the precise gestational age, the crown-rump length of the embryo 
was measured and compared with the table of Rugh (23). Mouse embryos from ED10 
till ED18 were collected at daily intervals for immunohistochemistry. Embryonic livers 
were collected at daily intervals from ED14 till ED19, and at postnatal day (D)2 and 
D5 for Western-blot analysis and immunohistochemistry. The studies were carried out 
in accordance with Dutch guidelines for the Care and Use of Laboratory Animals and 
approved by the AMC supervisory committee.

Immunohistochemistry
Embryos were fixed overnight in 4% formaldehyde, embedded in paraffin and 
sectioned at 7 µm thickness. The sections were deparaffinized, hydrated in graded 
alcohols, heated for 10 min at 120º C, 1 kPa in 10 mM sodium citrate (pH 6.0) to 
retrieve antigens, blocked in TENGT (10mM Tris (pH 8.0), 5 mM EDTA, 150 mM NaCl, 
0.025% (w/v) gelatin, 0.05% (v/v) Tween-20) and incubated overnight with goat 
polyclonal DLK1-A17 antibody (Santa Cruz Biotechnology, Santa Cruz, USA)  1:500 
diluted in TENGT. After washing 3 times in Phosphate-Buffered Saline (PBS), sections 
were incubated with alkaline phosphatase-labeled rabbit-anti-goat secondary antibody 
(Sigma, Zwijndrecht, The Netherlands), diluted 1:50 in TENGT, for 1.5 hour. After 
incubation, sections were washed 3 times in PBS, followed by visualization of alkaline 
phosphatase with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate 
(NBT/BCIP 1:50; Roche Woerden, The Netherlands). After dehydratation in graded 
alcohols, the sections were mounted with Entellan (Merck, Darmstadt, Germany) and 
photographed with a Leica DMRA2 microscope equipped with a DC300 camera.

Western- blot procedure
Embryonic livers from ED14 till ED19 and postnatal livers from D2 and D5 were 
frozen in liquid nitrogen. For protein extraction, liver tissue was homogenized in 
RIPA-buffer (50 mM Tris-HCl pH8.0, 1 mM EDTA, 500 mM NaCl, 0.1% (w/v) SDS, 1% 
(v/v) Triton X-100), containing protease inhibitors (Complete, Roche). The protein 
content was determined with the Bicinchoninic Acid (BCA) Reagent (Pierce, Perbio 
Science, Etten-Leur, The Netherlands). Fifty µg of protein per lane was separated on 
a discontinuous 10% polyacrylamide gel and blotted onto PVDF membrane following 
the manufacturer’s protocol (Biorad, Veenendaal, The Netherlands). After blotting, 
membranes were blocked with TENGT for 3 hours and incubated overnight with goat 
polyclonal DLK1-A-17 antibody (Santa Cruz; diluted 1:500 in TENGT) at 4º C on a 
platform rocker. After incubation, membranes were washed three times with TBST 
(5mM Tris/HCl pH 7.5, 0.15M NaCl, 0.1% (v/v) Tween-20), followed by incubation 
with peroxidase-conjugated donkey-anti-goat secondary antibody (Santa Cruz; diluted 
1:5,000 in TBST) for 1.5 hour at RT. Thereafter, membranes were washed 3 times with 
TBST, followed by visualization with Lumilight substrate (Roche).
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Embryonic liver abundantly expresses the 50 and 55 kDa DLK1 
protein variants
Liver lysates from ED14 till ED17 mouse embryos show an intense 50 kDa DLK1 
protein band, and particularly at ED15 and -16, also a pronounced 55 kDa band 
(Figure 1A and B). The 50 and 55 kDa bands represent the cleaved  (soluble)  and  
transmembrane variants of the DLK1 protein, respectively (1). ED18 and ED19 liver 
lysates show very weak bands, demonstrating a rapid decline in the expression of both 
variants of DLK1 protein after ED17. After birth, on postnatal day (D)2 and D5, DLK1 
protein expression is no longer detectable. These observations show that the DLK1-A17 
antibody (Santa Cruz) can therefore, be used to demonstrate the presence of DLK1 
protein in histological sections. 

 

DLK1 protein distribution in the mouse embryo
Table 1 provides an overview of the distribution of DLK1 protein during embryonic 
development. On ED10, DLK1 expression could be detected in liver, hypothalamus, 
Rathke’s pouch (developing anterior pituitary gland), somites, tongue, lung bud, 
pancreas and the adrenal gland anlage (Figure 2A). From ED11 till ED16, DLK1 protein 
became even more widely distributed and could additionally be visualized in vertebrae, 

Results

Figure 1 Fetal and neonatal expression of DLK1 protein in embryonic liver 
Panel A shows a Western blot of embryonic liver lysates incubated with DLK1-A17 antibody. DLK1 
protein expression in the liver increases up to ED16 and declines thereafter. The most pronounced 
DLK1 variant is the 50 kDa band (see panel B for a comparison of long and short exposures). 
Particularly at ED14 and 15, a pronounced 55 kDa band (right panel in B) is also present. This 55 
kDa band was the only expressed DLK1 protein variant in confluent 3T3L1 cells. The 50 and 55 kDa 
bands represent the transmembrane and cleaved variants of the DLK1 protein, respectively. Panel A’ 
shows protein loading per lane, visualized with Amidoblack.
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sternum, muscle, mesenchyme of pancreas, lung and salivary gland, whereas staining 
was absent in the skin, heart, stomach, intestine, and kidneys (Figure 2A-F). ED16 
embryo showed the highest overall DLK1 positivity, with the most intense staining 
in the pituitary gland (Figure 2D). The eye and masticatory muscles became highly 
positive for DLK1 at this time point, as well as the epithelial lining of the bronchi and 
pancreas. After ED16, DLK1 protein content rapidly decreased in all previously DLK1-
positive organs. By ED18, just prior to birth, DLK1 protein was almost absent from 
these organs, with only residual positivity in the liver and continued expression in 
pituitary gland and adrenal medulla (Figure 2G-I).
Figure 2
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Figure 2 DLK1 protein expression in the developing mouse embryo 
Panels A and B show sagittal sections of ED10 and ED12 embryos, respectively, that were stained 
for the presence of DLK1 protein. DLK1 is present in the forebrain region at the location of the 
developing hypothalamus and pituitary gland (arrow in panel A), liver, somites and the tongue, 
whereas staining is absent in the developing heart. Panels C-F show sagittal sections of the 
skull base, mouth, thorax and abdominal regions of ED16 embryo, with widely distributed DLK1 
positivity. Staining is absent in heart, intestine, stomach and kidneys. Panels G-I show sagittal 
sections of ED18 embryo in the same anatomical regions as shown for ED16, but now only residual 
DLK1 positivity is seen in the pituitary gland, liver and adrenal gland. (li) liver, (so) somites, (t) 
tongue (pi) pituitary, (e) eye, (sa) salivary gland, (st) sternum, (h) heart, (lu) lung, (v) vertebrae, 
(i) intestine, (pa) pancreas, (k) kidney, (a) adrenal gland. Scale bar in A is applicable for B-I.

Results
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DLK1 expression pattern in the developing liver
ED10 liver already showed a very strong expression of DLK1 protein (Figure 3A), with 
positive staining confined to hepatocytes, whereas red blood cells and endothelium 
showed no staining (Figure 3D). From ED12 till ED15, all hepatocytes remained DLK1 
positive, with a prominent gradient of increasing intensity from the centre of the liver 
to its periphery underneath the liver capsule (Figure 3B-E). From ED16 onwards, a 
rapid decline in DLK1 protein expression was observed (Figure 3F-H) and expression 
had become undetectable by D2 (Figure 3I).

DLK1 expression pattern in the developing pituitary gland
Similar to liver, intense expression of DLK1 protein could be detected in Rathke’s pouch 
already on ED10 (arrow in Figure 4A). While expression was initially also found in the 
adjacent hypothalamic region (arrowhead in Figure 4A), expression gradually became 
restricted to the pituitary gland and reached strongest intensity on ED16 (Figure 4B-
D). On ED18, the pituitary gland was among the few organs that still expressed DLK1 
protein (Figure 4E).

Results

Organ ED10 ED13 ED16 ED18

CNS ++ - - -

Pituitary ++ ++ +++ +

Liver +++ +++ ++ -

Lung ++ ++ ++ +

Pancreas +++ ++ ++ -

Adrenal gland + + ++ ++

Somites ++

Muscle NI ++ ++ -

Tongue +++ ++ ++ -

Vertebrae NI ++ ++ -

Mesonephros/Kidney - - - -

Heart - - - -

Stomach - - - -

Intestine - - - -

Table 1 Overview of DLK1 protein expression during mouse embryonic development
NI Not identifiable 
+++ Highly positive dark blue staining as shown in Figure 3A
++ Positive blue staining as shown in Figure 3D-E
+ Moderately positive light blue staining as shown in Figure 3G
- No staining
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Figure 3 DLK1 protein expression in the developing liver 
Panels A-I show sections of ED10, ED12-18 and D2 livers, respectively, with gradually decreasing 
DLK1 positivity. After ED16, an increasing portion of the hepatocytes becomes rapidly negative for 
DLK1 staining, with completely absent staining on D2. Red blood cells and endothelium show absent 
DLK1 staining at all time points. (e) endothelium, (r) erythrocyte. Scale bar in A is applicable for B-I. 
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Figure 4 DLK1 protein expression 
in the developing pituitary gland 
Panels A-E show sections of ED10, 
-13, -15, -16 and -18 pituitary 
glands, respectively, with on 
ED10, prominent DLK1 staining in 
Rathke’s pouch (arrow) and the 
developing hypothalamic 

region (arrowhead). From ED13 onwards, DLK1 positivity becomes confined to the developing 
pituitary gland and reaches the strongest intensity at ED16. On ED18, the pituitary gland is among 
the few organs which still expresses DLK1 protein. Scale bar in A is applicable for B-E. 
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Results

DLK1 expression in the developing adrenal glands shows a 
restricted pattern
On ED10, DLK1 protein could be detected in the adrenal gland anlage (arrow in Figure 
5A), while the neighbouring mesonephros and gonad did not contain DLK1. By ED13, 
DLK1-positive cells became restricted to the inner, medullar part of the adrenal gland 
(Figure 5B). Later in development, on ED16 and -18, DLK1 protein was only found in 
medullar cells, which predominantly consists of chromaffin cells (Figure 5C,D). In the 
outer cortex DLK1 protein was not detected.

DLK1 expression in the developing lung and pancreas shows a 
comparable pattern
In the developing lung we observed an interesting pattern of DLK1 expression, with 
ED10 and ED13 lung showing highly positive staining in the distal epithelium of the 
lung buds (arrows in Figure 6A and B), whereas the epithelium of the more proximal, 
bifurcating parts of the bronchial tree were DLK1 negative. Moderate DLK1 positivity 
was present in the surrounding mesenchyme. On ED16, DLK1 protein expression 
was still confined to the distally located epithelium of the terminal bronchioli (inset 
in Figure 6C), while expression was almost completely abolished in the surrounding 
mesenchyme. On ED18, only residual positivity in the epithelium of the alveoli was 
detected (inset in Figure 6D).

k k
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Figure 5 DLK1 protein expression in the developing adrenal gland 
Panels A-D show sections of ED10, -13, -16 and -18 adrenal 
gland. The ED10 adrenal gland anlage shows diffuse DLK1-positive 
staining, whereas the neighbouring mesonephros (k) is negative 
for DLK1. On ED13 and afterwards DLK1 positivity becomes 
restricted to central part of the adrenal gland (adrenal medulla; 
arrow in panel B). The developing kidney remains negative at all 
time points. Scale bar in A is applicable for B-D. 
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A comparable, spatio-temporal pattern of DLK1 protein expression was observed during 
pancreatic development. ED10 pancreas showed strong DLK1 protein expression in all 
cells (arrow in Figure 7A), with moderate positivity in the surrounding mesenchyme 
(arrowhead in Figure 7A). Like in embryonic lung, DLK1 positivity had become confined 
to the distal growing epithelium of the developing pancreas by ED13 (arrows in Figure 
7B), with the surrounding mesenchyme still positive for DLK1 protein. Contrary to 
the mesenchyme of the embryonic lung, DLK1 staining became almost completely 
restricted to the pancreatic mesenchyme by ED16 (inset in Figure 7C) and had 
disappeared completely from the pancreas by ED18 (Figure 7D).
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Results

Figure 7 DLK1 protein expression in the developing pancreas
Panels A-D show sections of ED10, -13, -16 and -18 pancreas, 
with on ED10 strong DLK1 positivity in the entire pancreas 
(arrow) and moderate positivity in the surrounding mesenchyme 
(arrowhead). By ED13, positivity is mainly confined to the distally 
growing epithelium of the developing pancreas (arrows) and the 
surrounding mesenchyme. On ED16, DLK1 positivity becomes 
virtually restricted to the pancreatic mesenchyme (inset in C; 

bar: 10 µm) and on ED18 the entire pancreas has become negative. (i) islet of Langerhans. Scale 
bar in A is applicable for B-D.
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Figure 6 DLK1 protein expression in the developing lung 
Panels A-D show sections of ED10, -13, -16 and -18 lungs. 
Positive DLK1 staining on ED10- and -13 is located in the distal 
growing epithelium of the lung buds (arrows in panels A and B), 
with less intense staining in the surrounding mesenchyme. On 
ED16, positivity is still confined to the distally located epithelium 
of the terminal bronchioli (inset in C; bar: 10 µm). ED18 lung 
shows only residual positivity in the epithelium of the alveoli 

(inset in D; bar: 10 µm). (a) alveolus. Scale bar in A is applicable for B-D.
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Discussion

We studied the expression pattern of DLK1 protein during mouse embryonic 
development with daily intervals and showed that the DLK1 protein is abundantly 
present in embryonic liver, lung, muscle, vertebrae, pancreas, pituitary - and adrenal 
gland(s), whereas expression is absent in heart, stomach, intestine, kidney, epidermis 
and remaining CNS. We further showed that, from ED17 onwards, the expression of 
DLK1 rapidly decreases in all mentioned organs except the pituitary - and adrenal 
gland(s). The expression pattern of DLK1 protein we observed in this study correlates 
well with the previously reported expression pattern of Dlk1 mRNA (18), showing that 
DLK1 expression is mainly regulated at the pre-translational level. 

Because of the reported interaction of DLK1 with the Notch1 receptor (6, 8), we 
applied several NOTCH1 antibodies on the same embryonic sections used for the 
DLK1 immuno-stainings. However,  a specific NOTCH1 antibody was not available, in 
agreement with previous findings (24). Therefore, we compared the expression of 
DLK1 protein in liver, adrenal - and pituitary gland(s), pancreas and lung, with the 
previously reported (interventions in) Notch expression in the same organs in an 
attempt to gain more insight into DLK1’s role in Notch signaling during development of 
these organs.

DLK1 and Notch during hepatoblast differentiation
Embryonic liver showed early and very high expression of DLK1 protein by both 
immunohistochemistry and western blot analysis in the ED10 to ED16 liver. The 
observed DLK1 decline from ED16 onwards, coincides with the onset of cholangiocyte 
formation from hepatocyte precursor cells (hepatoblasts) and the remodeling of the 
ductal plate into intrahepatic bile ducts. This process starts near the portal veins in 
the liver hilum at ED16 in mice and progresses towards the periphery of the liver in 
the next ~10 days (24, 25). When we relate the observed DLK1 expression pattern 
to previously reported Notch receptor mRNA expression during liver development, 
DLK1 downregulation after ED16 coincides with upregulation of the Notch 1 and -2 
receptor mRNA levels (26). The NOTCH2 receptor is known to regulate cholangiocyte 
cell fate and bile-duct morphogenesis (24, 27, 28),( chapter 6), whereas the NOTCH1 
receptor, which interacts with DLK1 (6, 8) has shown to stimulate pre- and postnatal 
bile-duct proliferation in vivo (29). Overexpression of the NICD of Notch in in-vitro 
differentiating DLK1-positive hepatoblasts resulted in downregulation of hepatocyte-
marker genes (albumin, CPS, TAT) and, subsequently, in upregulation of cholangiocyte 
marker genes (CK7, CK19, HNF1ß, integrin ß4) (30). Notch signaling may, therefore, 
confer the capacity to differentiate along the cholangiocyte lineage upon hepatoblasts 
(30). The rapid downregulation of Dlk1 expression just prior to birth, which coincides 
with the peak in Notch1, Notch2 and Jagged1 expression, is also compatible with 
induction of hepatoblast maturation along the cholangiocyte lineage due to activation 
of  NOTCH1/2 receptor signaling. In agreement, we recently showed that Notch2 is 
indispensable for cholangiocyte differentiation (Chapter 6).
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DLK1 and Notch during adrenal gland differentiation
We observed DLK1 protein expression in a variety of endocrine tissues during 
embryonic development, among which the pancreas, pituitary - and adrenal gland(s). 
The pituitary - and adrenal gland(s) are the only two organs that remain positive 
for DLK1 protein expression after birth. In agreement with previous findings (11, 
18), expression of DLK1 protein in the adrenal gland was restricted to the adrenal 
medulla, which is derived from the neural crest. The highly restricted DLK1 expression 
therefore suggests involvement of DLK1 in differentiation along the chromaffin lineage. 
Although the expression of Notch receptors in the developing adrenal gland has not 
been studied, Notch1 mRNA was detected during development of the peripheral 
nervous system, another neural-crest derivative (31, 32), indicative of Notch signaling 
activity. Furthermore, in neuroblastoma (a pediatric tumor of the peripheral nervous 
system) -derived cell lines, an inverse relation between DLK1 and the NOTCH3 receptor 
expression was reported (11, 33). Therefore, it was suggested that overexpression of 
NOTCH3 in neuroblastoma cell lines corresponds with early precursor stages, whereas 
overexpression of DLK1 reflects differentiation arrest in a relatively late stage of the 
chromaffin lineage (11). 

DLK1 and Notch during pituitary gland development
During pituitary development in the mouse, between ED11 and ED14 the first pituitary-
specific cell types are formed: thyrotroph and corticotroph cells. Thereafter, around 
ED15 somatotroph, gonadotroph and lactotroph cells are formed with completion of cell 
specification and differentiation on ED17 (34). This late embryonic timepoint coincides 
with the significant decrease in DLK1 protein expression in the developing pituitary 
gland. Expression of canonical Notch pathway members was shown to be differentially 
regulated during the early stages of pituitary development, with an overall decrease of 
both Notch receptor mRNAs and ligands at late embryonic time points (35),  similar to 
DLK1 expression. Notch signaling deficiency resulted in a premature differentiation of 
the corticotropic lineage and inhibition of the somatotropic and gonadotropic lineages. 
Furthermore, sustained Notch signaling in somato-/thyro-/lactotropic precursors 
resulted in a reduction of the prevalence of the respective cell populations (35, 36). 
These findings show that Notch signaling prevents conversion of the late-arising cell 
lineages to early-born cell lineages and that attenuation of Notch signaling later in 
pituitary development is required for proper terminal differentiation of the lineages 
(35). The observed expression pattern of DLK1 in the developing pituitary implies that 
DLK1 is also involved in regulating the differentiation of pituitary cell types, probably 
by modulating Notch signaling activity.  In agreement, adult pituitary of Dlk1 knockout 
mice, showed decreased numbers of growth-hormone immuno-reactive cells and 
reduced follicle stimulating hormone (FSH) and prolactin immuno-reactivity (37).

Discussion
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DLK1 and Notch during lung and pancreas development
In the developing lung and pancreas, expression of DLK1 protein seemed to demarcate 
the areas involved in branching morphogenesis, as we observed restricted DLK1 
protein expression in the developing lung and pancreas with only positivity in the 
distal growing epithelia and the surrounding mesenchyme. This finding agrees with 
earlier assumptions based on its mRNA expression pattern in these organs (18). 
Branching morphogenesis is a characteristic process in developing tubular structures 
that is dependent upon interactions between the distal growing epithelium of the bud 
and the surrounding mesenchyme (38). Recently, it was shown that Notch signaling 
regulates branching morphogenesis in the developing lung (39). Disruption of Notch 
signaling during the initial stages of murine lung development resulted in a dramatic 
expansion of the population of distal progenitors and prevention of the formation of 
proximal airway structures (39), whereas constitutive Notch signaling prevented the 
differentiation of alveolar epithelium, with distal cyst formation composed of cells 
showing upregulated markers of proximal airway epithelium (40). These observations 
suggest that during mammalian lung development, Notch signaling regulates 
the balance between proximal-distal cell fates and thereby regulates branching 
morphogenesis, with probably involvement of DLK1. 

In the developing pancreas, where a comparable DLK1 expression pattern was 
observed, Notch receptor mRNAs are differentially expressed, starting from ED9.5, 
with a decline after ED15.5. Notch1 and -2 mRNA expression was detected in 
pancreatic epithelium and Notch3 and -4 in pancreatic mesenchyme and epithelium 
(41). Analogous to lung development, disruption of Notch signaling during pancreatic 
development led to pancreatic hypoplasia caused by depletion of pancreatic epithelial 
precursors (42, 43), while constitutive overexpression of Notch signaling led to 
impaired branching of the pancreatic epithelium with formation of cyst-like structures, 
complete absence of exocrine development and repression of endocrine development 
(44). These findings also demonstrate a need for balanced Notch signaling during 
the process of branching morphogenesis and lineage commitment in the developing 
pancreas. DLK1 protein expression pattern in the developing pancreas again argues for 
involvement in these processes.

