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SUMMARY

Hepatocyte differentiation and maturation during embryogenesis is controlled by a
network of liver-enriched transcription factors (LETFs). Whether LETFs control microRNA
(miRNA) expression during development, and whether such control is required for hepatocyte

differentiation has not yet been investigated.

Here we show that two LETFs, namely Hepatocyte Nuclear Factor (HNF) 6 and Onecut2
(OC2), redundantly stimulate the expression of several miRNAs during development, and that
the hepatocyte-specific miR-122 is the most critically dependent on HNF6 and OC2. Using in
vivo and in vitro gain- and loss-of-function experiments, we further demonstrate that accurate
levels of miR-122 are required to ensure proper progression of hepatocyte differentiation and
maturation from hepatoblasts: miR-122 stimulates the expression of hepatocyte-specific genes
and of most LETFs, including HNF6. This reveals the existence of a HNF6 — miR-122 positive
feedback loop. Moreover, stimulation of hepatocyte maturation by miR-122 is abolished in an
HNF6-null background, revealing that a transcription factor can mediate microRNA function.
Confirming direct regulation we provide evidence that all hepatocyte-specific genes whose
expression is stimulated by miR-122 are occupied in vivo by HNF6.

MiR-122 also promotes hepatocyte maturation by directly repressing specific mMRNAs.
Mir-122 participates to liver-specific disallowance of the enzyme 2-oxoacid CoA transferase
(OXCT1) during hepatocyte maturation. OXCT1 is involved in ketone body catabolism and
needs to be repressed in liver, where ketone bodies are produced, in order to avoid hepatic
catabolism of these metabolites. We show that OXCT1 mRNA is a direct target of miR-122 and
that the rise in miR-122 level during hepatocyte maturation induces repression of OXCT1

protein production during liver development and in adulthood.

Together, our findings indicate that the expression level of the liver specific miR-122 is
controlled by a HNF6 - miR-122 positive feedback loop and that miR-122 controls hepatocyte
differentiation and maturation by indirect stimulation of hepatocyte-specific genes and by direct

repression of an ubiquitous gene.
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Introduction

1. INTRODUCTION

1.1. Liver development

1.1.1. Architecture and functional organization of the mature liver

The liver is a large organ, with a mass that accounts 2% to 5% of the body weight. It
plays a central role in the regulation of cholesterol metabolism and transport, glycogen storage,
urea metabolism, drug detoxification, secretion of plasma protein such as Albumin and
Apolipoproteins, and coagulation factors. The liver also exhibits endocrine and exocrine
functions. Endocrine functions consist in secretion of several hormones (Insulin-like growth
factors, Angiotensin and Thrombopoietin) in the bloodstream, whereas the exocrine function is
the secretion of the bile to the gallbladder and small intestine. The secretion of bile acids by the

liver is essential for emulsification and intestinal absorption of fats.

Histologically the liver is composed of hepatocytes, which account for ~78% of liver
mass (Blouin et al. 1977), as well as cholangiocytes/biliary cells, endothelial cells, Kupffer cells

(resident liver macrophages), hepatic stellate cells and pit cells (natural Kkiller cells).

The basic architectural and functional unit of the liver is the hepatic lobule (Fig. 1). It
consists of a roughly polygonal arrangement of hepatocyte plates, which are lined by sinusoidal
capillaries, radiating from a central vein in the center. Sinusoidal cells are fenestrated endothelial
cells which are separated from the hepatocytes by the space of Disse. Stellate cells are located in
the space of