Discussion
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Conclusion

We showed that DLK1 protein is expressed in many organs prior to and during terminal 
differentiation of the parenchymal cells and becomes abolished thereafter. DLK1 seems 
to be involved in developmental processes, such as branching morphogenesis (lung, 
pancreas) and terminal differentiation (muscle, liver, pituitary), with as common 
features among organs stimulation of growth and inhibition of differentiation. Based 
on its expression pattern during development and its effects upon experimental 
interventions, DLK1 appears to function as an inhibitory modulator of Notch signaling, 
either by competing with canonical ligands or by direct interaction with the NOTCH1 
receptor, or both.
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Abstract 

Background
Hepatoblastoma is the most common malignant liver tumor in children. Currently 
the only useful diagnostic serum marker for hepatoblastoma is α-fetoprotein (AFP). 
However, AFP levels are not always reliable in infants presenting with hepatoblastoma 
due to the physiologically elevated levels of AFP in this age group. In this report, we 
explored whether Delta-like 1 homolog (DLK1), a protein highly expressed during fetal 
development, but almost completely absent after birth, and an established liver-stem 
cell marker, is a suitable biochemical marker of hepatoblastoma, specifically in young 
infants. 
Procedure: We collected serum samples from 7 hepatoblastoma patients and 48 
pediatric controls and measured DLK1 and AFP serum levels in these samples. 
Results: We show that serum DLK1 levels in pediatric controls decline with age, 
similar to but more rapidly than AFP. DLK1 serum levels were significantly elevated in 
hepatoblastoma patients compared to age-matched controls, with one exception, which 
was also an AFP-negative tumor. However, especially in the youngest patients, the AFP 
serum levels in infants with hepatoblastoma, were within the control range, whereas 
DLK1 serum levels in these patients were ~10-fold higher than controls. 
Conclusions: These findings make DLK1 a candidate serum marker to diagnose 
hepatoblastoma in the young infant age group. 
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Introduction 

Hepatoblastoma is the most common malignant liver tumor in children, but its 
incidence is low, comprising only 1% of all pediatric malignancies [1]. Hepatoblastoma 
mostly affects children up to 5 years of age [1, 2], with a maximum incidence between 
6 and 36 months, but with ~10% percent of cases presenting before the age of six 
months [2, 3]. Prognosis is variable, mostly depending on the risk stratification (stage, 
resectability, metastases, vascular involvement, α-fetoprotein level) of the tumor at 
presentation [1, 4-6]. Chemotherapy followed by complete surgical resection with 
or without liver transplantation is essential for a favorable outcome and results in 
a 5-year survival of 70-90% [1, 7]. The most important diagnostic serum marker 
for hepatoblastoma is α-fetoprotein (AFP) [8]. However, 5-10% of hepatoblastomas 
are AFP-negative [2, 9]. Furthermore, AFP levels are not always reliable in young 
infants presenting with hepatoblastoma due to the physiologically elevated levels 
of AFP in this age group [3, 10-13]. Therefore, a biopsy is essential to establish the 
correct diagnosis in these patients. However, histological examination can still be 
difficult in differentiating between fetal hepatoblastoma and benign liver tumors like 
hemangioendothelioma and needle biopsy may not yield enough material for a reliable 
diagnosis and often necessitates open biopsy [10]. Thus, there is a need for additional 
biochemical markers to differentiate hepatoblastoma from benign liver lesions 
specifically in young infants and in AFP-negative hepatoblastomas.

Delta-like 1 homolog (DLK1) belongs to the EGF-like family of proteins, and is believed 
to signal through the Notch pathway,  a developmentally highly conserved signaling 
pathway involved in cell-to-cell interactions and cell-fate decisions [14]. DLK1 is a 
transmembrane protein with a signal sequence and six EGF-repeats in its extracellular 
region, a unique transmembrane domain and a short intracellular region [15]. Because 
DLK1 expression in the fetal liver is high and the extracellular domain of DLK1 can be 
cleaved and secreted in serum, it was previously identified as Fetal Antigen1 (FA1) 
and found to be highly elevated in serum during the 2nd and 3rd trimester of pregnancy 
[16]. DLK1 is also known as preadipocyte factor 1 (Pref-1), because it can function as 
an inhibitor of adipogenesis [17].

The precise role of DLK1 in mammalian development is unclear, but the strong 
decline of its expression during development and its almost complete absence after 
birth, also in the liver [15, 16, 18, 19], suggests that it can be used to identify the 
retention of a fetal phenotype in DLK1-producing tissues. In agreement, DLK1 has 
been used as a  marker for liver stem cells [18]. Previous reports showed DLK1 
upregulation in hepatoblastomas, both at the mRNA and protein level [20-22] in up 
to 100% of hepatoblastomas [21, 22], while expression was absent in normal liver 
tissue and benign liver tumors like infantile hemangioendothelioma and mesenchymal 
hamartoma [20-22]. It has, therefore, been proposed that DLK1 can be used as 
an additional immunohistochemical tissue marker for hepatoblastomas [21]. In the 
present study, we explored whether DLK1 is a reliable serum marker for the presence 
of hepatoblastoma, especially in the early postnatal period when AFP levels are still 
physiologically elevated. We found that, similar to AFP, serum DLK1 levels in control 
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infants and children decline with age to reach adult levels after 6 months of age. Serum 
DLK1 levels were significantly elevated in almost all hepatoblastomas studied. Unlike 
AFP, however, DLK1 levels in hepatoblastoma patients were, with one exception, never 
in the physiological range. This finding makes DLK1 a promising candidate marker for 
the detection of hepatoblastomas in young infants.

Introduction 
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Materials and methods

Patient sera 
Blood samples from 7 patients who presented with hepatoblastoma on the Oncology 
ward of the Emma Children’s Hospital of the Academic Medical Center (AMC), 
Amsterdam, The Netherlands, were obtained between December 2004 and May 
2009 (see Table 1 for patient characteristics), with signed consent from the parents. 
Hepatoblastoma was diagnosed histologically by a specialized pathologist in tissue 
obtained by needle biopsy and resected liver. From one patient who died before 
surgical resection was performed, only needle biopsy material was available. As control 
pediatric blood samples, residual venous or capillary blood samples (0.1-1 mL) were 
collected from 48 children ranging in age from neonatal day 1 to 16 years, who were 
admitted to the general pediatric wards of the Emma Children’s Hospital AMC, in 
October 2009. The obtained sera were frozen and stored at -20°C until analysis. The 
study was approved by the Medical Ethics Committee of the AMC. Liver sections of 
hepatoblastoma patients were obtained from the AMC pathology department.

Patient 
no.

Age 
(yr)

Gender Classification Risk 
group

AFP 
ng/ml

DLK1 
ng/ml

Outcome

1 7.3 m mixed epithelia SR 572967 9.3 DOD

2 0.6 m small cell undiff. HR 13 0.3 DOD

3 3.5 m fetal/embryonal HR 203218 74.9 CR

4 0.25 m mixed epithelial SR 162237 23.8 CR

5 0.5 m mixed epithelial SR 245017 80.4 CR

6 0.003 m mixed epithelial SR 178554 87.3 CR

7 1.2 m mixed epithelial SR 149139 93 CR

Serologic concentration of DLK1 and AFP
DLK1 and AFP levels in the same serum samples were determined using commercially 
available ELISA kits for the quantitative determination of human DLK1 and AFP in 
serum (R&D systems, Abingdon Science Park, UK). Hepatoblastoma samples were all 
analysed in duplicate. Accuracy and precision were checked by standard dilution series 
supplied in the kit.

Table 1 Characteristics of hepatoblastoma patients  
Risk stratification according to the SIOPEL study group: 
SR standard risk, HR high risk
DOD dead of disease, CR complete remission
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Immunohistochemistry 
Four µm sections of paraffin embedded hepatoblastoma tissue were deparaffinized, 
hydrated in graded alcohols, heated for 10 min at 120º C, 1 kPa in 10 mM sodium 
citrate (pH 6.0) to retrieve antigens, blocked in TENGT (10mM Tris (pH 8.0), 5 mM 
EDTA, 150 mM NaCl, 0.025% (w/v) gelatin, 0.05% (v/v) Tween-20) and incubated 
overnight with goat polyclonal DLK1-C19 antibody (Santa Cruz Biotechnology, Santa 
Cruz, USA)  1:500 diluted in TENGT. After washing 3 times in Phosphate-Buffered 
Saline (PBS), sections were incubated with alkaline phosphatase-labeled rabbit-anti-
goat secondary antibody (Sigma, Zwijndrecht, The Netherlands), diluted 1:50 in 
TENGT, for 1.5 hour. After incubation, sections were washed 3 times in PBS, followed 
by visualization of alkaline phosphatase with nitroblue tetrazolium and 5-bromo-4-
chloro-3-indolyl-phosphate (NBT/BCIP 1:50; Roche Woerden, The Netherlands). After 
dehydratation in graded alcohols, the sections were mounted with Entellan (Merck, 
Darmstadt, Germany) and photographed with a Leica DMRA2 microscope equipped 
with a DC300 camera.

Statistical analysis 
Significance of a difference between groups was determined by the Mann-Whitney U 
test. The level of significance was set at P <0.05. 

Materials and methods
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DLK1 serum levels decline with age 
Similar to serum AFP control levels (Figure 1B, black squares), DLK1 serum levels 
(Figure 1A; black dots) decline with increasing age.  DLK1 serum levels decline from 
~10 ng/mL (highest level 12.6 ng/mL, 95% CI: 6.9-10.5 ng/mL) in the first 3 months 
till 6 months of age, to reach adult levels afterwards (95% CI: 0.4-2.4 ng/mL).

Results

Figure 1

A Bserum DLK1 serum AFP

age in yrs age in yrs

A B

Figure 1 Serum levels of DLK1 and AFP in hepatoblastoma patients and pediatric controls
Panel A shows serum DLK1 levels in 48 pediatric controls (black dots) and 7 hepatoblastoma 
patients (red dots) in ng/mL, while panel B shows serum AFP levels in the same samples (black 
and red squares, respectively). Serum DLK1 levels decline with age to reach adult levels after 6 
months, similar to AFP levels. In 6 out of the 7 hepatoblastoma patients, serum DLK1 levels were 
~10-fold above the control range, including during the first 3 postnatal months, whereas serum 
AFP levels are within the range of controls during this time period. Only in a 7 months old patient 
with small-cell undifferentiated hepatoblastoma, serum DLK1 (and AFP) level was within the normal 
range. 
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DLK1 serum levels in hepatoblastoma patients, including the 
young infant age group, are significantly elevated
DLK1 serum levels in the hepatoblastoma patient group (Figure 1A, red dots) were 
significantly higher than the pediatric control group (P = 0.001). Serum DLK1 levels 
in hepatoblastoma patients in the age group younger than 6 months (n=3) remained 
significantly elevated compared to age-matched controls (n=18; P = 0.006; Figure 
2A), whereas serum AFP levels in these patients were not significantly different from 
controls (Figure 1B and 2B). Illustrative, our series included one patient with congenital 
hepatoblastoma, where the AFP level was within the physiological range on postnatal 
day 1 (178,554 ng/mL). In this patient, the serum DLK1 level was 87.3 ng/mL, or 
~10x higher than the normal range for serum DLK1 concentration in this age group. 
Our series included one AFP-negative hepatoblastoma patient (7 months old), whose 
serum DLK1 level of was within the control range. This patient had a small cell 
undifferentiated hepatoblastoma, an uncommon histological subtype (Table 1). The 
lowest serum DLK1 level in the 6 other hepatoblastoma patients (9.3 ng/mL) was 
measured in a 7 year old boy, whereas age-matched DLK1 control levels were ~0.8 ng/
mL, that is, ~10-fold lower. 
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Figure 2

Figure 2 DLK1 and AFP serum levels in young infants with hepatoblastoma and age-matched 
controls
Panels A and B show serum DLK1 and AFP levels, respectively, in 3 hepatoblastoma patients less 
than 6 months of age, together with 18 age-matched controls. Serum DLK1 levels in these young 
hepatoblastoma patients were significantly elevated (P = 0.006), whereas serum AFP levels in 
hepatoblastoma patients of this age group are within the range of controls.

Results
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DLK1 expression in hepatoblastoma is confined to epithelial 
components
In agreement with previous reports, DLK1 protein showed an irregular expression 
pattern in examined hepatoblastomas, with expression mainly confined to epithelial 
components of the tumor [21], as shown in Figure 3B-D. As expected, adjacent normal 
liver tissue stained negative for DLK1 protein (Figure 3D).

Figure 3 DLK1 protein expression in hepatoblastoma
Panel A shows a Hemotoxylin Eosin stained liver section of a 2 year old hepatoblastoma patient 
with both mesenchymal (upper part) and epithelial components (lower part). Panel B shows a 
DLK1 stained serial section of the same hepatoblastoma with DLK1 staining mainly confined to the 
epithelial part. Panels C and D show different parts of the same hepatoblastoma with DLK1 staining 
in epithelial components only and no staining in adjacent normal liver tissue (panel D). Scale bar in 
A is applicable for B-D.

EFigure 3

50 µm

A B

C D

Results
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Discussion

In children with hepatoblastoma, AFP is the most important diagnostic serum marker 
[8]. However, in infants younger than 6 months old presenting with hepatoblastoma, 
AFP is not a reliable marker, due to the physiologically elevated AFP levels in this age 
group [3, 10-13]. Furthermore, 5-10% of hepatoblastomas are AFP-negative [2, 9]. 
In this study, we show that DLK1, a protein highly expressed during fetal development 
and a liver stem-cell marker [14-16, 18], is a candidate serum marker to diagnose 
hepatoblastoma in the young infant age group. First, we created a reference curve 
for serum DLK1 levels in control pediatric patients (Figure 1) and found that serum 
DLK1 levels decline with age. Highest serum DLK1 levels are present in the first three 
months (CI: 6.9-10.5 ng/mL), these decline to adult levels from 6 months onwards 
(CI: 0.4-2.4 ng/mL). Serum AFP levels which were measured in the same plasma 
control samples, showed a pattern similar to DLK1, consistent with previous reports 
[12, 13]. 

In 6 out of the 7 hepatoblastomas studied, serum DLK1 levels were ~10-fold higher 
than age-matched control levels. In a 7th patient, 7 months old, serum levels of 
both DLK1 and AFP were within the control range. This patient had a small cell 
undifferentiated hepatoblastoma, which suggests that AFP- and DLK1-negative 
hepatoblastomas belong to a separate subgroup. Importantly, in the young infant 
age group (0-6 months) we found that serum DLK1 levels in hepatoblastomas were 
significantly elevated compared to age-matched control group. Serum DLK1 levels 
in controls of this age group varied between 0.8-12.6 ng/mL, whereas the levels in 
the 3 hepatoblastoma patients we investigated varied between 23.7 and 87.2 ng/
mL. For serum AFP levels in the same age group, no significant difference between 
hepatoblastoma patients and controls was found, due to the fact that in this age group 
the range of serum AFP levels in hepatoblastoma patients was within the same range of 
control levels. Therefore, despite the small number of patients studied, DLK1 seems to 
be a superior marker compared to AFP to diagnose hepatoblastoma in the young infant 
age group. 

A previous study reported the presence of both  DLK1 and AFP  protein expression  in 
31 hepatoblastomas, and absence of DLK1 expression in non-malignant liver tumours 
[21]. Together with our findings, this further strengthens our conclusion that DLK1 can 
be used as a sensitive serum marker for hepatoblastomas. 

In summary, we showed that serum DLK1 levels in pediatric controls decline with 
age similar to serum AFP levels. DLK1 serum levels were significantly elevated in 
hepatoblastoma patients compared to age-matched controls, with one exception. 
Unlike AFP, which is unreliable as a serum marker in infants younger than 3 months, 
serum DLK1 levels are significantly elevated in hepatoblastoma patients of this age 
group, which makes DLK1 a candidate marker to diagnose hepatoblastoma in young 
infants. While these results are promising, clinical validation relies on the collection 
of many serum samples of hepatoblastoma patients, more age-matched controls and 
samples from patients with other liver tumors. 
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Abstract 

Delta-like 1 homolog (DLK1) is a noncanonical ligand in the Notch signaling pathway. 
Soluble DLK1 inhibits adipogenesis, whereas membrane-bound DLK1 enhances 
adipogenesis, implying that the relative abundance of soluble and membrane-bound 
DLK1 determines its biological effect. We assessed lipogenesis in Alfp-Dlk1 transgenic 
mice, which overexpress DLK1 in liver and have high plasma DLK1 levels. The mice 
were fed a semi-synthetic low-fat or high-fat diet for 4 weeks. The effect of DLK1 
depended on sex and dietary fat content. Dlk1 overexpression inhibited the expression 
of Notch1 and its downstream target Sox9 in livers of male Alfp-Dlk1 mice on a low-
fat diet, whereas a high-fat diet relieved these inhibitory effects of a low-fat diet and 
increased the expression of Hes1 and Pparγ. In female Alfp-Dlk1 mice, a low-fat diet 
was without effect, but a high-fat diet increased Notch1, Hes1, and Sox9 expression, 
as well as that of key lipogenic transcription factors and enzymes in both liver and fat-
pad. The lipogenic effects of circulating (soluble) DLK1 in female fat-pads show that 
DLK1 exerts a stimulatory effect on lipogenesis that depends on the sex of the mouse 
and dietary fat content rather than on DLK1 being a membrane-bound or soluble 
species. 
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Introduction 

Delta-like 1 homolog (DLK1) is a noncanonical ligand in the evolutionarily conserved 
Delta-Notch signaling pathway, which is involved in stem cell-fate decisions during 
development (1). It is also known as preadipocyte factor 1 (Pref-1) and Fetal antigen-1 
(FA1) (2, 3) and consists of six tandem EGF-like repeats, a juxtamembrane region with a 
TACE-sensitive cleavage site, a transmembrane domain and a short intracellular tail. The 
Dlk1 gene is a maternally imprinted, paternally expressed gene on chromosome 14 and 
12 in man and mice, respectively (4, 5).

DLK1 interacts with the NOTCH1 receptor in the yeast-two-hybrid system and acts as 
a negative regulator of Notch signaling in Drosophila, and in the mesenchymal stem 
cell line C3H10T1/2 (6-8). The best established function for DLK1/Pref-1 is that of an 
inhibitor of adipogenesis (3, 4, 9, 10): it is highly expressed in murine preadipocytes, 
whereas its expression is completely abolished in mature adipocytes. In 3T3L1 
preadipocyte cells, constitutive expression of soluble DLK1 prevents hormone-induced 
adipogenic differentiation by inhibiting the expression of the transcriptional regulators 
peroxisome proliferator-activated receptor γ (Pparγ) and CAAT/enhancer-binding protein 
α (C/ebpα) through upregulation of Sox9 (3, 4, 11). In agreement, transgenic mice with 
either adipocyte- or liver-specific overexpression of soluble DLK1 have smaller adipose 
tissue depots and a lower expression of adipocyte markers in adipose tissues compared 
to controls (12). This inhibitory effect of soluble DLK1 on adipogenesis in vivo was 
also found when plasma levels of DLK1 were increased via transfection of a full-length 
Dlk1-expression plasmid into the liver of adult mice (13). Conversely, mice lacking Dlk1 
expression display accelerated adiposity as adults and have enlarged, fatty livers with 
increased levels of lipogenic regulatory genes fatty-acid synthase (Fas) and Stearoyl-
coenzyme A desaturase 1 (Scd1) (14). 
However, DLK1 may not only act as an inhibitor of adipogenesis, as membrane-bound 
DLK1 is required for adipogenesis in the 3T3L1 cell line (15) and overexpression of 
full-length DLK1 (which generates both soluble and membrane-bound DLK1 species) 
significantly enhanced the adipogenic response in the mesenchymal stem cell line 
C3H10T1/2 (8). These findings suggest that DLK1’s role in adipogenesis may depend on 
the relative abundance of its soluble and membrane-bound species. 

Since previously characterized transgenic mice with liver-specific overexpression of the 
full-length DLK1 did not show effects on liver morphology or proliferation (Chapter 7), 
in this study, we assessed the effects on lipogenesis in the liver and fat-pads of these 
transgenic (Alfp-Dlk1tg/-) mice after feeding them either a high-fat diet or a low-fat 
diet for four weeks. Due to spontaneous cleavage of membrane-bound DLK1, Alfp-
Dlk1tg/- mice also have elevated circulating levels of DLK1, which enabled assessment 
of the endocrine effects of soluble DLK1 on the fat-pads. We show that liver-specific 
overexpression of full length DLK1 stimulates high-fat diet-induced hepatic steatosis, 
with significant upregulation of lipogenic and Notch-pathway genes. We report that the 
elevated levels of circulating DLK1 did not exert an inhibitory effect on body and fat-pad 
weights if the mice were fed a low-fat diet and increased the expression of lipogenic 
genes in adipose tissue if the mice consumed a high-fat diet, but only if they were females.
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Materials and Methods

Generation of Alfp-Dlk1tg/- mice 
Full length Dlk1/Pref-1 cDNA was kindly provided by Dr. H.S. Sul (University of 
California). A pBluescript-based vector was fitted with a multiple-cloning site to accept, 
from 5’ to 3’, the 2.3 kb murine albumin enhancer and promoter (taken from the Alfp-
Cre expression vector (16), a 155 bp human chimeric intron (from the pCIneo vector, 
Promega, Leiden The Netherlands), the 1,158 bp Dlk1 open-reading frame, a 300 
bp fragment containing a bovine growth-hormone polyadenylation fragment (from 
the pcDNA 3.1 vector), and the 3 core enhancer elements of murine α-Fetoprotein 
(MERs; 950 bp; (17); Figure 1A). The linearized transgene was injected into the 
male pronucleus of fertilized oocytes of FVB mice. Transgenic mice were identified by 
polymerase chain reaction (PCR) analysis on toe genomic DNA with Alfp-Dlk1-specific 
primers (Supplemental Table 1). From the 5 transgenic lines initially generated, one 
line with a high and homogeneous DLK1 protein expression in postnatal liver and 
plasma was selected for the present series of experiments. This transgenic line was 
infertile in the homozygous condition. Transgenic mice and control littermates were 
maintained on a 12h light/12h dark cycle with free access to water and food.

Gene primers used for qRT-PCR analysis 5’-3’

Notch1
TGCCTTCCTAGGTGCTCTTG

TGGTCTCCAGGTCTTCGTCT

Hes1
ATCATGGAGAAGAGGCGAAGG

CCTCACACGTGGACAGGA

Sox9
ACTCTGGGAAGCTCTGGAG

CGAAGGGTCTCTCTTTCTCGCTCT

Cebpα
AAGCCAAGAAGTCGGTGGA

CAGTTCACGGCTCAGCTGTTC

Pparγ 1/2
TTGAGTGCCGAGTCTGTGGGGATAA

CAGGGAGGCCAGCATCGTGTAGA

Scd1
TGGGCAAGTGCTAATGGACCTC

GGGACAAGAGATGGTTGATGGTTC

Fas
AGGGGTCGACCTGGTCCTCA

GGGTGGTTGTTAGAAAGAT

Mac1
ATGACAGCATCTGCCAAGAC

CATCTCTGAAGCCGTGAAGT

Mpo
TGCACCAGGAACAACATCAC

CCATTCCATCGAGGATTCAG

Mcp1
ATCCCAATGAGTAGGCTGGAGAGC

CAGAAGTGCTTGAGGTGGTTGTG

18S
TTCGGAACTGAGGCCATGAT

CGAACCTCCGACTTTCGTTCT

Table S1 Primers used for quantitative PCR analysis
Primers used for genotyping and quantitative PCR analysis. All primers were designed to span an intron.
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Animals and diets 
Ten- to-16 weeks old Alfp-Dlk1tg/- mice and their littermate controls (Alfp-Dlk -/-) 
of both sexes (n=8 per group) were fed either a low-fat diet composed of 8 kcal 
% olive oil, 81 kcal % carbohydrates and 11 kcal% casein (D06092604, Research 
Diets, New Brunswick, USA) or a high-fat diet composed of 42 kcal % olive oil, 47 
kcal % carbohydrates and 11 kcal% casein (D06092602, Research Diets) ad libitum 
for a period of 4 weeks. To ensure comparable intake in experimental groups, food 
intake was measured weekly. All mice had ad libitum access to water throughout 
the experiment. After the 4-weeks diet period, mice were weighed and sacrificed 
by decapitation after a brief sedation with CO2/O2 (70:30). Systemic blood was 
immediately collected into heparin-coated microtainer tubes and centrifuged. The 
resulting plasma was frozen in liquid N2 and stored at -80°C until analysis. The livers 
were collected, weighed and parts were either fixed in 4% formaldehyde/PBS or frozen 
in liquid N2 and stored at -80°C for histology and RNA isolation, respectively. Epididymal 
and parametrial fat-pads in male and females, respectively, were removed, weighed, 
frozen in liquid N2 and stored at -80°C. The study was carried out in accordance with 

Dutch guidelines for the Care and Use of Laboratory Animals and approved by the AMC 
supervisory committee.

Histology 
Liver histology was assessed by hematoxylin & eosin (H&E) staining. Briefly, fixed livers 
were embedded in paraffin and sectioned at 7 µm thickness. After staining, sections 
were dehydrated in graded alcohols and mounted with Entellan (Merck, Darmstadt, 
Germany). Images were captured by using a Leica DMRA2 microscope equipped with a 
DC300 camera, at different magnifications.

Triglycerides, total cholesterol and glucose measurements in 
plasma 
Plasma levels of triglycerides, total cholesterol and glucose were measured according 
to standard procedures of the Laboratory of Clinical Chemistry, AMC.

Quantitative PCR 
Total RNA from liver and fat was extracted with Trizol reagent (Invitrogen, Breda, The 
Netherlands). Two µg purified RNA was reverse transcribed with Superscript III reverse 
transcriptase (Invitrogen). PCR quantitation was carried out in the LC480 apparatus 
with SYBR green (Roche, Woerden, The Netherlands). Primers were intron spanning 
and designed with Primer3 software at the supplied default settings (http://frodo.
wi.mit.edu). Primer sequences are supplied in Supplementary Table 1. mRNA levels 
were normalized to 18S rRNA.

Materials and Methods
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Statistical analysis 
Data are shown as mean ± SEM of 8 animals per group. Significant interactions 
between groups were assessed with the 3-way ANOVA test, followed by a 2-way 
ANOVA in case of significant interactions. When significant interactions were absent, 
differences between groups were determined by the nonparametric Kruskal-Wallis one-
way ANOVA test (18). Significance was set at P < 0.05. A trend was defined as 0.05 < 
P < 0.10.

Materials and Methods
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Figure 1 Alfp-Dlk1 expression construct and persisting DLK1 expression in postnatal liver
Panel A shows a schematic presentation of the Alfp-Dlk1 expression construct. The arrows represent 
the primers used to identify transgenes and for qPCR of Alfp-Dlk1tg/--specific Dlk1 mRNA. Panels B-D 
show liver sections of Alfp-Dlk1tg/- lines 1.1 (B) and 1.5 (C), and wild-type mice (D) stained for the 
presence of DLK1. Lines 1.1 and 1.5 show patchy and homogeneous DLK1 expression, respectively 
(scale bar in B is also applicable for C and D). Panel E shows Western blots of liver homogenates 
and plasma of the five Alfp-Dlk1tg/- founder lines. The upper panels show the Amidoblack staining 
of the blots (loading control) and the lower panels DLK1 protein. In the lower left panel, lanes 1-3 
and 5-6 show liver homogenates of the five founder lines, with high expression of both the 50 and 
55 kDa bands (soluble and membrane-bound DLK1 protein, respectively) in two lines (lanes 5 and 
6). Lanes 4 and 7 show liver homogenates of wild-type mice. Lane 8 shows the mainly membrane-
bound form of DLK1 protein in 3T3L1 cells used as positive control. M: protein molecular-weight 
ladder. In the lower right panel, lanes 1-5 show DLK1 protein in plasma of the five founder lines, 
demonstrating that DLK1 expression in liver correlates with DLK1 levels in plasma; lines 1.1 and 
1.5 show low and high plasma levels of DLK1 protein, respectively. Lane 6 and 7 show DLK1 protein 
in plasma of a wild-type mouse and in culture medium of 3T3L1 cells, respectively. 
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Transgenic lines with postnatally continued expression of DLK1 
in the liver
Transgenic Dlk1 mice (Alfp-Dlk1tg/-) were generated by injection of the Albumin-α-
fetoprotein/Dlk1 (Alfp/Dlk1) construct (Figure 1A) into the male pronucleus of fertilized 
oocytes and implantation into pseudopregnant females. Out of the 5 founder lines that 
expressed the transgene, 3 lines had a low and 2 a high expression of DLK1 protein. 
The livers of lines with low DLK1 protein levels on Western blot, showed a patchy 
expression of DLK1 on immunohistochemically stained sections (Figure 1B). This 
expression pattern is often seen in classic transgenes. Line 1.5, with high DLK1 levels 
on Western blot, showed a uniform expression pattern, with all hepatocytes staining 
positive for DLK1 protein (Figure 1C). As expected, wild-type adult livers showed 
absent DLK1 expression (Figure 1D). DLK1 protein levels in liver correlated with plasma 
DLK1 levels (Figure 1E). In addition to line 1.5, another infertile line showed very high 
DLK1 protein expression in liver and plasma. The expression of DLK1 in both lines was 
more than 10 times higher than that in the other 3 lines (Figure 1E and supplemental 
Figure 1). Despite the continuous hepatic overexpression of DLK1, we never observed 
any liver pathology in approximately 40 adult mice of line 1.5 Alfp-Dlk1tg/- of up to 1.5 
years of age. 

Figure S1 High plasma DLK1 levels in transgenic line 1.5    
The upper panel shows the Amido black-stained Western 
blot (protein-loading control) and the lower panel DLK1 
protein in liver homogenates of the five Alfp-Dlk1tg/- 

founder lines. Lanes 1-3 show DLK1 protein in liver 
homogenates of three founder lines displaying patchy 
DLK1 expression by immunohistochemistry, while lanes 
4 and 5 show DLK1 protein in 10x-diluted lysates (see 
Amidoblack) of lines 1.5 and line 1.6 with homogeneous 
DLK1 expression (founder 1.6 was not fertile). Lane 
7 shows DLK1 protein in 3T3L1 cells used as positive 
control. M: protein molecular-weight ladder. 
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Results

DLK1 overexpression in liver increases liver and fat-pad weight 
in male mice fed a high-fat diet
Adult male and female control and Alfp-Dlk1tg/- mice were analyzed for both local and 
distant lipogenic effects of DLK1 overexpression. After consuming a low-fat diet for 4 
weeks, neither male nor female Alfp-Dlk1tg/- mice significantly differed in body, liver, 
and fat-pad weights compared to littermate controls (Figure 2). Compared to low-
fat diet, a high-fat diet increased body, liver, and fat-pad weight in Alfp-Dlk1tg/- males 
(Figure 2A), but no significant differences between Alfp-Dlk1tg/- and controls were found 
in females (Figure 2B). 

DLK1 overexpression in liver does not affect plasma glucose, 
triglycerides and cholesterol
On low-fat diet, plasma glucose, triglyceride and cholesterol levels were comparable 
in male and female Alfp-Dlk1tg/- and control mice. The high-fat diet increased plasma 
glucose, triglycerides and cholesterol in males compared to females (P = 0.001, 0.01 
and 0.01, respectively), but there was no difference in response between Alfp-Dlk1tg/- 
and control mice (Supplemental Figure 2).

Figure 2

A

B

Figure 2 Body, liver, and fat-pad weight in Alfp-Dlk1tg/- and control mice on low- or high-fat diet 
Adult male and female control and Alfp-Dlk1tg/- mice (n=8 per group) were fed a low- or high-fat 
diet for 4 weeks. Panel A shows that male Alfp-Dlk1tg/- mice on the low-fat diet (LFD) had similar 
body, liver, and fat-pad weights as control littermates, although average weights were always 
higher in transgenic mice. On high-fat diet (HFD), liver weight was significantly increased and fat-
pad weight tended to increase in Alfp-Dlk1tg/- males (p=0.059), while fat-pad/bodyweight ratio 
was significantly increased. Panel B shows that body and liver and fat-pad weights in females were 
comparable in Alfp-Dlk1tg/- and control mice, irrespective of the diet. Values are depicted as mean ± 
SEM. (*: P<0.05, n=8 animals per group).
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DLK1 overexpression in liver increases steatosis and 
steatohepatitis
H&E-stained liver sections of Alfp-Dlk1tg/- mice and controls after 4 weeks on a low-
fat diet showed normal liver histology, without signs of steatosis in both sexes (Figure 
3A). In agreement with the increased liver weight of Alfp-Dlk1tg/- male mice on high-
fat diet, liver sections showed increased lipid accumulation (Figure 3G-I) compared to 
controls (Figure 3B,C). In controls on the high-fat diet, mainly microvesicular steatosis 
(19), with small lipid vacuoles in the cytoplasm was observed. Steatosis in livers of 
Alfp-Dlk1tg/- mice of both sexes on the high-fat diet was mainly of the macrovesicular 
type (19), with large cytoplasmatic vacuoles that displaced the nucleus to one side 
of the cell (Figure 3D-I). In some Alfp-Dlk1tg/- livers, steatosis was accompanied by 
inflammation (Figure 3E,F) and sometimes even necrosis (Figure 3G,H), indicating 
the development of steatohepatitis (19). In agreement, the mRNA level of the 
inflammatory marker Mac-1 (integrin β2) tended to be higher in livers of Alfp-Dlk1tg/- 
than control mice on the high-fat diet, particularly in females (P = 0.08; Supplemental 
Figure 3). No differences in expression of monocyte chemo-attractant protein-1 (Mcp-
1) and myeloperoxidase (Mpo) were found (P= 0.4 and 0.3, respectively). Both wild-
type and transgenic females on high-fat diet showed significantly higher mRNA levels 
of inflammatory markers, compared to males (Supplemental Figure 3).

Figure S2 Plasma concentrations of glucose, triglycerides and cholesterol in Dlk1tg/- and littermate 
control mice
Plasma values of glucose, triglycerides and cholesterol were significantly higher in male than female 
mice on a high-fat diet, but there was no difference in response between Alfp-Dlk1tg/- and control 
mice. Values are depicted as mean ± SEM. (*: P ≤ 0.05; n=8 animals per group).

Supplemental Figure 2

Supplemental Figure 3

Results
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The effects of DLK1 overexpression are influenced by diet and 
sex
The effects of DLK1 overexpression on genes of the lipogenic and the Notch signaling 
pathway were modulated to different degrees by the fat content of the diet and the 
sex of the experimental animal. Table 1 shows the results of a 3-way ANOVA analysis 
of these effects and their interactions. Diet and sex had strong, independent effects on 
gene expression in liver, whereas the independent effects of DLK1 overexpression were 
generally weaker or even absent and replaced with strong interactions between DLK1

Figure 3 Liver histology of Alfp-Dlk1tg/- mice and littermate controls on a high-fat diet 
Panel A shows an H&E-stained liver section of an Alfp-Dlk1tg/- female mouse on a low-fat diet, 
demonstrating absence of steatosis, as was also true for Alfp-Dlk1tg/- males on the same diet. Panels 
B and C show sections of two different regions of the liver of a control female on a high-fat diet, 
with macrovesicular steatosis around portal veins and microvesicular steatosis throughout the liver 
(panel C and magnification in panel C). Panels D-F show liver sections of an Alfp-Dlk1tg/- female on 
high-fat diet, with extensive macrovesicular steatosis both around portal and central veins (panels 
D and E). An inflammatory infiltrate between hepatocytes in this liver is shown in panel E, with a 
higher magnification of the boxed area in panel F. Panels G-I show progression to steatohepatitis in 
3 liver sections of an Alfp-Dlk1tg/- male on a high-fat diet. Panels G and H show two different necrotic 
areas surrounded by inflammatory infiltrate in areas with extensive macrovesicular steatosis. Panel I 
shows extensive lipid accumulation underneath the liver capsule. Scale bar in A is applicable for B-E 
and G-I. p: portal vein, c: central vein, n: necrosis.
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overexpression and diet. In fat-pad, effects of diet and sex were mostly confined to 
the lipogenic genes, while the effects of DLK1 overexpression were mostly determined 
by an interaction between DLK1 overexpression and sex. The statistical analysis, 
therefore, clearly shows that the fat content of the diet largely determined the effects 
of DLK1 overexpression in the liver. We, therefore, describe the effects of a low-fat diet 
and high-fat diet on the effects of DLK1 overexpression separately.

Gene Tissue Diet Sex Geno-
type

Diet x 
Sex

Diet x 
geno-
type

Sex x 
geno-
type

Diet * Sex 
* Genotype

Pparγ
liver <0.001 <0.001 <0.001 <0.001 <0.001 0.190 0.038

fat-pad <0.001 0.101 0.057 0.442 0.348 0.057 0.149

Cebpα
liver <0.001 0.254 0.085 0.258 0.162 0.927 0.703

fat-pad <0.001 0.021 0.038 0.194 0.152 0.006 0.028

Fas
liver 0.029 0.025 0.066 0.229 0.319 0.079 0.979

fat-pad <0.001 <0.001 0.885 0.011 0.021 0.449 0.027

Scd1
liver 0.044 <0.001 0.317 0.334 0.228 0.363 0.319

fat-pad 0.605 0.001 0.081 0.501 0.470 0.205 0.091

Notch1
liver <0.001 <0.001 0.585 0.671 0.001 0.548 0.214

fat-pad 0.874 0.420 0.812 0.854 0.669 0.023 0.305

Hes1
liver <0.001 <0.001 0.008 0.166 0.003 0.319 0.157

fat-pad 0.057 0.170 0.454 0.944 0.682 0.049 0.014

Sox9
liver <0.001 0.131 0.065 0.821 0.005 0.124 0.648

fat-pad 0.775 <0.001 0.181 0.695 0.671 0.818 0.275

Results

Table 1 Effects of diet, sex and genotype and their interactions on the expression of lipogenic genes 
and members of the Notch-signaling pathway
The outcome of a 3-way ANOVA test is shown. Significance was set at P < 0.05 (highlighted in 
grey). See the main text for a detailed description of these results.

Figure S3 mRNA levels of inflammatory markers in livers of Dlk1tg/- and littermate control mice on a 
high-fat diet
The mRNA levels of Mac-1, Mpo and Mcp-1 were significantly higher in female than male Alfp-
Dlk1tg/- mice on a HF diet (HF; P = 0.001, 0.003, 0.002, respectively), but only Mac-1 tended to be 
higher in female Alfp-Dlk1tg/- than control mice (P=0.08). Values are depicted as mean ± SEM. (n=8 
animals per group).

Supplemental Figure 2

Supplemental Figure 3
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Male Alfp-Dlk1tg/- mice on low-fat diet have decreased Notch1 
and Sox9 mRNA levels in liver
To explore the effects of hepatic DLK1 overexpression on adipogenic/lipogenic 
regulatory genes and the Notch pathway, mRNA abundance of Pparγ, Cebpα, Fas Scd1, 
Notch1, Hes1 and Sox9 were assessed in livers of Alfp-Dlk1tg/- and control mice on a 
low-fat diet (Figure 4A-G, LFD bars). Sox9 was recently shown to be a downstream 
target of both Dlk1 and Notch1 (11, 20). Only in males, both Notch1 and Sox9 mRNA 
expression was significantly decreased in Alfp-Dlk1tg/- livers compared to controls. No 
differences in the mRNA abundance of these genes were found in the gonadal fat-pads 
of either sex (Figure 5A-G, LFD bars). 

Results

Figure 4 Increased mRNA levels of key transcription factors of the Notch-signaling and lipogenesis 
pathways in livers of Alfp-Dlk1tg/- and control mice
Panels A-G show mRNA levels of lipogenic and Notch pathway genes in livers of male and female 
mice on a low- and high-fat diet. On a low-fat diet, the mRNA abundance of Notch1 and Sox9 mRNA 
was significantly decreased in Alfp-Dlk1tg/- males (panels E and G, respectively; LFD bars), whereas 
on a high-fat diet their levels increased to that of controls (panels E and G, respectively; HFD bars), 
with also significantly increased mRNA levels of Pparγ and Hes1 (panels A and F, respectively). A 
low-fat diet did not affect the mRNA levels of the investigated genes in Alfp-Dlk1tg/- females (panels 
A-F). On a high-fat diet, however, the mRNA levels of Pparγ, Fas, Notch1, Hes1, and Sox9 were 
significantly increased in female Dlk1tg/- mice compared to their littermate controls (panels A-G, HFD 
bars).Values are depicted as mean ± SEM. (*: P≤ 0.05; **: P ≤ 0.001; n=8 animals per group).
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A high-fat diet increases the expression of lipogenic and Notch 
pathway genes in Alfp-Dlk1tg/- mice
In agreement with the more severe steatosis observed in Alfp-Dlk1tg/- mice on a high-
fat diet, the expression of the lipogenic transcription factor Pparγ was significantly 
increased in livers of both male and female Alfp-Dlk1tg/- mice compared to control 
littermates (Figure 4A, HFD bars), while that of Cebpα was not significantly increased 
(Figure 4B, HFD bars). Furthermore, the expression of the lipogenic enzyme Fas was 
significantly increased in livers of female Alfp-Dlk1tg/- mice, while that of Scd1 was not 
(P=0.14; Figure 4C, D, HFD bars). Interestingly, the hepatic mRNA levels of Notch1 
and its downstream target Sox9 were no longer downregulated in Alfp-Dlk1tg/- males 
(as was seen on the low-fat diet) and were significantly upregulated in Alfp-Dlk1tg/- 
females on high-fat diet (Figure 4E, G, HFD bars). The Notch downstream target Hes1 
was significantly upregulated in transgenic livers of both sexes (Figure 4F, HFD bars). 
In fat-pads of female Alfp-Dlk1tg/- mice on high-fat diet, the expression of Pparγ, 
Cebpα, Fas, Scd1, Hes1 and Sox9 were all significantly increased, but these effects 
were not found in males (Figure 5, HFD bars). Figure 5

Fat-pad

A CB

F

G

ED

FAT-PAD

Results

Figure 5 Increased mRNA levels of key transcription factors of 
the Notch signaling and lipogenic pathways in fat-pads of Alfp-
Dlk1tg/-  and control mice
Panels A-G show mRNA levels of adipogenic and lipogenic 
regulatory and Notch-pathway genes in fat-pads of male and 
female Alfp-Dlk1tg/- and control mice on a low- or high-fat 
diet. On a low-fat diet, the mRNA abundance of none of the 
investigated genes was different between Alfp-Dlk1tg/- and 

littermate control mice. In contrast, the expression of Pparγ, Cebpa, Fas, and Scd1 increased 
in female Alfp-Dlk1tg/- mice on a high-fat diet (panels A-D, HFD bars). Furthermore, expression 
of Hes1 and Sox9 increased in female Alfp-Dlk1tg/- mice (panels F,G, HFD bars). No changes in 
expression of these genes were found in similarly treated Alfp-Dlk1tg/- males. Values are depicted as 
mean ± SEM. (*: P ≤ 0.05; n=8 animals per group).
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In the present study, we found that mice with liver-specific overexpression of full-
length DLK1 show increased expression of  lipogenic genes and increased Notch 
signaling in livers of both sexes and in adipose tissue of females, when fed a high-fat 
diet. To assess the adipogenic/lipogenic effects of DLK1 overexpression in liver, we 
studied a transgenic line with strong, homogeneous DLK1 expression in liver. Despite 
high circulating levels of DLK1 in Alfp-Dlk1tg/- mice (as a result of TACE-mediated 
cleavage of membrane-bound DLK1), liver and fat-pad weights were not affected in 
these mice, if they were fed a low-fat diet. In the liver of Alfp-Dlk1tg/- females on the 
low-fat diet, the expression of lipogenic or Notch pathway genes was not affected, 
but the expression of Notch1 and Sox9 was downregulated in  livers of male Alfp-
Dlk1tg/- mice, without effect on Hes1 expression. Although no other studies reporting 
an effect of DLK1 on Notch1 expression are known to us, we found earlier (chapter 7) 
in Alfp-Dlk1tg/-/Mdr2 -/- double transgenic mice that DLK1 overexpression also decreased 
hepatic Notch1 transcript levels compared to those in Mdr2 -/- livers. 

Intriguingly, administration of a high-fat diet to Alfp-Dlk1tg/- females caused extensive 
upregulation of Pparγ, Fas, Scd1, Notch1, Hes1 and Sox9 mRNAs in their livers, and 
an upregulation of Pparγ, Cebpα, Fas, Scd1, Hes1 and Sox9 mRNAs in their fat-pads. 
In Alfp-Dlk1tg/- males, the high-fat diet abolished the downregulation of Notch1 and 
Sox9 mRNA expression in liver that was seen in mice on the low-fat diet and, similar 
to the transgenic females, significantly increased the expression of Pparγ and Hes1 
mRNAs. In the male fat-pads, DLK1 overexpression had no effect on the expression 
of adipogenic regulatory and Notch pathway genes. These findings suggest that in our 
Alfp-Dlk1tg/- mice, a high-fat diet induces a stimulatory effect of DLK1 on lipogenesis 
and Notch signaling and that females are more sensitive to this dietary stimulus, 
showing lipogenic stimulatory effects in both liver and fat-pad. 

The role of the Notch pathway in adipogenesis remains controversial with 
reportedly both stimulatory and inhibitory roles of Hes1 and Notch1 during 
adipocyte differentiation (6, 8, 21-23). It was, therefore, proposed that “a proper 
balance of Notch signaling is critical for adipogenesis to proceed” and that “DLK1 
might be a critical factor to control the proper level of Notch signaling for cells 
to undergo adipogenesis” (6). The present findings which show that the effects 
of DLK1overexpression are subject to sex- and diet-dependent modulation may 
accomodate these earlier findings. The observed effects of sex and diet also bring 
our findings in line with earlier reports of Dlk1-transgenic mice, which showed that, 
on a normal chow (that is, low-fat) diet, circulating DLK1 inhibited the development 
of adipose tissue mass in a dose-dependent way (12, 13). Concentration-dependent 
DLK1 effects on adipogenesis were found in adult male mice after transfection of the 
liver with a full-length Dlk1-expressing plasmid (13). Although differences in circulating 
DLK1 concentration and biological differences between the DLK1/hFc fusion protein and 
the circulating DLK1 protein in our Alfp-Dlk1tg/- mice may account for some differences 
between these earlier and our present findings, we propose that the presently available 
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information is compatible with our hypothesis that both sex and fat content of the diet 
determine the effects of DLK1 on lipogenesis and Notch pathway expression in liver 
and adipose tissue. Based on the finding of upregulated Hes1 levels in the steatotic 
livers of our Alfp-Dlk1tg/- mice on the high-fat diet, we hypothesise that an external 
lipogenic stimulus, such as a high-fat diet, induces a switch in DLK1 function and turns 
it into a Notch-signaling activator which can also induce Pparγ expression (23, 24), 
thereby exacerbating the high-fat diet-induced hepatic steatosis through enhanced 
activation of lipogenic genes (25, 26). However, the Pparγ upregulation in transgenic 
males is not accompanied by upregulation of lipogenic enzymes Fas and Scd1, 
implying that the observed steatosis in transgenic males and females partly develops 
via alternate mechanisms, probably via other Pparγ downstream targets in males. In 
agreement with sex-dependent effects on lipid metabolism, previous reports indicate 
that estrogens might influence the nonalcoholic fatty liver phenotype (27-29).

In summary, we showed that the effects of liver-specific overexpression of full-length 
Dlk1 depend both on the sex of the mouse and the fat content of the diet, being 
inhibitory on Notch1 expression in males on a low-fat diet, but stimulatory on Notch 
and lipogenic gene expression, especially in females on a high-fat diet for 4 weeks. The 
lipogenic effects of circulating (soluble) DLK1 in the fat-pads of female mice show that 
the stimulatory effect of DLK1 on adipose tissue is not dependent on the membrane-
bound form of DLK1, but, instead, depends on the sex of the mouse and its diet. 
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Early liver and biliary development 
The liver and biliary tract arise from the hepatic diverticulum at embryonic day (ED)9 in 
mice. The cranial portion of this endodermal diverticulum gives rise to the liver and all 
intrahepatic bile ducts (IHBDs), while the extrahepatic bile ducts (EHBDs) develop from 
the caudal portion (1, 2). At ED9.5, the hepatoblasts separate from the endodermal 
epithelium and invade the adjacent septum transversum mesenchyme (STM) to form 
the liver bud (1, 3). Hepatoblasts are bipotential and can either differentiate into 
hepatocytes or cholangiocytes. The cholangiocytes lining the EHBDs form directly 
from the endodermal cells of the caudal portion of the hepatic diverticulum (1, 2). 
The EHBDs and the developing intrahepatic biliary tree maintain luminal continuity 
throughout development (4, 5).

Intrahepatic bile duct (IHBD) morphogenesis
The morphogenesis of the IHBD is similar in humans, rats and mice proceeds stepwise 
(6). In ED 13.5-14.5 mice, the hepatoblasts around the large portal veins begin to 
express biliary-specific cytokeratins, which by ED15.5 transforms into the single-cell 
layered ductal plate at the boundary between the hepatocytes and the portal field. 
During the next day, the ductal plate becomes partly bilayered and then starts to 
remodel by forming focal dilations between the two cell layers to generate the lumina 
of “primitive ductular structures” (PDS) (7). The parts of the ductal plate which do not 
form patent ducts regress. In the final stage, which starts around birth, the ducts are 
incorporated into the portal mesenchyme (6). IHBD morphogenesis proceeds along 
a gradient from the hilum to the periphery of the liver, so that the smallest portal-
vein branches in the liver periphery are still surrounded by ductal plates at birth. In 
humans, these peripheral ductal plates only develop into small portal ducts by 4 weeks 
after birth (2).

Transcription factors involved in early liver development
Foxa1-3
Fibroblast Growth Factor (Fgf) signals from the developing heart and Bone  
Morphogenetic Protein (Bmp) signals from the STM initiate liver development in the 
ventral foregut endoderm (8). The three members of the FoxA gene family of forkhead-
box transcription factors (Foxa1-3) are present in the endoderm before the induction 
of the hepatic program by Fgf signals. Both single and double deletion of Foxa1 and 
Foxa3 resulted in embryonic lethality with histologically normal livers. However, Foxa1-

/-/Foxa2fl/fl/Foxa3Cre embryos, where both Foxa1 and -2 are absent in the hepatic 
diverticulum, do not develop a hepatic bud and do not express α-fetoprotein in the 
ventral foregut (9) due to a loss of competence to respond to inductive signaling 
by FGF (9). Deletion of Foxa1 and -2 at ED11-12 with AlfpCre (Foxa1fl/fl/Foxa2fl/fl/
AlfpCre mice) resulted in viable mice with livers containing an increased amount of 
disorganized and dilated bile ducts surrounded by extensive extracellular matrix (10). 
Cholangiocytes in these mutant ducts showed increased proliferation compared to 
controls, probably due to increased IL-6 levels in serum and liver which has been 
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shown to stimulate cholangiocyte proliferation (10). These experiments show that the 
Foxa transcription factors determine liver specification and are required for normal bile 
duct morphogenesis.

Foxm1b
The Foxm1b (Forkhead box M1) transcription factor is expressed in actively dividing 
cells and critical for cell cycle progression. Its expression becomes highly upregulated 
during liver regeneration in mice (11). Foxm1b-/- mice are embryonic lethal between 
ED 15.5 and 18. Foxm1b-/- livers are disorganized, contain many polyploid hepatocytes, 
a diminished amount of large hepatic veins (11), and absent cholangiocyte 
differentiation, with decreased concentrations of HNF1β in the cytosol of periportal 
hepatoblasts. 

Hnf1β 
The Hnf1β (Tcf2) gene is essential for epithelial differentiation of the visceral 
endoderm. Deletion results in death during gastrulation. Tetraploid embryo 
complementation revealed that rescued Hnf1β-deficient embryos failed to develop a 
liver bud and expressed very low levels of Foxa1-3, Hhex and α-Fetoprotein in the 
ventral foregut at ED10.5 and ED11.5 (12). 

Gata4 and Gata6 
Mutation of the zinc-finger transcription factors Gata4 and Gata6 results in early 
embryonic lethality. Tetraploid embryo complementation, in which Gata6-/- embryos 
are provided with Gata6+/+ extra-embryonic endoderm, allowed survival till ED10.5 
and showed that Gata 6 is essential for liver bud expansion and normal expression 
of Albumin, Hhex and Hnf4 in early hepatoblasts (13). The same approach for Gata4 
yielded a similar phenotype with initial hepatic bud formation, but subsequent failure 
of hepatocytes to delaminate due to the absence of the STM (14). These results show 
that Gata transcription factors 4 and 6 are dispensable for hepatic specification, but 
indispensable for the maintenance of hepatic competence.

Hhex
The hematopoietically expressed homeobox gene (Hhex) is one of the earliest 
transcription factors expressed in the liver bud (15). Hhex-/- embryos die at ED10.5 
(16). Although a hepatic diverticulum is present, proliferation of cells in the 
diverticulum is greatly reduced, resulting in a cystic primordium (15). Conditional 
deletion of Hhex in the hepatic diverticulum with Foxa3Cre caused death around 
ED18.5, with hypoplastic, cystic livers. In ED18.5 mutant livers, many CK-positive 
cysts developed in the absence of a portal vein branch. The embryos also lacked a 
gallbladder and EHBDs. Expression of Hnf4α and Hnf6 in Hhexfl/fl/Foxa3Cre mutants 
was 3 days delayed and appeared on ED16.5. After later deletion of Hhex with AlfpCre, 
ED18.5 livers also revealed many irregular duct-like structures and biliary cysts around 
portal vein branches, but also in the parenchyma. Hhexfl/fl/Foxa3Cre mice survived, but 
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gradually developed polycystic liver disease, with all cysts being CK19-positive. These 
findings indicate that Hhex is indispensable for hepatoblast differentiation and for both 
IHBD and EHBD morphogenesis.

Prox1
The Prospero-related homeobox 1 (Prox1) transcription factor is already expressed in 
the hepatic epithelium by ED8.5 (17). In Prox1-/- embryos, a liver bud is formed, but 
fails to proliferate, because the basal lamina surrounding the bud is not degraded and 
disturbs invasion into the STM (18). The liver of a Prox1-/- liver is smaller than that of a 
wild-type embryo, and its hepatocytes remain clustered, even though the mesodermal 
components, including the definitive haematopoietic progenitors are present. The Tbox 
transcriptional repressor (Tbx3), which may act upstream of Prox1, also regulates 
delamination and expansion of the liver bud. Tbx3-/- hepatoblasts express reduced 
amounts of Hnfα, C/ebpα and Albumin, whereas Hnf6 and Hnf1β were increased. These 
findings indicate that Tbx3 promotes the hepatic fate and represses the cholangiocytic 
fate in the liver bud (19).

Transcription factors involved in biliary development
Hnf6 and Hnf1β
The Hepatocyte Nuclear Factor 6 (Hnf6, Onecut1), is expressed in the liver bud and, 
at later stages, in hepatocytes and biliary epithelial cells of the IHBDs, EHBDs and 
gallbladder (20). Hnf6-/- mice livers have an abnormal morphology of IHBDs and 
EHBDs. 
Hnf6-/- fetuses at ED10 did not develop a gallbladder primordium. Furthermore, they 
did not show development of a proper ductal plate around ED15. The disorganized 
biliary structures with intrahepatic biliary cysts resulted neonatally in a cholestatic 
syndrome with a death rate of ~75% between postnatal day (P) 1 and P10. The EHBDs 
were enlarged. In Hnf6-/- mice, Hnf1β expression was virtually abolished between at 
ED12.5 and ED14.5, but was restored at P3 (20). Hnf1β, therefore, appears to be 
responsible for most of the effects of Hnf6 on bile-duct development. In agreement, 
liver-specific deletion of Hnf1β with AlfpCre results in a liver phenotype that resembles 
Hnf6-/- mice (21), while Hnf6 expression levels were unaffected in these mice. 

C/ebpα
CCAAT/Enhancer Binding Protein alpha (C/ebpα) is one of the markers of hepatoblasts 
which becomes suppressed in biliary epithelial cells (22). In C/ebpα-/- mice, which die 
perinatally due to hypoglycemia and hyperammonemia, no bile ducts develop. Instead, 
the hepatoblasts develop into pseudoglandular structures, which interfere with the 
establishment of normal hepatic plates (22, 23). The cells lining the pseudoglandular 
structures have both biliary and hepatocyte characteristics, with upregulation of Hnf6 
and Hnf1β expression (22). These results suggest that downregulation of Cebpα leads 
to improper commitment of hepatoblasts to the biliary and hepatocytic fate.

Introduction



Chapter 5 Introduction part II94

Tgfβ
Transforming Growth factor β (Tgfβ) acts, together with BMP, as a developmental timer 
during liver specification  (24). Tgfβ signaling occurs as a gradient with high activity 
near the portal vein and lower activity in the parenchyma (1, 7). To circumvent the 
embryonic lethality of most Tgfβ-pathway knockouts (25), anti-Tgfβ antibodies were 
administered to pregnant mice. In the resulting embryos, the number of cytokeratin-
positive cells was reduced and the biliary basal lamina absent (26). In vitro, TGFβ 
promoted promoted cholangiocyte differentiation of hepatoblasts (7, 26). Tgfβ 
expression was increased in Hnf6 knockouts (26), suggesting that Hnf6 suppresses 
Tgfβ expression in the parenchyma and allows Tgfβ accumulation near the portal vein 
to facilitate segregation of the hepatocytic and biliary lineages.

Sox9 
SRY-related HMG box transcription factor 9 (Sox9) is the earliest biliary marker 
known thus far (7). Expression is first detected in endodermal cells lining the 
hepatic diverticulum, but is absent during the invasion of hepatoblasts into the STM. 
Sox9 becomes re-expressed at ED11.5 in a subset of cells near the portal veins. 
Thereafter, its expression remains restricted to the biliary lineage (7). Liver-specific 
deletion of Sox9 with AlfpCre impairs the timing of the maturation of primitive ductular 
structures (PDS). PDS are normally asymmetrical, with Hnf4α being expressed on the 
parenchymal side and Sox9 on the portal side. By the end of gestation at ED18.5, all 
cells lining the maturated bile ducts express Sox9 (and E-cadherin) and are negative 
for Hnf4α. In Sox9-/- livers, however, this phenotypic maturation of the bile ducts is 
delayed for one week, therefore it was suggested that biliary development proceeds 
according to a mode of tubulogenesis characterized by transient asymmetry, whose 
timing is controlled by Sox9. (7).

The Notch pathway in biliary development
The Notch signaling pathway is highly conserved throughout evolution and plays 
an important role in cell fate determination by way of cell-cell contacts. Mammals 
express four Notch receptors (NOTCH1-4) with five ligands (DLL1, DLL3, DLL4, 
JAGGED1 and JAGGED2). DNA binding of the Notch intracellular domain via Rbp-J 
leads to transcriptional activation of Notch effector genes, such as Hes1 (27). The 
best established role for the Notch pathway in liver development is the involvement 
of NOTCH2 in Alagille syndrome, a rare hereditary disorder, which is characterized 
by impaired differentiation of the IHBDs and chronic cholestasis, among with other 
developmental abnormalities (28). Liver-specific deletion of Notch2 is sufficient to 
induce the liver abnormalities seen in Alagille syndrome and results in livers with a 
reduced amount of mature bile ducts postnatally, with intact ductal plate formation (29, 
30). From these observations it was concluded that Notch2 is mainly required for IHBD 
morphogenesis and indispensable for cholangiocyte fate determination. In agreement 
with this hypothesis, mice livers lacking  the Notch downstream effector Hes1, show 
normal ductal plates without tubular structures late embryonically (31). 
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However, both Notch2 knockout studies were conducted with the AlbCre recombinase, 
which becomes expressed relatively late during embryonic development, thus the 
possibility remains that inactivation of Notch2 occurred after or during the time 
point of hepato-biliary specification, still allowing Notch2 to regulate biliary cell fate. 
Additionally, early liver-specific knockout of  the Notch DNA-binding co-factor Rbpj, 
with Foxa3Cre, led to a more severe, but comparable phenotype with a reduced number 
of ductal plate cells on ED16.5 and a significant decrease in the number of bile ducts at 
postnatal day 0, suggesting that Notch signaling could indeed regulate cholangiocyte 
cell fate (32). 

In conclusion, during biliary development there is an intricate network of transcription 
factors regulating cholangiocyte lineage segregation and/or biliary morphogenesis, with 
Hhex, Hes1, Notch2 and Hnf6 on top of the signaling cascade and Hnf1β, Tgfβ, Sox9, 
Foxa1/2, C/ebpα as downstream factors, however, the interplay in time between these 
factors remains to be fully elucidated.

Introduction
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Abstract 

The Notch pathway plays an acknowledged role in bile duct development, but its 
involvement in cholangiocyte fate determination remains incompletely understood. We 
investigated the effects of early Notch2 deletion in Notch2fl/fl/Alfp-Cretg/- (“Notch2-cKO”) 
and Notch2fl/fl/Alfp-Cre-/- (“control”) mice. Neonatal Notch2-cKO livers were completely 
devoid of cytokeratin19 (CK19)-positive ductal structures, demonstrating absence 
of embryonic cholangiocyte differentiation. Despite extensive cholestatic necrosis, 
mortality was only ~15%. Surprisingly, isolated CK19- and annexinIV-positive cells 
appeared near portal tracts after weaning and a few small bile ducts were formed at 6 
weeks. Despite extensive liver fibrosis, jaundice had disappeared in ~30% of Notch2-
cKO mice by 6 months. Bile ducts formed postnatally resembled the atypical ductular 
reaction histologically. Notch2 and Hnf6 mRNA levels were permanently decreased in 
Notch2-cKO livers, implying that Hnf6 depends on Notch2 signaling. Foxa1, Foxa2, 
Hhex, Hnf1β, Cebpα and Sox9 mRNA levels were all significantly lower than controls 
perinatally, but all except Foxa2 returned to normal or increased levels after weaning, 
coincident with the observed secondary bile duct formation. Interestingly, Hhex 
and Sox9 mRNA levels remained elevated in icteric 6 months old Notch2-cKOs, but 
decreased to control levels in non-icteric Notch2-cKOs, implying a key role in secondary 
bile duct formation. Expression of the Fxr target Shp was elevated at 6 weeks, but 
no longer at 6 months, suggesting that bile acids are necessary to initiate, but not to 
expand secondary bile duct development. Conclusion: Notch2 deficiency causes bile 
duct agenesis, yet allows for slow, secondary bile duct formation after weaning that 
resembles the atypical ductular reaction. 
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Introduction

In mice, the hepatic diverticulum is formed on embryonic day (ED)9 and gives rise to 
the liver and all intrahepatic bile ducts (1, 2). Half a day later, hepatoblasts separate 
from the diverticulum  and invade the adjacent septum-transversum mesenchyme 
(1). These hepatoblasts are bipotential and can either differentiate into hepatocytes 
or cholangiocytes. The developing intrahepatic biliary tree is continuous with the 
extrahepatic bile ducts (3, 4).

The morphogenesis of the intrahepatic bile ducts is similar in humans and rodents, 
and proceeds stepwise (5). In ED14.5 mice, the hepatoblasts bordering the large 
portal tracts begin to express cholangiocyte-specific marker proteins (cytokeratin19 
(CK19) and EpCAM) and transform the next day into the single-cell layered “ductal 
plate” (5, 6). Around ED15.5, the ductal plate becomes bilayered and begins to 
remodel by forming focal dilations between the two cell layers to form the lumina of 
“primitive ductular structures”. The parts of the ductal plate that do not form patent 
ducts regress. In the final stage, which starts around birth, the ducts are incorporated 
into the portal mesenchyme (5). The process of intrahepatic bile duct morphogenesis 
proceeds along a gradient from the hilum to the periphery of the liver, so that the 
smallest portal-vein branches in the liver periphery are still surrounded by ductal plates 
at birth (2).

The Notch signaling pathway is highly conserved throughout evolution and plays an 
important role in cell-fate determination by way of cell-cell contacts. Mammals express 
four Notch receptors (Notch1-4) with five canonical ligands (Delta-like ligand 1 (Dll1), 
Dll3, Dll4, Jagged1 and Jagged2). When a ligand binds a Notch receptor, proteolytic 
cleavage releases the Notch intracellular domain from the membrane, so that it can 
enter the nucleus and form a transcriptionally active complex with DNA-binding partner 
Rbp-j (Recombination signal-binding protein for immunoglobulin kappa J region) and a 
tissue-specific transcription factor (7). The best established role for the Notch pathway 
in liver development is the involvement of NOTCH2 and JAGGED1 in Alagille syndrome, 
a rare hereditary disorder with multiple developmental abnormalities, including bile 
duct paucity (8, 9). Liver-specific Notch2 deficiency or haplo-insufficiency of Jagged1 
and Notch2 in mice is sufficient to induce the bile duct abnormalities seen in Alagille 
syndrome (8, 10, 11). Two studies (10, 11) used transgenic Albumin-Cre mice to bring 
about liver-specific deletion of Notch2. Since this transgene becomes expressed late 
embryonically (12), probably after the time point of hepato-biliary differentiation, it 
was concluded that Notch2 is required for proper intrahepatic bile duct morphogenesis, 
but its role in cholangiocyte fate decisions remained unclear (10, 11). Liver-specific 
deletion with Foxa3-Cre or Alfp-Cre transgenes should lead to deletion before the 
onset of hepato-biliary differentiation, with Cre recombinase activity becoming active 
around ED8.5 and ED10.5, respectively (13, 14). Early liver-specific deletion of the 
Notch DNA binding partner Rbp-j with Foxa3-Cre caused a reduction in the number 
of ductal-plate cells at ED16.5 and postnatal day 1 (D1), and a significant decrease 
in the number of bile ducts on ND1, whereas later ablation with Alfp-Cre left ductal-
plate formation intact, but caused a significant reduction in the number of bile ducts 
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postnatally (6). These findings show that the Notch2/Rbp-J complex controls multiple 
steps in biliary development, including the initial differentiation of cholangiocytes, but 
they are not conclusive with respect to the role of Notch2 in determining cholangiocyte 
differentiation. 

In the present study, we investigated the consequences of Notch2 ablation before the 
onset of hepato-biliary differentiation by crossing Notch2fl/fl mice with Alfp-Cre mice. 
In Alfp-Cre mice, the addition of the far-upstream α-Fetoprotein enhancer elements 
to the Albumin promoter mediates Cre recombinase expression and activity around 
ED10.5 (13), which is well before the initiation of intrahepatic bile duct formation. We 
were able to show that Notch2 is indispensable for cholangiocyte differentiation and 
subsequent ductal plate formation. Unexpectedly, we found that these mice developed 
a Notch2-and Hnf6-independent program of cholangiocyte differentiation after weaning 
and that this program involved most of the other transcription factors associated with 
embryonic bile duct development. The small functional network that had developed was 
sufficient to resolve the icteric state in ~30% of cases. 

Introduction
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Animals 
All mice (mixed FVB/C57Bl6 background) were maintained on a 12h light/12h dark 
cycle with free access to water and food. For early hepatocyte-specific deletion of 
Notch2, Notch2fl/fl mice (15) were crossed with Alfp-Cre mice (13). Toe DNA was used 
to genotype Notch2fl/fl/Alfp-Cretg/- mice (further designated Notch2-cKOs) and their 
Notch2fl/fl/Alfp-Cre-/- littermates (controls). Primer sequences are given in Table S1 
in supplementary material. The studies were carried out in accordance with Dutch 
guidelines for the Care and Use of Laboratory Animals and approved by the AMC 
supervisory committee.

primers used for qRT-PCR analysis 5’-3’

Notch2 floxed
TAGGAAGCAGCTCAGCTCACAG N2-L7 (McCright 2006

ATAACGCTAAACGTGCACTGGAG N2-L8 (McCright 2006)

Notch2 spliced 
GCTCAGCTAGAGTGTTGTTCTTG N2-L3 (McCright 2006)

ATAACGCTAAACGTGCACTGGAG N2-L8 (McCright 2006)

Cre
GGTTCGCAAGAACCTGATGGACAT

GCTAGAGCCTGTTTTGCACGTTCA

Tissue collection
For embryonic liver isolation, noon of the day of the detection of a vaginal plug was 
designated as embryonic day (ED) 0.5. To confirm the gestational age, the crown-
rump length of the embryo was measured and compared with the Table of Rugh (16). 
Livers from Notch2-cKOs and their littermate controls were collected on ED16.5, 
neonatal day 1 (D1), postnatal day 21 (D21), D42, D180 and D365+ for histology, 
immunohistochemistry and RNA isolation. 

Histology and Immunohistochemistry
Livers were fixed overnight in 4% buffered formaldehyde, embedded in paraffin and 
sectioned at 4 or 7 µm thickness. For histological examination, 4µm sections were 
stained with Hematoxylin & Eosin (H&E), Sirius red or PAS. For immunohistochemistry, 
7 µm sections (immunohistochemistry) were deparaffinized, hydrated in graded 
alcohols, heated for 10 min at 120º C, 1 kPa in 10 mM sodium citrate (pH 6.0) to 
retrieve antigens, blocked in TENGT (10mM Tris (pH 8.0), 5 mM EDTA, 150 mM NaCl, 
0.025% (w/v) gelatin, 0.05% (v/v) Tween-20) and incubated overnight with polyclonal 
rabbit antibodies against cytokeratin 19 (CK19; home-made), annexinIV (17), Ki67 
(ab15580 Abcam, Cambridge UK), and Carbamoylphosphate Synthetase (CPS; (18)) 
diluted 1:1,000, 1:5,000, 1:400, and 1:1,000, respectively, in TENGT. Monoclonal 
Glutamine Synthetase (GS; BD Transduction Laboratories Breda, The Netherlands) was 
diluted 1:1,000 in TENGT. After washing 3 times in Phosphate-Buffered Saline (PBS), 
sections were incubated with alkaline phosphatase-labeled goat-anti-rabbit antibody 

Materials and Methods

Table S1 Primers used for genotyping 
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(A418 Sigma, Zwijndrecht, The Netherlands), diluted 1:200 in TENGT, for 1.5 hour or 
goat-anti-mouse antibody (Sigma), diluted 1:100 in TENGT. The sections were then 
washed 3 times in PBS, followed by visualization of bound alkaline phosphatase with 
nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate (NBT/BCIP 1:50; 
Roche, Woerden, The Netherlands). After quick dehydration in graded alcohols, the 
sections were mounted with Entellan (Merck, Darmstadt, Germany) and photographed 
with a Leica DMRA2 microscope equipped with a DC300 camera.

Gallbladder cannulation and resin casting of intrahepatic bile 
ducts
Six-month old mice were anaesthetized by intraperitoneal injection of 0.1 mL/5 g body 
weight FFD (hypnorm (fentanyl/fluanisone) and diazepam) and placed on a heat pad 
to maintain body temperature. After opening the abdomen and ligating the common 
bile duct, the gallbladder was cannulated with 4 cm “Fine-Bore Polyethylene Tubing” 
(0.4 (ID)*0.8 (OD) mm; Smiths Medical International, Hytthe, Kent, UK). The cannula 
was fixed with a ligature and Histoacryl tissue glue (n-butyl-2 cyanoacrylate; B. 
Braun Melsungen AG, Germany). Bile was collected for 45 min. The bile duct tree was 
visualized by resin casting as described (19): 75-100 µL liquid Mercox II Resin (20 mg 
resin mixed with 0.5 mL benzoyl peroxide (40%); Ladd Research, Williston, VT, USA) 
was pumped retrogradely at 25 µL/min into the bile duct tree. After polymerization, the 
entire liver was removed and placed in warm tap water for 10-30 minutes for curing, 
followed by overnight maceration of the liver tissue at room temperature in 15% KOH. 
Casts were rinsed with water. 

Analysis of bilirubin and bile salts in bile and plasma.
Concentrations of bilirubin mono- (BMG) and diglucoronide (BDG), unconjugated 
bilirubin (UCB), and bile salts in bile and plasma were determined by reverse-phase 
HPLC (20). In brief, 100 µL diluted bile or deproteinized plasma was applied to a 
Hypersil C18, 3 µm, 15 cm HPLC column (Thermo Scientific, Breda,The Netherlands). 
The starting eluent consisted of 6.8 mM ammoniumformate (pH 3.9), followed 
by several steps of linear gradients of acetonitrile (Biosolve, Valkenswaard, The 
Netherlands). Detection was performed using a Nano Quantity Analyte Detector 
(NQAD) QT-500 (Quant technologies, Blaine, USA). The respective bile-salt species 
were identified using calibration curves.

Statistics
Data are shown as mean ± SEM of 4-9 animals per group. Statistical significance of 
differences was determined by the Kruskal-Wallis one-way ANOVA nonparametric test. 
Significance was set at P values ≤0.05.

Materials and Methods
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Quantitative PCR 
Total liver RNA was isolated using the Trizol reagent (Invitrogen, Breda, The 
Netherlands). Two µg purified RNA was reverse transcribed with SuperscriptIII Reverse 
Transcriptase (Invitrogen, Breda, The Netherlands). Quantitation was carried out in the 
LC480 apparatus with SYBR green (Roche). Primers were intron spanning, designed 
with Primer3 software at the supplied default settings (http://frodo.wi.mit.edu). Primer 
sequences are given in Table S2 in the supplemental material. mRNA levels were 
quantified using an established algorithm (21). This algorithm estimates the baseline 
by reconstructing the log-linear phase downward from the early plateau phase of the 
PCR reaction and determines PCR efficiency per sample by fitting a regression line 
to the data points in the log-linear phase. The mean of these PCR efficiencies per 
amplicon is used in the calculation of the starting mRNA concentration of the samples. 
mRNA levels were normalized with 18S rRNA.

Gene primers used for qRT-PCR 
analysis 5’-3’

Gene primers used for qRT-PCR 
analysis 5’-3’

Notch1 TGCCTTCCTAGGTGCTCTTG
TGGTCTCCAGGTCTTCGTCT

Hnf4α AAATGTGCAGGTGTTGACCA
CTCACGCTCCTCCTGAAGAA

Notch2 CCAGGATTCACAGGAGAGGA
CATTTTCGCAGGGATGAGAT

Tgfβ1 AGCCCGAAGCGGACTACTAT
TCCACATGTTGCTCCACACT

Notch3 CCAGGGTGTCTTCCAGATTC
CAAGGTAGCTCCACGTTGT

TgfβR2 CGGAAATTCCCAGCTTCTGG
TTTGGTAGTGTTCAGCGAGC

Notch4 GGCCCGATGTGAGAAAGACA
TGCAGGAGCCACATTGAGA

Hhex GGACGGTGAACGACTACACG
GCCTTTCCTTTTGTGCAGAG

Jagged1 AAGGCTTCACCGGCACCTACT
GTTCGGCAGGCAGCTACTGTT

Sox17 AGCTCCAGAAACTGCAGACC
GGGGAAATAGGAAGGCTGAA

Hes1 ATCATGGAGAAGAGGCGAAGG
CCTCACACGTGGACAGGA

Sox9 AGCTCCAGAAACTGCAGACC
GGGGAAATAGGAAGGCTGAA

Dlk1 ATGCTTCCTGCCTGTGC
GCACGGGCCACTGGC

Ck19 TGCTGGATGAGCTGACTCCTG
AATCCACCTCCACACTGAACC

Hnf1β GCAAACCGCCGGAAGGAAG
GGTTCTGAGATTGCTGGGG

Integrinβ4 GACCTATGAAGAAGGTGCTC
GCTCAGATGCGTGCCATATAG

Hnf6 CCCTGGAGCAAACTCAAGTC
TTGGACGGACGTTATTTTC

Fxr AACAGAAATGGCAACCAGTCATG
CAAAGCAATCTGATCTTCGTGATC

Foxa1 (HNF3α) CATGAGAGCAACGACTGGAA
TTGGCGTAGGACATGTTGAA

Shp AGCTGGGTCCCAAGGAGTAT
TGATAGGGCGGAAGAAGAGA

Foxa2 (HNF3β) GTACAGGCAAAGAATCAAAGA
TTGCTCACGGAAGAGTAGC

18S TTCGGAACTGAGGCCATGAT
CGAACCTCCGACTTTCGTTCT

Table S2 Primers used for qPCR
All qPCR primers were designed to span an intron.

Materials and Methods
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Results

Early liver-specific deletion of Notch2 leads to agenesis of 
intrahepatic bile ducts
Excision of the Notch2 gene in crosses of Alfp-Cre and Notch2fl/fl mice was examined at 
ND1 and only observed in genomic DNA of Notch2-cKO livers (Figure 1A). Notch2-cKO 
mice were born at the expected Mendelian frequency, but were ~30% smaller than their 
control littermates. The growth retardation persisted throughout life (Figure 1B, C). 
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Figure 1 Liver-specific excision of Notch2 and phenotype of Notch2-cKO mice
Panel A: PCR analysis of Notch2fl/fl alleles in genomic DNA at D1. Lanes 1, 2: 1,500 bp band of 
intact Notch2 allele in control liver and spleen, respectively; lane 3: 500 bp band of deleted Notch2 
allele in a Notch2-cKO liver; lane 4: intact Notch2 allele in the corresponding spleen. Asterisks: 
nonspecific band in control mice. Panel B: Notch2-KO mouse (left) and a control littermate (right) 
on D21. Panel C: early Notch2 deletion causes permanent ~35% reduction in body weight of 
Notch2-cKOs (black bars) compared to controls (white bars) (*: p<0.05). Figure 2
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Figure 2 CK19 expression 
in ED16.5 livers of Notch2-
cKO and control mice
Panel A: control liver with 
ductal plate as single-cell, 
CK19+ layer around large 
portal veins (p) near liver 

hilum (arrows: CK19+ extrahepatic bile ducts; arrowheads: CK19+ liver capsule). Panel B: large 
portal vein in different ED16.5 control liver, surrounded by both CK19+ single layered ductal plate 
(magnification: orange inset) and developing luminal structures (magnification: black inset). Panel C: 
ED16.5 Notch2-cKO liver with total absence of CK19+ structures around large portal vein near hilum. 
Note presence of CK19+ epithelium of esophagus (e) and liver capsule (arrowhead). c: central vein.
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To assess intrahepatic bile duct formation, livers of Notch2-cKO and control mice were 
stained for the biliary markers CK19 and AnnexinIV, which showed comparable staining 
patterns. Control livers showed extensive ductal plate formation on ED16.5, with 
already a few tubular structures around large portal veins near the liver hilum (Figure 
2A, B) and on ND1 both mature bile ducts and ductal plate remnants were present 
around the large portal veins (supplemental Figure S1a- c). In contrast, in Notch2-cKO 
livers a complete absence of ductal plate formation was seen in ED16.5 (Figure 2C), 
with absence of bile ducts at ND1 (supplemental Figure S1d-h). Liver-specific Notch2 
ablation did not affect extrahepatic bile duct development (Figure S1h in supplemental 
material). Despite the complete lack of bile ducts, the majority of Notch2-cKOs 
survived, with an overall mortality of only ~15% (12 deaths among 95 Notch2-cKO 
mice) during the first 6 postnatal weeks.Supplemental Figure 1
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Figure S1 CK19 expression in D1 liver of  Notch2-cKO and control mice
Panels a, d, and g: sections stained for the presence of glutamine synthetase (GS) of D1 control 
(a), and Notch2-cKO (d,g) livers. Note selective staining of GS in pericentral hepatocytes; portal 
veins are marked by asterisks. Panels b, c: serial sections of panel a stained for annexinIV and 
CK19, respectively. Portal veins (asterisks) are associated with one bile duct and ductal plate 
remnants. Note similarity of annexinIV and CK19 staining, except for higher background in 
annexinIV-stained sections. Panels e, f (serial sections of panel d): total absence of annexinIV 
and CK19 staining, respectively, around portal veins in Notch2-cKO livers. Panel h (serial section 
of panel g): D1 Notch2-cKO liver stained for the presence of CK19, with only the extrahepatic bile 
duct expressing CK19. Scale bar in panel a is applicable to panels b-h.

Results
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Figure 3
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Results

Notch2 deletion causes cholestatic necrosis in the liver, but 
permits secondary bile duct formation after weaning
In D21 control livers, only mature bile ducts were found (Figure 3A). All D21 Notch2-
cKO mice that were sacrificed (n=9) were severely icteric. While the parenchymal 
tissue surrounding some large portal veins in D21 Notch2-cKO livers was still 
completely devoid of CK19-positive cells (Figure 3B), other large portal veins revealed 
the presence of scattered CK19-positive cells (Figure 3C) that resembled those 
normally seen in early stages of ductal-plate formation. Inspection of the surface and 
sections of livers of D21 Notch2-cKO mice also revealed multiple pale patches (Figure 
3B, marked by n) that were due to necrosis (see next section). Irrespective of their 
serious cholestatic condition, some of D42 Notch2-cKO livers showed, when compared 
with D21 Notch2-cKOs, further development of CK19-positive ductal plate-like 
structures into tubular structures around large portal veins (Figure 3D-E), indicative of 
ongoing bile duct formation. 

Figure 3 CK19 expression in D21 and D42 livers of Notch2-cKO and control mice
Panels A, D: control livers of D21 and D42 mice, respectively, with CK19+ bile ducts around large 
portal veins (p). Panel B: D21 Notch2-cKO livers may (B) or may not (C) have developed short, 
single cell-layered, CK19+ strands around portal veins (arrows in C and magnification in inset). 
Note pale, necrotic area (n) in B. Panels E, F: D42 Notch2-cKO livers contain both single CK19+ 
cell-layered strands (E and magnification in inset) and luminal structures (F and magnification in 
inset). Panel G: area around large portal vein of Notch2-cKO liver with irregular CK19+ cell strands 
resembling ductal-plate formation. p: portal vein; c: central vein. Scale bar in panel A is applicable 
to panels B-F.
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Routine H&E-stained histology revealed varying stages of necrosis in D42 Notch2-
cKOs. Established lesions were pale, with the cellular membrane and nucleus still 
vaguely visible, whereas fresh, expanding lesions stained darker and were surrounded 
by 2-4 rows of densely staining, dying hepatocytes. The fresh lesions were surrounded 
by inflammatory infiltrates (Figure 4A). These features are typical for cholestatic 
hepatocyte injury (22). In agreement with this conclusion, serum alkaline phosphatase 
(AF), alanine aminotransferase (ALAT) and aspartate aminotransferase (ASAT) levels 
were 5-10-fold increased in D21 and D42 Notch2-cKOs (data not shown). 

The size of the liver of newly weaned and adolescent Notch2-cKO mice was ~2-fold 
bigger than that of control mice, with the biggest increase seen at 6 weeks (Figure 
4B). To determine whether the increase in cell death caused a regenerative response, 
livers were stained for the proliferative marker Ki67. Notch2-cKO livers contained an 
increased number of Ki67-positive nuclei compared to control livers (Figure 4C, D). 
Proliferation was found both in hepatocytes, cholangiocytes, and non-parenchymal 
cells. All D42 Notch2-cKO mice examined (n=8) were still severely icteric. 
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Figure 4 Liver architecture and proliferation in D42 Notch2-cKO and control mice 
Panel A: H&E-stained image of D42 Notch2-cKO liver with two necrotic areas (n). Notice the 
surrounding inflammatory cells (arrow) p: portal vein. Panel B: liver/body-weight ratio at D21, D42 
and D180 of Notch2-cKOs (black bars) and control mice (white bars; *: p<0.05). Panels C, D: Ki67 
expression in D42 control and Notch2-cKO liver, respectively, in comparable peripheral areas. Notice 
increased amount of Ki67 positive nuclei in Notch2-cKO liver (parenchymal cells: large nucle and 
non-parenchymal cells: small nuclei). Scale bar in panel A is applicable to panels C and D. 
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The newly formed tubular structures resemble the atypical 
ductular reaction, with some ducts acquiring a communication 
with the extrahepatic bile ducts 
Unexpectedly, some of the surviving Notch2-cKO mice were no longer icteric when 
sacrificed at or after 6 months (n=5), whereas severe icterus persisted in others 
(n=11). All Notch2-cKO livers at this age contained CK19-positive tubular and ductal 
plate-like structures, but their structural organization varied considerably from liver to 
liver. Some knockout livers contained mostly disorganized ductal plate-like structures 
that extended away from the portal tracts (Figure 5B), whereas others contained 
dilated ducts (Figure 5C-E) that sometimes formed tangles (Figure 5D). These features 
resemble the atypical ductular reaction that is associated with longstanding hepatic 
biliary obstruction (23-25). 

On inspection, all D180+ Notch2-cKO livers were pale and stiff. Histological 
examination showed continued development of necrotic areas in icteric mice, while 
picro-Sirius red staining revealed severe fibrosis (Figure 6B and C) in both the icteric 
and non-icteric mice. Furthermore, regenerative nodules (adenomas) with only sparse 
collagen deposition were seen in some icteric livers (Figure 6C and supplemental Figure 
S2). These features are characteristic for cholestatic fibrosis. The chronic nature of 
the cholestasis was also evident from the pathology seen in the kidney (supplemental 
Figure S3).
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Figure 5 CK19 expression in D180 livers of Notch2-cKO and control mice
Panel A: D180 control liver with peripheral portal veins mostly associated with a single CK19+ bile 
duct. Panel B, C: livers of two icteric Notch2-cKO mice (N2KO) with highly irregular CK19+ strands 
near portal veins, but also extending deep into the parenchyma (B). Higher magnification (inset): 
CK-19+ structures with and without lumina. Panel C: aberrantly shaped bile ducts around portal 
veins. Panel D, E: livers of two non-icteric Notch2-cKO (N2KO-NI) mice with a cluster of dilated bile 
ducts with (D) or without tangles (E). Scale bar in panel A is applicable to panels B and C.
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Since ~30% of the 6-month old Notch2-cKO mice were no longer icteric, we assessed 
the functionality of their newly formed bile duct system. Plasma bilirubin and bile-salt 
levels in Notch2-cKO mice varied from non-detectable to ~180 µM (total bilirubin) 
and 6 mM (total bile salts), respectively, in agreement with our observation that 
Notch2-cKO mice of this age could be both non-icteric and icteric (Figure 6D). The 
hyperbilirubinemia was of the conjugated type as expected from an obstructive 
cholestasis (supplemental Figure S4a). Bile production varied widely among Notch2-
cKO mice and could not be accurately measured. However, if bile was produced, it 
contained a high concentration of bilirubin conjugates and bile salts (Figure 6D). High 
plasma bilirubin levels paralleled high plasma bile-salt levels (R2 = 0.7, supplemental 
Figure S4b). These data demonstrate that Notch2-cKO mice that remained icteric did 
not develop a draining bile duct system. We observed mice at 1 year of age and older 
that had remained icteric and did not excrete bilirubin conjugates or bile salts via the 
bile duct, demonstrating that a functional bile duct system never developed in a subset 
of Notch2-cKO mice. 
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Figure 6 Biliary cirrhosis, and 
bilirubin and bile salt levels in 
plasma and bile of D180 Notch2-
cKO and control mice
Panels A-C: Sirius red-stained 
sections of D180 control (A) 
and two Notch2-cKO (B, C) 
livers. Notch2-cKO livers show 
extensive collagen deposition, 
with “bridging” fibrosis between 
vessels (arrows). Panel C: two 
adenomas (a) surrounded by 
a capsule. Sacel bar in panel 
A is applicable to panels B and 
C. Panel D: plasma and biliary 
bilirubin levels in Notch2-cKO 
and control mice. Note high 

plasma bilirubin and bile-salt levels in icteric Notch2-cKO mice (N2KO) and normalized levels in 
non-icteric Notch2-cKO mice (N2KO-NI). These differences were less pronounced in bile.



Chapter 6 Notch2 is required for cholangiocyte differentiation112

Supplemental Figure 2
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Figure S2 Liver Histology of 1-year old Notch2-cKO mouse with adenoma 
Panels a and b: sections stained with H&E and PAS to show adenoma (ad) that is identifiable by a 
“distension” line (black asterisks) and the absence of glycogen. Panels c and d: The expression of 
CarbamoylPhosphate Synthetase (CPS; panel c) was lost in some adenomas, whereas that of GS was 
lost in others (panel d). p: portal vein, c: central vein.
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Figure S3 Renal signs of chronic cholestasis
Panels a and c: D180 control (a) and Notch2-cKO (b) kidney stained with H&E reveal degenerative 
glomeruli (arrowheads) and cyst formation (asterisks) in Notch2-cKO mice. 
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To definitively demonstrate that non-icteric Notch2-cKO mice had developed a patent 
bile duct system with a connection to the extrahepatic bile duct, we injected Mercox 
resin into the cannulated gall bladder. The mice that remained icteric had, as expected, 
no connected intrahepatic bile ducts and, at best, some bead-like structures in the liver 
hilum (Figure 7B). However, Notch2-cKO mice that were no longer icteric produced bile 
and allowed the production of a cast of their newly formed, small bile duct tree (Figure 
7C). Based on the size of these casts (n=3), we estimate that bile drainage from ~15% 
of the liver suffices to resolve the icterus.

Supplemental Figure 4

A B

Figure S4 Hyperbiliribinemia in Notch2-cKOs correlates with high conjugated bile-salt levels
Panel a: bilirubin-mono-glucuronide (BMG) and di-glucuronide (BDG), unconjugated bilirubin (UCB), 
and total bilirubin (TB) in plasma of icteric Notch2-cKOs (n=11). Total bilirubin in control plasma 
was <5 µmol/L (Fig. 6E). Panel b: high plasma bilirubin levels correlated with high plasma bile salt 
levels in Notch2-cKOs (R2 0.7; p<0.001).

Figure 7 3D continuity of the biliary tree in D180 livers of Notch2-cKO and control mice
From right to left, 3D continuity of proximal bile duct tree of D180 control (A), icteric Notch2-
cKO (B) and no-longer icteric Notch2-cKO (C) mice after retrograde injection of Mercox® via the 
gallbladder. Note the small biliary tree in no-longer icteric Notch2-cKO mouse (arrows: dilated 
cannulated bile duct). In icteric Notch2-cKO mouse, liquid Mercox only accumulated in dilated 
tangles near liver hilum.
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Results

Early Notch2 ablation leads to altered expression of biliary 
transcription factors
Notch2 mRNA expression was permanently decreased in Notch2-cKOs, its levels 
varying from ~50% of controls at ED16.5 to ~25% of controls after birth (Figure 8). 
These percentages correspond with the contribution of non-parenchymal (and, hence, 
non-recombined) liver cells to the liver and the decline of this population with age (26). 
Hnf6, a key regulator of cholangiocyte differentiation (27, 28), was downregulated to a 
similar extent as Notch2 in Notch2-cKO livers (Figure 8), implying that the expression 
of Hnf6 depends quantitatively on that of Notch2. Importantly, no difference in Notch2 
and Hnf6 expression was found between D180 icteric and non-icteric Notch2-cKO mice. 

The mRNA expression of both Hhex, one of the earliest transcription factors expressed 
in the liver bud and later involved in bile duct morphogenesis (29), and Sox9, the 
earliest bile duct-specific transcription factor and involved in the timing of ductal 
plate remodeling (30), was unaffected by Notch2 deficiency before birth, but at ND1 
their mRNA levels were significantly downregulated in Notch2-cKOs, indicating that 
their expression at this stage was also dependent on Notch2 signaling. Thereafter, 
however, the abundance of Hhex and Sox9 mRNAs no longer correlated with Notch2 
expression. Hhex mRNA levels normalized at D21, increased at D42 and became 
significantly upregulated in D180 icteric Notch2-cKOs, while Sox9 levels were already 
significantly upregulated at D21 in such mice (Figure 8). Interestingly and intriguingly, 
Hhex and Sox9 mRNA levels in D180 Notch2-cKO mice that were no longer icteric, 
had normalized to control levels (Figure 8). Since Notch2-cKO mice are cholestatic and 
since Hhex is a target of the bile-acid receptor Farnesoid X Receptor (Fxr) (31), we also 
investigated the mRNA expression of Fxr and its other well-established target Shp (32, 
33). Figure 8 shows that Fxr expression was not affected by Notch2 deficiency, but that 
Shp expression was elevated in Notch2-cKO mice at D21 and D42, but no longer at 
D180, irrespective of whether the animal was icteric or not. 
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Results

The expression of Hnf1β, a well-established downstream target of Hnf6 (34, 35), 
initially followed the expression pattern of Hnf6 (on ED16.5 and D1), but was no longer 
suppressed at and after D21 (Figure 8). Foxa1 and Foxa2, which are involved in early 
liver specification and, thereafter, in the regulation of cholangiocyte proliferation (14, 
36), were like Hhex and Sox9, unaffected by Notch2 deficiency before birth, but had 
become significantly downregulated at ND1 and D21. However, from D21 onwards, 
the mRNA abundance of Foxa1 no longer correlated with Notch2 expression. Notch-
pathway members Jagged1 and Notch3 became significantly upregulated in knockout 
livers at and after D42 (Figure 8), but the expression of other Notch-associated genes, 
such as Notch1, Notch4, Dlk1and Hes1, were not different between Notch2-cKO and 
control liver (supplemental Figure S5). Neither Hnf1β, Foxa1, Foxa2, Jagged1, nor 
Notch3 differed in mRNA level between icteric and non-icteric D180 Notch2-cKO mice 
(not shown). 

Figure 8 Expression of biliary transcription factors in Notch2-cKO and control mice
Hepatic mRNA levels of Notch2, Hnf6, Hhex, Sox9, Fxr, Shp, Hnf1β, Foxa1, Foxa2, Jagged1 and 
Notch3, at ED16.5, D1, D21, D42 and D180 in Notch2-cKO mice (black bars) and their littermate 
controls (white bars). Values are depicted as mean ± SEM. (*: p≤0.05; n=4-8 per group). 

Figure 8
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TgfβI and TgfβR2 mRNA levels (Figure S5 in supplemental material) were significantly 
upregulated in Notch2-cKO livers from D21 onwards, but it should be noted that Tgfβ 
signaling is involved in both bile duct morphogenesis (28) and fibrogenesis (37, 38). 
The expression of the bile duct markers Ck19 and Itgb4, as hepatocyte differentiation 
genes Cebpα , Hnf4α and Sox17 was also investigated (supplemental Figure S5), but 
did not differ in a consistent way between Notch2-cKO and control livers.
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Figure S5 Expression of biliary transcription factors in Notch2-cKO and control mice (2)
Hepatic mRNA levels of Notch1, Notch4, Tgfβ1, TgfβR2, Hes1, Dlk1, Hnf4α, Ck19, Integrinβ4 
(Cd104), Sox17 and Cebpα at ED16.5, ND1, D21, D42 and D180 in Notch2-cKO mice (black bars) 
and their littermate controls (white bars). Values are depicted as mean ± SEM. (*: p≤0.05), (n=4-8 
animals per group). 

Results
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Discussion

Notch2 is indispensable for cholangiocyte differentiation
In the present study, we show that elimination of Notch2 from mouse hepatoblasts 
before hepatocyte-cholangiocyte differentiation results in the complete absence of 
ductal plate formation in fetal and perinatal liver. Our findings, therefore, show for 
the first time that Notch2 determines cholangiocyte cell fate. Notch2fl/fl/AlfpCre mice 
have normal extrahepatic bile ducts and gallbladders, consistent with the hepatocyte-
specific expression of Alfp-Cre (13). The Alfp-Cre transgene, therefore, mediated 
complete deletion of Notch2 in the future cholangiocyte lineage before ED16, that is, 
at a relatively early age compared to previous reports (6, 36), where Cre recombinase 
activity was maximally active around ED16.5 (6). The observed differences in peak 
Alfp-Cre activity may be due to differential accessibility of different loxP-flanked loci 
(36). 

Two earlier studies were carried out with Notch2fl/fl/Alb-Cre mice (10, 11), which 
resulted in the perinatal ablation of the Notch2fl/fl alleles (12, 39), that is, after 
hepatocyte-cholangiocyte differentiation. Notch2fl/fl/Alb-Cre mice show a comparable, 
but less severe postnatal phenotype than our Notch2fl/fl/Alfp-Cre mice, with a decreased 
number of bile ducts perinatally and extensive cholangiocyte proliferation during 
later stages (10, 11). However, in contrast to Notch2fl/fl/Alfp-Cre mice, which do not 
form a ductal plate prenatally and suffer from a total absence of bile ducts at ND1, 
Notch2fl/fl/Alb-Cre mice do show embryonic (11) and neonatal (10, 11) ductal plate 
structures that had yet to form tubular structures at D7 (11) and that had formed 
multiple, irregular tubular structures at D20. Like Notch2fl/fl/Alfp-Cre mice, Notch2fl/fl/
Alb-Cre mice suffered from fibrosis at D120 (10). Interestingly, therefore, the hepatic 
phenotype of adult Notch2fl/fl/Alb-Cre mice does not differ greatly from that of Notch2fl/

fl/Alfp-Cre mice, except that a ductal plate was present in perinatal Notch2fl/fl/Alb-Cre 
mice, while absent in Notch2fl/fl/Alfp-Cre mice. We defined the presence or absence 
of a ductal plate by the prenatal expression of CK19 and annexinIV (17) in the portal 
limiting plate, whereas Lozier et al. (10) and Geisler et al. (11) used CK19 and Dolichos 
Biflorus Agglutinin, that is, similar markers. Our findings therefore show that prenatal 
development of the ductal plate is not necessary for postweaning appearance of bile 
ductular cells and the formation of tubular structures. 

A third study investigated the effects of early ablation of the Notch transcriptional co-
factor Rbp-j in Rbp-jfl/fl/Foxa3-Cre and Rbp-jfl/fl/Alfp-Cre mice, which resulted in a liver 
phenotype with a reduction in the number of mature bile ducts at ND1 in both mouse 
lines (6). Rbp-jfl/fl/Foxa3-Cre mice had a more severe phenotype than Rbp-jfl/fl/Alfp-Cre 
mice, probably due to less development of ductal plate cells embryonically. Based on 
these data, Zong et al. (6) concluded that the Notch pathway, via Rbp-j, regulates both 
biliary cell fate and bile duct morphogenesis. In conjunction with our data, the findings 
in Rbp-j-deficient mice suggest that part of the Notch2-mediated effects on bile duct 
formation proceed in an Rbp-j-independent manner.
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Discussion

The absence of perinatal bile duct formation due to Notch2 
deficiency permits secondary bile duct formation after weaning 
that resembles the atypical ductular reaction
Despite the complete lack of bile ducts and the accompanying severe cholestasis, 
~85% of Notch2-cKOs survived to adulthood, in all likelihood because of the 
hydrophilic character of rodent bile salts (40). The scattered CK19-positive cells that 
appeared in the vicinity of large portal veins in D21 Notch2-cKO livers resembled the 
appearance of CK19-positive cells during prenatal ductal-plate formation. Postweaning 
bile duct formation in Notch2-cKO livers proceeded at a slow pace, with the appearance 
of CK19-positive ductal plate-like structures and tubules in the vicinity of large portal 
veins at 6 weeks and the disappearance of jaundice in ~30% of affected mice at 6 
months of age. The sprouting cell strands and aberrantly-shaped, proliferating tubules, 
both in the vicinity of portal veins and deeper into the periportal parenchyme of 
Notch2-cKO livers are strikingly reminiscent of the atypical (type 2) ductular reaction 
that is seen in response to many types of hepatic injury in rodents (23, 25) and 
after massive hepatic necrosis, longstanding hepatic biliary obstruction and chronic 
cholestatic liver diseases in humans (22-24). The extent to which a three-dimensional 
network of the bile ducts had formed and connected to the extra-hepatic bile ducts, 
and the bilirubin and bile-salt excretion into the bile appeared to correspond with the 
varying degrees of morphological development of the ductular structures (Figures 5 
and 6). Although a functional excretory system only developed in ~30% of the Notch2-
cKO livers, our observations do show that atypical bile duct formation does allow the 
(re)establishment of a biliary system. 

The origin of the cells in the periportal region that produce the cholangiocytes that 
are responsible for the secondary bile duct formation is not clear at present. Neo-
formed bile ducts in atypical ductular reaction are thought to originate either from 
transdifferentiation of hepatocytes into cholangiocytes or from oval (stem) cells, which 
in rodents occurs in association with oval-cell proliferation (23, 25). A stem-cell origin 
of the cholangiocytes in Notch2-cKO livers, with postnatally an ab-initio onset of the 
“normal” pathway of cholangiocyte differentiation, would only be possible if the Alfp 
promoter-induced activation of Cre expression does not occur. Instead, the finding that 
neither Notch2 nor Hnf6 mRNA levels were restored in the liver of no-longer icteric 
Notch2-cKOs strongly suggests that the neo-formed bile ducts do not develop from 
Notch2-positive cells that have escaped recombination.
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Discussion

Notch2 deficiency permanently downregulates Hnf6, but 
downregulates other biliary differentiation genes only 
perinatally
The expression of Hnf6, a key regulator of cholangiocyte differentiation (34, 35), 
was significantly and permanently downregulated in Notch2-cKO livers, implying 
that Hnf6 expression is dependent on Notch2, thus lies downstream of Notch2 in the 
cholangiocyte differentiation cascade. Although our expression data contrast with the 
continued presence of HNF6 protein in perinatal Notch2fl/fl/Alb-Cre mice (11), they are 
consistent with the only transient perinatal downregulation of Hnf1β mRNA expression 
in Hnf6-knockout mice (27). Furthermore, Rbpj fl/fl/Hnf6 fl/fl /Alb-Cre double knockout 
mice were recently shown to have a more severe phenotype than Rbpj fl/fl/Alb-Cre mice 
(41), but nevertheless developed ductal plate structures at ED16.5, unlike our Notch2fl/

fl/Alfp-Cre mice. Although the authors propose a parallel action of Hnf6 and Notch 
during biliary differentiation, Albumin-Cre mediated excision of Hnf6 alone did not 
affect intrahepatic bile duct morphology nor expression levels of biliary transcription 
factors Hnf1β and Sox9. Therefore, our findings, with permanent suppression of Hnf6 
mRNA levels at all time-points studied, suggests a role for Notch2 upstream of Hnf6 in 
the cholangiocyte differentiation cascade. 

The forkhead box transcription factors A1 and A2 (Foxa1 and Foxa2) are involved in 
liver specification and are, during later stages, required for regulating cholangiocyte 
proliferation (14, 29, 36). Except at D42, Foxa2 mRNA levels were downregulated 
in postnatal Notch2-cKO livers. Foxa1 expression initially followed the same pattern, 
but became significantly upregulated during secondary bile duct formation, which 
suggests that Foxa1 and Foxa2 are also downstream targets of Notch2 during 
cholangiocyte differentiation and that Foxa1 may be involved in the observed 
postweaning cholangiocyte proliferation in Notch2-cKO livers (36). Other biliary 
transcription factors, such as Hhex, Hnf1β, Sox9, and Cebpα, were only downregulated 
during the perinatal period in Notch2-cKO livers and normalized in expression (Hnf1β, 
Cebpα) or even became upregulated after weaning (Hhex, Sox9), coincident with the 
observed secondary bile duct formation. Hnf1β, Sox9, and Cebpα are all established 
downstream targets of Hnf6 (30, 34, 35). Hhex can alter the expression of Hnf6, 
Hnf1β and Hnf4α (29). The perinatal downregulation and the subsequent upregulation 
after weaning of these transcription factors in Notch2-cKO livers suggests that, even 
though these transcription factors are downstream targets of Notch2 during pre-
and perinatal stages, they become activated again by a factor different from Notch2 
during secondary bile duct development. It is, therefore, striking that Hhex and Sox9 
were significantly upregulated in 6 months old icteric Notch2-cKOs, but no longer in 
non-icteric Notch2-cKOs of the same age. Hhex expression was recently shown to 
be regulated by the bile acid-activated transcription factor Fxr during adaptation of 
hepatocytes to chronic bile-acid exposure (31). 
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Although the expression of Fxr itself was not changed, expression of its well established 
target Shp (32, 33) was elevated in Notch2-cKO mice at D21 and D42. Unexpectedly, 
however, Shp expression was no longer upregulated in both icteric and non-icteric 
mice at D180, suggesting that bile acids are necessary to initiate, but not to expand 
secondary bile duct development. 

The expression of the Notch pathway members Notch3 and Jagged1 also became 
significantly upregulated coincident with the onset of secondary bile duct proliferation. 
Both NOTCH3 and JAGGED1 expression is upregulated in the ductular reactive cells in 
the liver of patients with Alagille syndrome (42). This finding suggests an important 
compensatory role for Notch3/Jagged1 in the absence of Notch2 and may explain 
why the expression of Hes1, a well-known downstream target of Notch signaling, was 
unaffected by Notch2 deficiency. 

Discussion
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Conclusion

Deletion of Notch2 during early liver organogenesis causes complete bile duct 
agenesis, which resolves the discussion on the role of Notch2 in cholangiocyte cell-fate 
determination. It is of interest to note that the effects of Notch2 deficiency become 
less pronounced with later ablation, suggesting that Notch2 controls successive steps 
in bile duct development. After weaning, cholangiocyte differentiation and bile duct 
development are resumed in Notch2-cKO livers in a Notch2-independent fashion, with 
histological features that resemble the atypical ductular reaction. The cholestasis-
induced activation of Fxr/Shp might mediate the increase in Hhex expression, which 
then upregulates Sox9, Foxa1, Cebpα, and possibly also Notch3, and Jagged1 
expression. We, therefore, hypothesize that Hhex is responsible for the reinitiation of 
bile duct development after weaning, using much of the transcriptional cascade that 
also regulates bile duct development perinatally. The important findings of our study 
are, therefore, the demonstration that Notch2 occupies the top of the transcriptional 
cascade controlling prenatal cholangiocyte differentiation and that a Notch2-and Hnf6-
independent program of cholangiocyte differentiation is activated in postweaning 
cholestatic mice that appears to use an otherwise very similar signaling cascade. 
Possibly, the Fxr-dependent factor Hhex functions at the top of this cascade. The 
resulting, seemingly unorchestrated proliferation of bile ducts can form a functional 
network in ~30% of cases. We further hypothesize that our observations resemble the 
development of a rudimentary bile duct tree in patients with biliary atresia that have 
undergone a hepatoportoenterostomy (Kasai procedure). 
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Abstract

Background and aims: Delta-like 1 homolog (DLK1) is a noncanonical member 
of the Notch-signaling pathway that possibly inhibits Notch signaling. DLK1 is 
highly expressed during early mammalian liver development, but its expression 
declines in the fetus and is absent in postnatal liver. Since DLK1 is overexpressed 
in hepatoblastoma and hepatocellular carcinoma, while Notch1 deletion causes liver 
adenomas, DLK1 may control liver-cell proliferation and tumorigenicity. We, therefore, 
investigated the effects of pre- and postnatal DLK1 overexpression on liver growth in 
healthy livers and in a chronic liver-injury model.  
Methods: Alfp-Dlk1tg/- FVB mice, which overexpress full-length Dlk1 in the liver, were 
crossed with FVB Mdr2-/- mice.
Results and Conclusions: Early-onset (embryonic day12) and persisting strong 
overexpression of Dlk1 did not affect liver size, liver-cell proliferation, or spontaneous 
tumor formation, also not in Alfp-Dlk1tg/-/Mdr2-/- mice, although the decrease in 
hepatocyte ploidy in Mdr2-/- mice demonstrated this model to be a preneoplastic 
liver-injury model. Instead, DLK1 overexpression in Mdr2-deficient mice resulted in 
mitigation of bile-duct proliferation and downregulation of the expression of Notch1, 
Notch2, its downstream factors Hes1 and the biliary transcription factors Hhex 
and Sox9, underscoring the central role of Notch signaling in postnatal bile-duct 
proliferation and the role of DLK1 as an inhibitor of Notch signaling. The lower Hhex 
and Shp expression implies that Dlk1 overexpression also improved cholestasis in Alfp-
Dlk1tg/-/Mdr2-/- mice. Dlk1 overexpression did not affect Hnf6 expression, confirming 
that Hnf6 expression only regulates perinatal bile-duct formation.

Farah A. Falix 1,2, Wilhelmina T. Labruyere 1, Ingrid C. Gaemers 1, Jurgen Seppen 1,
Wouter H. Lamers 1, Daniël C. Aronson 2

1 Tytgat Institute for Liver and Intestinal Research and
2 Pediatric Surgical Center of Amsterdam, Emma Children’s Hospital AMC, Academic 
Medical Center, Amsterdam, The Netherlands
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Introduction 

Delta-like 1 homolog (DLK1), also known as Preadipocyte factor 1 (Pref-1), is a 
noncanonical member of the developmentally conserved Notch signaling pathway, 
which plays an important role in cell-fate determination and terminal cell differentiation 
(1, 2).  DLK1 is an EGF-like transmembrane protein containing six tandem EGF-like 
repeats, a juxta-membrane region with a TACE (ADAM17)-sensitive cleavage site, a 
transmembrane domain and a short intracellular tail (3-5). DLK1 is widely expressed 
during embryonic development, but its expression is highly restricted after birth (6, 7). 
Its function has been most extensively studied during adipocyte differentiation, where 
soluble DLK1 inhibits adipogenesis through upregulation of the transcription factor 
Sox9 (8-11). Furthermore, DLK1 acts as a negative regulator of NOTCH1 signaling in 
the yeast-two-hybrid system and in the mesenchymal stem-cell line C3H10T1/2 (12, 
13). 

In embryonic mouse liver, high Dlk1 mRNA and protein levels rapidly decline after 
embryonic day (ED) ED17 to become  virtually undetectable just before birth (6, 7, 
14). In human liver, DLK1 expression is confined to the first month of embryonic 
life (15). Mouse ED14.5 DLK1-positive hepatoblasts display a higher proliferative 
potential than DLK1-negative hepatoblasts and are still able to differentiate into 
both the hepatocyte and biliary epithelial cell lineages (14). Furthermore, DLK1 is 
expressed in the cytokeratin19/α-fetoprotein-positive oval cells that develop after 
partial hepatectomy of 2-acetylaminofluorene-pretreated rat liver (16, 17). Recently, 
DLK1 expression was reported in hepatoblastoma, hepatocellular carcinoma and some 
other pediatric malignancies (18-24). Upregulation of DLK1 expression in both DLK1-
positive (HuH7, Hep3B and HepG2) and DLK1-negative (SMMC-7721) hepatocellular 
carcinomas resulted in increased proliferation and tumorigenicity in nude mice, 
whereas downregulation markedly inhibited cell growth and tumorigenicity (18). 
Collectively, the cited findings suggest an important role for DLK1 during hepatoblast 
proliferation and possibly carcinogenesis. 

The findings in developing liver and tumors contrast with those in transgenic mice, in 
which overexpression of soluble DLK1 that was mediated by the Albumin promoter 
did not increase hepatocyte proliferation or tumor formation (8). Two explanations to 
account for this paradox are conceivable. Firstly, membrane-bound DLK1 functions 
in an opposite manner to soluble DLK1 during adipocyte differentiation (25), so that 
the lack of a liver phenotype in mice that overexpress soluble DLK1 in their liver 
is due to the absence of membrane-bound DLK1. Since the Albumin promoter in 
transgenes only becomes activated toward the end of gestation, it is also possible that 
a temporary discontinuation of DLK1 expression in the late fetal period accounts for 
the absent postnatal phenotype. In the current study, we therefore investigated the 
consequences of pre- and postnatally persisting hepatocyte-specific overexpression of 
membrane-bound DLK1 that was initiated as early as ED12. In these Alfp-Dlk1tg/- mice, 
the expression of full-length DLK1 is driven by the Albumin promoter/α-Fetoprotein 
enhancer (26). To explore the possibility that the effect of DLK1 on hepatocyte 
proliferation might be stimulus-dependent, we also crossed Alfp-Dlk1tg/- mice with 
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Mdr2-/- (Mdr2-KO) mice. Mdr2-KO mice are unable to secrete phospholipids into bile 
and show progressive proliferative cholangitis with portal inflammation, which results 
in the development of liver tumors after 9-12 months. This process is accelerated 
by administration of a 0.1% cholate-containing diet (27, 28). We report that DLK1 
overexpression in Mdr2-KO mice did not increase liver proliferation or tumor formation. 
Instead, DLK1 overexpression did downregulate Notch-pathway signaling and markedly 
suppressed the expression of biliary markers and the proliferation of bile ducts in these 
cholestatic mice. These findings show that DLK1 can still function as a Notch-signaling 
modulator in postnatal liver.

Introduction 
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Materials and Methods

Generation of Alfp-Dlk1tg/- mice 
The generation of Alfp-Dlk1tg/- mice is described elsewhere (Chapter 4). In brief, 
full-length Dlk1 cDNA flanked upstream by the 2.3 kb murine albumin enhancer 
and promoter and a 155 bp human chimeric intron, and downstream by the bovine 
growth-hormone polyadenylation fragment followed by 3 core enhancer elements of 
murine α-Fetoprotein was injected into fertilized oocytes of FVB mice. Transgenic mice 
were identified by polymerase chain reaction (PCR) analysis on toe genomic DNA with 
Alfp-Dlk1-specific construct primers (Table 1). In this study, we used transgenic line 
1.5, which expresses DLK1 at a high level in all hepatocytes (Supplemental Fig. 1). 
Transgenic mice and control littermates were maintained on a 12h light/12h dark cycle 
with free access to water and food.

gene primers used for qRT-PCR 
analysis 5’-3’

gene primers used for qRT-PCR 
analysis 5’-3’

Dlk1 construct ATCACCTTTCCTATCAAC  
GCCCTCATCATCCACGCA

Sox9 ACTCTGGGCAAGCTCTGGAG 
CGAAGGGTCTCTCTTTCTCGCTCT

Mdr2ko TGTCAAGACCGACCTGTCCG 
TATTCGGCAAGCAGGCATCG

Hhex GGACGGTGAACGACTACACG 
GCCTTTCCTTTTGTGCAGAG

Mdr2wt GCGAGCAAAGTCCAGGTCTGC 
GCCTAGTTCAAAGTCGCCGTCC

Hnf6 CCCTGGAGCAAACTCAAGTC 
TTGGACGGACGTTATTTTC 

Notch1 TGCCTTCCTAGGTGCTCTTG  
TGGTCTCCAGGTCTTCGTCT

Fxr AACAGAAATGGCAACCAGTCATG
CAAAGCAATCTGATCTTCGTGATC

Notch2 CCAGGATTCACAGGAGAGGA 
CATTTTCGCAGGGATGAGAT

Shp AGCTGGGTCCCAAGGAGTAT
TGATAGGGCGGAAGAAGAGA

Hes1 ATCATGGAGAAGAGGCGAAGG  
CCTCACACGTGGACAGGA

18S TTCGGAACTGAGGCCATGAT
CGAACCTCCGACTTTCGTTCT

gene primers used for qRT-PCR 
analysis 5’-3’

gene primers used for qRT-PCR 
analysis 5’-3’

Dlk1 construct
ATCACCTTTCCTATCAAC

Hes1
ATCATGGAGAAGAGGCGAAGG

GCCCTCATCATCCACGCA CCTCACACGTGGACAGGA

Mdr2ko 
TGTCAAGACCGACCTGTCCG

Sox9
ACTCTGGGCAAGCTCTGGAG

TATTCGGCAAGCAGGCATCG CGAAGGGTCTCTCTTTCTCGCTCT

Mdr2wt
GCGAGCAAAGTCCAGGTCTGC

Hhex
GGACGGTGAACGACTACACG

GCCTAGTTCAAAGTCGCCGTCC GCCTTTCCTTTTGTGCAGAG

Notch1
TGCCTTCCTAGGTGCTCTTG

Hnf6
CCCTGGAGCAAACTCAAGTC

TGGTCTCCAGGTCTTCGTCT TTGGACGGACGTTATTTTC

Notch2
CCAGGATTCACAGGAGAGGA

CATTTTCGCAGGGATGAGAT

Table S1 Primers used for genotyping and quantitative PCR analysis. 
All primers were designed to span an intron.

Table 1 Primers used for genotyping and quantitative PCR analysis 
All primers used for quantitative PCR were designed to span an intron
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Materials and Methods

Dlk1/Mdr2-KO double transgenic mice fed a 0.1% cholate diet
We crossed Alfp-Dlk1tg/- mice with Mdr2-KO mice (30), both on the FVB background, 
and intercrossed their offspring to obtain Alfp-Dlk1tg/-/Mdr2-/- (Dlk1/Mdr2-KO) mice. 
The transgenic mice were identified by PCR analysis on toe genomic DNA with primers 
specific for the Dlk1 construct, the Mdr2-KO gene fragment and the Mdr2 wild-type 
gene (Supplemental Table 1).

Ten to 12 weeks old male and female wild-type (n=5), Alfp-Dlk1tg/- (n=6), Mdr2-KO 
(n=8) and Dlk1/Mdr2-KO (n=9) mice received a reference diet (AB diets, Woerden, The 
Netherlands), supplemented with 0.1% cholate, for 4 weeks.  The mice had ad libitum 
access to food and water. At the end of the experimental period, the mice were injected 
intraperitoneally with 4 mg of the thymidine analog 5-ethynyl-2’deoxyuridine (EdU; 
Invitrogen, Breda, The Netherlands) dissolved in Phosphate-Buffered Saline (PBS) at 
48 and 24 hours before sacrifice by CO2/O2 (70:30) inhalation. Mice were weighed, 
livers were collected, weighed and parts were either immediately used for nuclear 
isolation and flow cytometry of the nuclei, fixed in 4 % formaldehyde/PBS for histology, 
or frozen in liquid N2 for RNA isolation. The study was carried out in accordance with 

Dutch guidelines for the Care and Use of Laboratory Animals and approved by the AMC 
supervisory committee.

Assessment of liver proliferation: EdU flow cytometry
Hepatocyte nuclei were isolated from 1 gram of fresh liver that was homogenized at 
4°C in 10 mL 2M sucrose, containing 10 mM HEPES pH 7.6, 15 mM KCl, 0.15 mM 
spermine, 0.5 mM spermidine, 1 mM EDTA, 2 M sucrose, 10% glycerol, 0.5 mM DTT, 
0.5mM PMSF, 2μM aprotinin with a Teflon/glass Potter homogenizer. The homogenate 
was loaded on a 3mL cushion of the 2M sucrose solution and centrifuged for 45 min 
at 24,000 rpm at 4 °C. The nuclear pellet was resuspended in 1 mL of PBS containing 
1% BSA (PBS/BSA). Because the EdU compound contains an alkyne group that can 
react with azide-labeled Alexa Fluor 647 (“Click-it” chemistry), EdU incorporation 
(proliferation) can be visualized. Briefly, the purified nuclei were incubated with the 
supplied fixation solution, washed with PBS/BSA, and incubated with the Alexa Fluor 
647-containing reaction cocktail for 30 minutes at room temperature in the dark. After 
washing with PBS/BSA, nuclei were resuspended in 500 μL PBS/BSA. Hereafter, 2 μL of 
the DNA-binding dye propidium iodide (excitation 488 nm) was added. Flow cytometry 
analysis was carried out in the FACSCalibur apparatus (BD Biosciences, Breda, The 
Netherlands) using a red emission filter.

Western blot analysis
For protein extraction, 50-100 mg liver tissue was homogenized in RIPA-buffer (50 mM 
Tris-HCl pH8.0, 1 mM EDTA, 500 mM NaCl, 0.1% (w/v) SDS, 1% (v/v) Triton X-100), 
containing protease inhibitors (Complete, Roche, Woerden, The Netherlands). The 
protein content was determined with the Bicinchoninic Acid (BCA) Reagent (Perbio 
Science Etten-Leur, The Netherlands). Fifty µg liver protein or 4 µL of 1:10 diluted 
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plasma per lane were separated on a discontinuous 10% polyacrylamide gel and 
blotted onto PVDF membrane (Biorad, Veenendaal, The Netherlands). After blocking, 
the blots were exposed overnight at 4º C on a platform rocker to goat polyclonal 
DLK1-A-17 antibody (Tebu-Bio, Heerhugowaard, The Netherlands) diluted 1:500 
in TENGT (10mM Tris (pH 8.0), 5 mM EDTA, 150 mM NaCl, 0.025% (w/v) gelatin, 
0.05% (v/v) Tween-20). After incubation, membranes were washed 3x with TBST 
(5mM Tris/HCl pH 7.5, 0.15M NaCl, 0.1% (v/v) Tween-20), followed by incubation 
with peroxidase-conjugated donkey-anti-goat secondary antibody (Tebu Bio; 1:5,000 
in TBST) for 1.5 hour at RT. After washing with TBST, bands were visualized with 
Lumilight substrate (Roche).

Histology and Immunohistochemistry
Livers were fixed overnight in 4% formaldehyde, embedded in paraffin and sectioned 
at 7 µm thickness. The sections were deparaffinized, hydrated in graded alcohols, 
heated for 10 min at 120º C, 1 kPa in 10 mM sodium citrate (pH 6.0) to retrieve 
antigens, blocked in TENGT and incubated overnight with goat polyclonal DLK1-A-17 
antibody (1:500 diluted in TENGT), polyclonal rabbit antibodies against cytokeratin 
19 (CK19; 1:1,000 diluted in TENGT; home-made) and monoclonal Glutamine 
Synthetase antibodies (GS; diluted 1:1,000 in TENGT; BD Transduction Labs, Breda, 
The Netherlands). After washing, sections were incubated with alkaline phosphatase-
labeled secondary antibodies (rabbit-anti-goat, goat-anti-rabbit, and goat-anti-mouse 
antibody; all from Sigma, Zwijndrecht, The Netherlands), diluted 1:50, 1:200 and 
1:100 in TENGT, respectively, for 1.5 hour. After washing, staining was visualized with 
nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate (NBT/BCIP 1:50; 
Roche, Woerden, The Netherlands). 

Quantitative PCR analysis 
Total RNA from liver was extracted with Trizol reagent (Invitrogen). Two µg purified 
RNA was reverse transcribed with Superscript III reverse transcriptase (Invitrogen). 
Quantitation was carried out in the LC480 apparatus with SYBR green (Roche, 
Woerden, The Netherlands). Primers were intron spanning, designed with Primer3 
software at the supplied default settings (http://frodo.wi.mit.edu). Primer sequences 
are supplied in Supplementary Table 1. mRNA levels were normalized with 18S rRNA.

Statistical methods
Values are reported as means ± SEM. Statistical significance of differences between 
groups was evaluated with the Kruskal-Wallis non-parametric test. Significance was set 
at P < 0.05 and a trend was defined as 0.05< P < 0.10.

Materials and Methods
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Results 

DLK1 overexpression does not affect hepatocyte proliferation 
Alfp-Dlk1tg/- transgenic line 1.5 expresses DLK1 at a high level in all hepatocytes, but 
highest in the periportal hepatocytes (Supplemental Fig. 1B). Transgenic expression 
of Dlk1 in this line can be demonstrated as early as embryonic day 12 and persists 
postnatally (Supplemental Fig. 1C). Despite the continued hepatic overexpression of 
DLK1 in Alfp-Dlk1tg/- mice, they had similar liver weights (Fig. 1F) and morphology 
(Fig. 2A-C) as their wild-type littermates at all time points studied. Liver proliferation 
as assessed by EdU incorporation was also unaffected in Alfp-Dlk1tg/- mice (Fig. 1G). 
In agreement, we never observed any liver pathology in approximately 40 adult Alfp-
Dlk1tg/- mice of up to 1.5 years of age. 

DLK1 overexpression does not affect hepatocyte proliferation in 
Mdr2-KO mice
To assess whether DLK1 overexpression might affect liver proliferation in the setting 
of a chronic liver-injury model, Alfp-Dlk1tg/- mice were crossed with Mdr2-KO mice. 
The resulting Alfp-Dlk1tg/-/Mdr2-/- (Dlk1/Mdr2-KO) mice were placed on a 0.1% 
cholate-containing diet, together with Alfp-Dlk1tg/-, Mdr2-KO and wild-type (WT) 
mice. After 4 weeks on the diet, Mdr2-KO and Dlk1/Mdr2-KO mice were icteric due 
to hyperbilirubinemia (30). Their livers were ~2-fold enlarged (Fig. 1F), while liver-
cell proliferation as assessed by EdU incorporation was 4-5-fold increased relative 
to WT and Alfp-Dlk1tg/- mice (Fig. 1G). Furthermore, the number of octaploid nuclei 
had declined significantly (P < 0.001; Fig. 2H). However, there was no difference in 
proliferative activity in livers of mice that did (Alfp-Dlk1tg/-, Dlk1/Mdr2-KO) and that did 
not express Dlk1 (WT, Mdr2-KO), demonstrating that, also in a model of chronic pre-
neoplastic liver injury, DLK1 overexpression does not influence hepatocyte proliferative 
activity.. 

Supplemental Figure 1

wild-type Alfp-Dlk1-1.5

700
500
400

1 2 3 4 5LA B C

Figure S1 Liverspecific overexpression of DLK1
Panels A and B: Dlk immunhistochemistry of WT and Alfp-Dlk1 transgenic liver (line 1.5), 
respectively, with uniform DLK1 positivity in transgenic line 1.5. Panel C: Alfp-Dlk-specific PCR 
products of genomic DNA and liver cDNA. Lane 1: 685 bp PCR product in genomic DNA of a Alfp-
Dlk1tg/- mouse, lanes 3 and 5: 530 bp cDNA PCR product of ED12 and neonatal 1day liver of a 
Alfp-Dlk1tg/-  mouse, respectively, confirming continued expression of transgenic Dlk1 and correct 
splicing of the 155 bp chimeric intron. Lanes 2 and 4: absent transgenic Dlk1 expression in their 
respective littermates controls. L: DNA ladder.
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Figure 1 DLK1 overexpression does not affect hepatocyte proliferation in a chronic liver injury model 
Panels A-E: Flow cytometry sorting of EdU incorporation in hepatocyte nuclei. Y-axis shows 
the number of EdU-positive nuclei (red emission filter); X-axis shows forward-scatter, (diploid, 
tetraploid, and octaploid nuclei, respectively). Panel A: Control non-injected mouse (neg-co). 
Panels B-E: WT, Alfp-Dlk1tg/-, Mdr2-KO and Dlk1/Mdr2-KO liver, respectively. Panel F: Liver-body 
weight ratio of WT, Alfp-Dlk1tg/-, Mdr2-KO and Dlk1/Mdr2-KO mice. Panel G: EdU-positive nuclei, as 
a percentage of all nuclei in the sample. Panel H: Percentage of diploid (2n), tetraploid (4n), and 
octaploid (8n) nuclei (10,000 nuclei analyzed), *: P < 0.05.
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Figure 2

25 μm 

Mdr2-KO Mdr2-KO Mdr2-KO

Dlk1/Mdr2-KO KO KO

WT WTWTA B B

D E F

G H I

100 µm 200 µm 200 µm

100 µm

100 µm 100 µm

100 µm 200 µm

200 µm

Dlk1/Mdr2- Dlk1/Mdr2-

Figure 2 DLK1 overexpression attenuates portal inflammation in a chronic liver injury model Panels 
Panels A-C: Alfp-Dlk1tg/- livers stained with H&E (panel A), cytokeratin-19 (panel B), and Sirius red 
(SR; panel C). Panels D, E: H&E-stained liver sections of two Mdr2-KO livers showing extensive 
portal inflammation with inflammatory cells near bile ducts (magnification in E) and widespread 
collagen deposition. Panel F: Porto-portal bridging fibrosis in a SR-stained Mdr2-KO liver. Panels G, 
H: H&E-staining of two Dlk1/Mdr2-KO livers (Dlk1/Mdr2-KO), with less inflammation and collagen 
deposition in panel H. Panel I: SR-stained Dlk1/Mdr2-KO liver with collagen deposition mainly 
confined to the portal field. 
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Results 

DLK1 overexpression attenuates proliferative cholangitis in 
Mdr2-KO mice 
Liver histology of Mdr2-KO mice assessed by H&E and Sirius-red staining showed, after 
4 weeks on a 0.1% cholate-containing diet, extensive inflammation around proliferating 
bile ducts (Fig. 2D,E) and widespread collagen deposition (Fig. 2F). Fibrosis was 
mainly of the portal bridging type (Fig. 2F). All Dlk1/Mdr2-KO livers (n=9) showed a 
comparable histopathology, but had developed less portal inflammation (Fig. 2G-I).

To better assess the effects of DLK1 overexpression on cholate-induced ductular 
proliferation, liver sections of wild-type, Alfp-Dlk1tg/-, Mdr2-KO and Dlk1/Mdr2-KO mice 
were stained for the cholangiocyte marker CK19. Wild-type livers showed the same 
CK19-staining pattern as Alfp-Dlk1tg/- livers (Fig. 2B). As expected, Mdr2-KO livers 
showed extensive ductular proliferation, with CK19 positivity extending well into the 
periportal liver parenchyma (Fig. 3A-C). Dlk1/Mdr2-KO livers, in contrast, showed 
a less severe ductular proliferative response, with less invasion of the periportal 
parenchyma, than Mdr2-KO livers (Fig. 3D-F). We scored 7 Mdr2-KO and 9 Dlk1/Mdr2-
KO livers, blindly for periportal invasion of bile ductular structures and portal bridging 
pattern and could assign 13 out of these 16 livers to the right genotype (P = 0.015).
Figure 3
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Figure 3 DLK1 overexpression attenuates bile duct proliferation in a chronic liver injury model
Panels A-C: Livers of 3 Mdr2-KO mice with intense CK19-positive ductular proliferation around 
portal veins with extension into the portal parenchyma. Magnified area in B shows both luminal 
and non-luminal CK-19 positivity. Panels D-F: Livers of 3 Dlk1/Mdr-KO livers with CK19 positivity in 
a porto-portal bridging pattern, but less invasion into the adjacent liver parenchyma than seen in 
Mdr2-KO livers.  
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DLK1 overexpression inhibits Notch signaling in Mdr2-KO mice
To assess whether the apparent decrease in cholangiocyte proliferative response in Dlk1/
Mdr2-KO livers was accompanied by an altered expression of transcription factors that 
affect cholangiocyte proliferation and differentiation, the mRNA abundance of Notch1, 
Notch2, Hes1, Sox9, Hhex and Hnf6 (31-34) was determined. The levels of these mRNAs 
did not differ between Alfp-Dlk1tg/- and wild-type livers (Fig. 4), but were, with the 
exception of Hnf6, 2-8-fold increased in abundance in Mdr2-KO livers (P values 0.05-
0.001, with a trend for Hes1 (P = 0.08); Fig. 4). The unaltered Hnf6 levels underscore 
our recent finding that Hnf6 mRNA levels are not significantly altered during postnatal 
secondary bile duct formation (35). In agreement with the attenuated proliferation of 
cholangiocytes, Notch1, Notch2, Hhex, and Sox9 mRNA levels in Dlk1/Mdr2-KO livers were 
significantly decreased (with a similar trend for Hes1) compared to Mdr2-KO livers and had 
declined to levels observed in wild-type livers (Fig. 4). 

To investigate whether the bile-acid receptor FXR (NR1H4) was involved in the striking 
effects of DLK1, we measured its mRNA level and that of its downstream target Small 
heterodimer partner (SHP or NR0B2). Both Fxr and Shp expression were lower in Dlk1/
Mdr2-KO than in Mdr2-KO livers, but due to variation the difference was not significant (P 
= 0.2 and 0.07, respectively; Fig. 4). 
 

Results 

Figure 4

Figure 4 DLK1 overexpression suppresses expression of transcription factors of the Notch pathway 
in a chronic liver injury model
The hepatic mRNA levels of Notch1, Notch2, Hes1, Sox9, Hhex, Hnf6, Fxr, and Shp were measured 
in wild-type (WT), Alfp-Dlk1tg/-, Mdr2-KO, and Dlk1/Mdr2-KO mice. Values are depicted as mean 
± SEM. (*: P ≤ 0.05; **: P ≤ 0.001; n=5-9 animals per group). Note selective upregulation of 
all transcription factors except Hnf6, Fxr and Shp in Mdr2-KO mice, and their return to WT control 
levels in Dlk1/Mdr2-KO livers. 
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Discussion

Transgenic mice with a life-long liver-specific overexpression of full-length DLK1, a 
putatively inhibitory ligand of the Notch pathway (12, 13), did not develop an obvious 
phenotype. However, when challenged in the context of the Mdr2-KO chronic liver-
injury model, Dlk1 overexpression did not affect liver-cell proliferation, but did limit 
the proliferative cholangitis and the increase in expression of the biliary transcription 
factors Notch1, Notch2, Sox9, Hes1, and Hhex (31, 32, 34, 36). . These findings 
confirm the inhibitory effect of the otherwise still poorly understood function of DLK1 
on Notch signaling. 

Because of the prominent expression of Dlk1 in embryonic liver and its decline in 
the fetal period, we hypothesized that any effect of DLK1 in adult liver might require 
the presence of a dividing cell population. For that reason, we crossed our Alfp-
Dlk1tg/- mice with Mdr2-/- mice. Mdr2 deficiency is a well-characterized model of 
cholestatic liver injury with increased cell turnover and fibrosis that is aggravated by 
cholate supplementation of the diet (27, 28). Liver-cell proliferation was assessed 
by determining the incorporation of the thymidine analogue EdU and quantifying the 
number of nuclei that had incorporated EdU by flow cytometry. EdU incorporation was 
previously successfully applied to assess proliferation in vitro by flow cytometry and in 
vivo by histological staining (37). By repeated intraperitoneal injection of a relatively 
large dose of EdU (4 mg/mice) at 48 and 24 hours before sacrifice, we successfully 
implemented the method for quantitative in vivo use. Because flow cytometry allows 
separation of nuclei of different size, we also noticed that the Mdr2-KO chronic 
liver-injury model led to a decrease in octaploid hepatocyte nuclei. This finding is 
remarkable, because the “normal” regenerative hepatocyte proliferation after partial 
hepatectomy is accompanied by an increase in the number of octaploid nuclei (38). 
Apparently, the chronic liver injury in Mdr2-deficient mice is a truly preneoplastic state, 
as the cells of a HCC are also characterized by a low degree of polyploidy (38). 

Mdr2-KO mice suffer from a 2-8-fold increase inn the expression of the biliary 
transcription factors Notch1 and Notch2, Hes1, Sox9, and Hhex. Overexpression of 
Notch1 stimulates hepatocyte-cholangiocyte transdifferentiation in mice (36), whereas 
postnatal inactivation of Notch1 in liver is reported to lead to nodular regenerative 
hyperplasia (39). Notch2 is involved in biliary cell-fate decisions (36) and bile-duct 
proliferation (40). The downstream targets of Notch signaling Hes1 and Sox9 (36) are 
also upregulated in Mdr2-KO mice. The apparent upregulation and functions of Notch 
signaling fit well with the phenotype of Mdr2-KO mice. Interestingly, Hnf6, another 
downstream target of Notch signaling (35), did not respond to Mdr2 deficiency, which 
underscores the notion that Hnf6 is involved in prenatal rather than postnatal biliary 
morphogenesis (33, 41). The increased expression of Hhex, finally, is of special note, 
since it is not only involved in biliary morphogenesis (34), but is also upregulated in 
hepatocytes upon chronic exposure to elevated bile acids in a FXR-mediated fashion 
(32). 
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Collectively, these data indicate that the ductular proliferation in the Mdr2-KO model of 
chronic liver injury is established by a reactivation of transcription factors involved in 
bile-duct formation. It should be noted that this program differs from that occurring in 
the prenatal rodent by the apparent absence of a role for HNF6.

Dlk1/Mdr2-KO mice showed a comparable increase in liver proliferation as Mdr2-KO 
mice after 4 weeks on a cholate diet. It is, therefore, all the more remarkable that 
CK19 immunohistochemistry revealed that ductular proliferation was less severe in 
Dlk1/Mdr2-KO mice. Since this mitigation of the ductular proliferation was accompanied 
by a marked downregulation of the biliary transcription factors that were upregulated 
by Mdr2 deficiency, our findings strongly suggest that DLK1 is an inhibitor of ductular 
proliferation by inhibiting Notch signaling. In fact, this role for DLK1 in liver appears 
to recapitulate that during liver development, because DLK1/Dlk1 expression rapidly 
declines when cholangiocyte differentiation and bile-duct formation are initiated at 
embryonic day 16 (6, 7, 14) . The lower expression of Fxr and its downstream target 
Shp (42, 43) in Dlk1/Mdr2-KO compared to Mdr2-KO livers further suggests that Dlk1 
overexpression improves the cholestatic condition in Mdr2-KO mice. Our findings 
suggest that modulation of Notch expression or signaling is a promising therapeutic 
target for cholestatic liver disease. 

Discussion
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Summary and conclusion

DLK1 AND THE NOTCH PATHWAY IN THE LIVER
In this thesis we tried to unravel the role of DLK1 and the NOTCH2 receptor during liver 
development. DLK1 is a ligand and NOTCH2 a receptor in the Delta-Notch signaling 
pathway, which is involved in developmental cell-fate decisions.

CHAPTER 1 provides an introduction into the developmentally conserved Delta-Notch 
signaling pathway, with a special focus on DLK1. DLK1 is considered a noncanonical ligand, 
due to its atypical protein structure compared to canonical ligands. Dlk1 mRNA was shown 
to be highly expressed in a variety of embryonic organs, but only in few neuro(endocrine) 
organs after birth. This expression pattern suggest that DLK1 is involved in embryonic 
growth and differentiation of these organs. Furthermore, DLK1 becomes re-expressed in 
several pediatric tumors.

CHAPTER 2 ddescribes the protein expression pattern of DLK1 during mouse embryonic 
development in daily intervals between embryonic day 12 and birth. DLK1 showed 
abundant expression in liver, lung, muscle, vertebrae, pancreas, pituitary and adrenal 
gland(s), but this expression declined rapidly in the fetal period. DLK1 expression was 
absent in heart, stomach, intestine, kidney, epidermis and CNS. DLK1 expression, 
therefore, correlates well with the reported Dlk1 mRNA expression pattern, which 
demonstrates that its expression is mainly regulated at the pre-translational level. DLK1 
seems to be involved in developmental processes such as branching morphogenesis (lung, 
pancreas) and terminal differentiation (adipose tissue, muscle, liver, pituitary), with as 
common features among organs, stimulation of growth and inhibition of differentiation. 
Based on its expression pattern during development, its behavior during adipogenesis, 
and its effects upon experimental interventions, DLK1 appears to function as an inhibitory 
modulator of Notch signaling, either by competing with canonical ligands or by direct 
interaction with the NOTCH1 receptor, or both.

Since DLK1 expression is high during embryonic liver development whereas expression is 
absent after birth and becomes re-expressed in hepatoblastoma, a pediatric liver tumor, 
we hypothesised that DLK1 could be involved in its pathogenesis. We further hypothesised 
that the soluble form of DLK1 might be an additional serum marker for the diagnosis of 
hepatoblastoma in young infants, where the established serum marker α-fetoprotein (AFP) 
is not always a reliable marker due to physiologically high serum levels in this age group.

In CHAPTER 3 we explored the suitability of DLK1 as a serum marker for 
hepatoblastoma in young infants. We measured the concentration of DLK1 and AFP in 
serum of 48 pediatric control and 7 hepatoblastoma patients. Like AFP, DLK1 levels decline 
with age, but even in young patients, DLK1 serum levels were were ~10-fold higher than 
controls if a hepatoblastoma was present. This finding makes DLK1 a candidate serum 
marker to diagnose hepatoblastoma in the young infant age group. 
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In CHAPTER 4 the generation and characterization of a transgenic mouse that 
overexpresses Dlk1 in the liver (Alfp-Dlk1 mice) is described. These mice express 
high DLK1 levels in liver en plasma, but unexpectedly did not develop any phenotype 
and, in particular, no signs of spontaneous tumor formation. Since DLK1 also inhibits 
adipogenesis in a dose-dependent way, with soluble and membrane-bound DLK1 
having mostly inhibitory and enhancing effects, respectively, we assessed lipogenesis 
and adipogenesis in adult Alfp-Dlk1 mice. The mice were fed either a high-fat or 
low-fat semi-synthetic diet for 4 weeks. Collectively, this dietary challenge revealed 
that during a low-fat diet, DLK1 overexpression led to inhibition of Notch1 and Sox9  
mRNA expression in male liver, while a high-fat diet led to increased expression of 
Notch signaling and lipogenic genes in both liver and adipogenesis in Alfp-Dlk1 females 
and only in liver in Alfp-Dlk1 males. These findings show that DLK1 overexpression 
influences lipogenesis in both liver and adipose tissue in a sex- and diet dependent 
fashion.

Notch pathway expression has been described during mouse liver development and 
showed mainly expression of the Notch1 and Notch2 receptor, with peak expression 
just prior to birth. Furthermore, NOTCH2 mutations are described in human Alagille 
syndrome, a developmental disorder with heart, eye and kidney abnormalities together 
with bile duct paucity. Transgenic mice with liver-specific knockout of the Notch1 
receptor do not show an obvious phenotype. However, transgenic mice with late-
embryonic knockout of the Notch2 receptor showed neonatal bile duct paucity with 
postnatal cholestasis and cholangiocyte proliferation.

CHAPTER 5 provides an introduction in normal bile duct development and the 
involved transcription factors. Biliary differentiation and morphogenesis depend on a 
Hhex-Hnf6-Hnf1β transcriptional cascade, with the Tgfβ pathway and Foxa transcription 
factors mainly involved in biliary morphogenesis. The exact position of the Notch2 
receptor in the transcriptional cascade is not completely elucidated and probably 
regulates both biliary differentiation and morphogenesis.

Therefore, in CHAPTER 6 we describe the characterization of mice with an early 
liver-specific deletion of the Notch2 receptor (Notch2-cKO mice). Embryonic Notch2-
cKO mice did not show signs of cholangiocyte differentiation with cytokeratin stainings, 
whereas hepatocyte morphology was normal. Neonatal Notch2-cKO mice were 
severely jaundiced and their livers were completely devoid of bile ducts, demonstrating 
complete absence of cholangiocyte differentiation. Despite extensive cholestatic 
necrosis, mortality in the first 6 weeks of life was only ~15%. Unexpectedly, a slow 
process of newly formed (aberrant) bile ductular structures developed after weaning. 
Despite extensive liver fibrosis, jaundice had disappeared in ~30% of Notch2-cKO 
mice at 6 months of age. Newly formed ducts varied in morphology and histologically 
resembled the atypical ductular reaction, seen after massive hepatic necrosis. Notch2 
and Hnf6 mRNA levels were permanently decreased in Notch2-cKO livers, indicating 
that Hnf6 acts downstream from Notch2 in cholangiocyte differentiation. 

Summary and conclusion
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Transcription factors involved in cholangiocyte differentiation and bile duct 
morphogenesis (Foxa1, Foxa2, Hhex, Hnf1β, Cebpα and Sox9) were all expressed 
at significantly lower than control levels in the perinatal period, but all mRNA levels 
except Foxa2 were expressed at normal or even higher levels after weaning, coincident 
with the secondary formation of bile ducts. These findings show that Notch2 deficiency 
causes bile duct agenesis, yet allows for a slow, de novo secondary bile duct formation 
after weaning that resembles atypical ductular reaction. Notch2 knockout did not affect 
hepatocyte differentiation.

Since DLK1 was shown to act, depending on sex and diet, either as an inhibitor or a 
stimulator of Notch signaling (Chapter 4) and Notch signaling has been shown to be 
associated with postnatal cholangiocyte proliferation, in CHAPTER 7, we explored 
the effects of DLK1 overexpression in Dlk1/Mdr2-/- double transgenic mice that had 
been fed a cholate diet (from which it is known to enhance cholestatic liver injury) 
for 4 weeks. Dlk1 overexpression in Mdr2-deficient mice resulted in mitigation of 
bile duct proliferation and downregulation of the expression of Notch1, Notch2, its 
downstream factors Hes1 and Sox9, and biliary transcription factor Hhex, showing that 
Notch signaling plays a central role in postnatal ductular proliferation and that, in this 
context, DLK1 acted as an inhibitor of Notch signaling. Dlk1 overexpression alone did 
not affect liver proliferation.
 
Conclusion
The main conclusion of the current thesis is that the NOTCH2 receptor, a member 
of the developmentally conserved Notch signaling pathway, is indispensible for 
cholangiocyte differentiation, since its absence leads to bile duct agenesis. Another 
important finding is the de novo secondary bile duct formation, which recapitulates 
most of the regulatory steps seen in embryonic bile duct development. Furthermore, 
the noncanonical Notch ligand DLK1, which is most highly expressed during 
embryonic development and in pediatric tumors, is not involved in the pathogenesis of 
hepatoblastoma, but seems to function as a conditional regulator of Notch signaling.

Summary and conclusion
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DLK1 EN DE NOTCH SIGNAALROUTE IN DE LEVER 
In dit proefschrift wordt geprobeerd om de rol van het DLK1 eiwit en het NOTCH2 receptor 
eiwit tijdens de ontwikkeling van de lever te ontrafelen. Deze twee eiwitten malen deel uit 
van een signaalroute die een belangrijke rol speelt tijdens de embryologische ontwikkeling, 
namelijk de Delta-Notch signaalroute, kortweg Notch route.

HOOFDSTUK 1 geeft een overzicht van de evolutionair geconserveerde Notch route, 
met daarbij een speciale focus op het DLK1 eiwit. De Notch route bestaat uit receptor-
eiwitten waar ligand-eiwitten aan kunnen binden. DLK1 is een ligand-eiwit, terwijl het 
NOTCH2 eiwit, dat voornamelijk in hoofdstuk 6 wordt besproken, een receptor- eiwit is. 
Het DLK1 eiwit heeft een bijzondere status in de Notch route, omdat het een afwijkende 
structuur heeft in vergelijking met de andere ligand-eiwitten. Tijdens de embryonale 
ontwikkeling is Dlk1 transcriptie beschreven in verscheidene organen zoals het skelet, 
vetweefsel, spierweefsel, long, lever, alvleesklier, hypofyse en bijnieren, maar na de 
geboorte is het slechts aanwezig in enkele neuro(endocriene) organen. Dit patroon pleit 
voor een belangrijke rol voor DLK1 tijdens de embryonale groei en differentiatie van 
deze organen. Verder is gebleken dat het DLK1 eiwit tot re-expressie komt in enkele 
kindertumoren zoals in het hepatoblastoom, neuroblastoom en het nefroblastoom.  

HOOFDSTUK 2 beschrijft het eiwitexpressie patroon van DLK1 tijdens de embryonale 
muis-ontwikkeling. Welke wij hebben bestudeert met dagelijkse intervallen tussen 
embryonale dag 12 en de geboorte op embryonale dag 19. Het DLK1 eiwit vertoonde hoge 
expressie in de lever, longen, spieren, wervels, alvleesklier, hypofyse en bijnieren, maar 
deze expressie daalde snel in de laat-foetale periode. DLK1 eiwit-expressie was afwezig 
in het hart, de maag, darm en nieren, opperhuid en het centraal zenuwstelsel. DLK1 
eiwit-expressie, dus correleert goed met het gerapporteerde Dlk1 transcriptie patroon, 
waaruit blijkt dat de expressie voornamelijk wordt geregeld op het pre-translationele 
niveau. Op basis van het expressie patroon van het DLK1 eiwit tijdens de ontwikkeling 
en de resultaten van experimenten met vooral de vetcelontwikkeling, lijkt het DLK1 te 
functioneren als een remmende modulator van de Notch route, hetzij door te concurreren 
met de andere ligand-eiwitten of door directe interactie met de NOTCH1 receptor, of beide. 

In verband met de hoge DLK1 expressie  tijdens de embryonale ontwikkeling van de lever 
en de afwezige expressie na de geboorte, terwijl het opnieuw tot expressie komt in de 
kinderlevertumor hepatoblastoom, formuleerden wij de hypothese dat DLK1 betrokken zou 
kunnen zijn bij de pathogenese van het hepatoblastoom. Verder veronderstelden wij dat 
de oplosbare vorm van DLK1 eventueel een extra serum marker voor de diagnosticering 
van het hepatoblastoom op jonge zuigelingen leeftijd zou kunnen zijn, een leeftijdsgroep 
waarin de gevestigde serum marker α-foetoproteïne (AFP)  niet altijd een betrouwbare 
marker is. Dit is te wijten aan fysiologisch serum hoge waarden van AFP in deze 
leeftijdsgroep. 
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In HOOFDSTUK 3 onderzochten we de geschiktheid van DLK1 als een serum 
marker voor het hepatoblastoom bij jonge kinderen. We maten de concentratie van 
zowel DLK1 als AFP in serum van 48 controle en 7 hepatoblastoom patiënten. Wij 
observeerden dat DLK1 serum waarden, net als AFP, dalen met de leeftijd, maar dat 
zelfs bij hele jonge zuigelingen met het hepatoblastoom, de DLK1 serum waarden 
ongeveer 10-maal hoger waren dan bij de controlegroep. Deze bevinding maakt DLK1 
een kandidaat serum marker voor diagnosticering van het hepatoblastoom op de jonge 
zuigelingen leeftijd. 

HOOFDSTUK 4 beschrijft de totstandkoming en karakterisatie van een transgene 
muizen die het DLK1 eiwit in de lever tot overexpressiebrengen (Alfp-Dlk1 muizen). 
Deze muizen hebben, in tegenstelling tot de normale situatie vanaf voor de geboorte 
tot in het volwassen stadium blijvend hoge expressie van het DLK1 eiwit in de lever 
en in de bloedcirculatie. Tegen de verwachting in, leidt dit niet tot afwijkingen in de 
lever en in het bijzonder niet tot spontane tumorvorming. Vanwege het ontbreken 
van zichtbare afwijkigen in deze transgene muizen in combinatie met de wetenschap 
dat DLK1 ook adipogenese remt in een dosis-afhankelijke wijze, waarbij oplosbaar en 
membraan-gebonden DLK1 respectievelijk voornamelijk remmende en stimulerende 
effecten op adipogenese hebben, onderzochten we lipogenese en adipogenese in 
volwassen Alfp-Dlk1 muizen. Samengevat geven de resultaten van deze studie weer 
dat tijdens een laag-vet dieet DLK1 overexpressie leidt tot inhibitie van Notch1 receptor 
expressie, terwijl een hoog-vet dieet leidt tot DLK1-geinduceerde opregulatie van de 
Notch route en van genen die betrokken zijn bij lipogenese in zowel de lever en het 
vetweefsel bij vrouwtjes en alleen in de lever bij mannetjes. Deze bevindingen tonen 
aan dat DLK1 overexpressie, de lipogenese in zowel de lever als in het vetweefsel 
beinvloedt op een sexe- en dieet afhankelijke manier. 
 
Expressie van de Notch route is  reeds onderzocht tijdens de lever-ontwikkeling in 
muizen en toonde vooral expressie van de Notch1 en Notch2 receptoren, met een 
piek-expressie vlak voor de geboorte. Verder zijn er NOTCH2 mutaties beschreven in 
het Alagille syndroom, een ontwikkelingsstoornis met hart-, oog- en nierafwijkingen 
in combinatie met galwegafwijkingen. Transgene muizen met een lever-specifieke 
uitschakeling van de Notch1 receptor vertonen geen duidelijke afwijkingen. Echter, 
transgene muizen met laat-embryonale uitschakeling van de Notch2 receptor tonen 
een gebrek aan neonatale galwegen gepaard gaande met postnatale cholestase en 
cholangiocyt proliferatie. 

HOOFDSTUK 5 geeft een introductie in de normale galweg ontwikkeling en de 
betrokken transcriptiefactoren. Galweg differentiatie en morfogenese afhankelijk 
zijn van een Hhex-Hnf6-Hnf1β transcriptionele cascade, met de Tgfβ route en Foxa 
transcriptiefactoren vooral betrokken bij de galweg morfogenese. De exacte positie van 
de Notch2 receptor in de transcriptionele cascade is niet volledig opgehelderd, maar 
waarschijnlijk reguleert Notch2 zowel de galweg differentiatie als morfogenese.
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In HOOFDSTUK 6 beschrijven wij de karakterisatie van muizen met een vroege 
lever-specifieke uitschakeling van de Notch2 receptor (Notch2-cKO muizen). 
Embryonale Notch2-cKO muizen vertoonden geen enkel teken van galweg differentiatie 
met cytokeratine kleuringen, terwijl de morfologie van de levercellen normaal was. 
Neonatale Notch2-cKO muizen ontwikkelden ernstige geelzucht en in hun levers 
waren geen galwegen zichtbaar, waaruit blijkt dat er een volledige afwezigheid van 
galweg differentiatie heeft plaatsgevonden in muizen waarin het Notch2 eiwit in de 
lever is uitgeschakeld. Ondanks de uitgebreide galstuwing door afwezige galwegen 
met gepaard gaande lever-cel-dood, was de sterfte in de eerste 6 weken postnataal 
slechts ~ 15%. Geheel onverwacht, tradt er een langzaam proces op van secundaire 
galweg vorming met nieuw gevormde (afwijkende) galweg structuren die zich bleken 
te ontwikkelen na postnatale dag 21. Ondanks de uitgebreide leverfibrose op de 
leeftijd van 6 maanden, was in ~ 30% van de Notch2-cKO muizen van die leeftijd de 
geelzucht verdwenen. Nieuw gevormde galweg kanalen varieerden sterk in vorm en 
deden histologisch denken aan een “atypische ductulaire reactie”, die wordt gezien 
na massale lever-cel-dood en langdurige obstructieve galwegstuwing zowel in de 
mens als in de muis. Notch2 en Hnf6 expressie niveaus waren permanent verlaagd 
in Notch2-cKO levers, wat aangeeft dat Hnf6 waarschijnlijk onder Notch2 opereert in 
de in de galweg differentiatie cascade. Andere transcriptiefactoren die betrokken zijn 
bijde galweg differentiatie en -morfogenese (Foxa1, Foxa2, Hhex, Hnf1β, Cebpα en 
Sox9) hadden allemaal aanzienlijk lagere expressie niveaus in Notch2-cKO muizen dan 
de controle muizen in de perinatale periode, maar alle expressie niveaus behalve die 
van Foxa2 normaliseerden of werden zelfs hoger na postnatale dag 21, samenvallend 
met de secundaire vorming van de galwegen. Deze bevindingen tonen aan dat  
uitschakeling van Notch2 in de lever leidt tot galweg agenesie, maar uiteindelijk toch 
leidt tot langzame, secundaire galweg vorming    na postnatale dag 21, welke lijkt op 
een atypische ductulaire reactie. Notch2 uitschakeling had geen invloed op de levercel 
differentiatie. 
 
Omdat DLK1, afhankelijk van geslacht en dieet, lijkt te functioneren als, hetzij een 
remmer danwel een stimulator van Notch signalering (hoofdstuk 4) en omdat de 
Notch route betrokken is bij galwegproliferatie,  hebben wij in HOOFDSTUK 7 de 
effecten van DLK1 overexpressie bekeken in Dlk1/Mdr2-deficient dubbel transgene 
muizen. Deze muizen werden gedurende 4 weken een cholaat dieet gevoerd, waarvan 
bekend is dat deze leidt to galweg stuwing, galweg proliferatie en leverschade in Mdr2-
deficiente muizen. DLK1 overexpressie in Mdr2-deficiënte muizen leidt tot afname 
van de galweg proliferatie en afname van de expressie niveaus van de Notch1 en 
Notch2 receptoren en bijbehorende downstream factoren Hes1 en Sox9, evenals van 
de galweg transcriptiefactor Hhex. Hieruit blijkt dat Notch signalering een centrale rol 
speelt in de postnatale galweg proliferatie en dat in deze context, DLK1 zich gedraagt 
als een remmer van Notch signalering. DLK1 overexpressie alleen had geen invloed op 
de lever-cel proliferatie.
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Conclusie
De belangrijkste conclusie van dit proefschrift is dat de NOTCH2 receptor, onderdeel 
van de evolutionair bewaarde Notch signaalroute, onmisbaar is voor galweg 
differentiatie, omdat wij hebben aangetoond dat in transgene muizen de afwezigheid 
van de NOTCH2 receptor in de lever leidt tot galweg agenesie. Een andere 
belangrijke bevinding is het er een laat-postnatale secundaire galwegvorming in deze 
transgene muizen plaatsvindt, waarbij transcriptiefactoren die bij de embryonale 
galwegontwikkelling betrokken zijn, hier gedeeltelijk ook betrokken zijn. Verder is 
gebleken dat de atypische Notch ligand DLK1, die zeer hoog tot expressie komt tijdens 
de embryonale ontwikkeling alsook in enkele kinder tumoren waaronder de levertumor, 
hepatoblastoom, niet betrokken is bij de pathogenese van het hepatoblastoom, maar 
lijkt te functioneren als een regulator van Notch signalering.
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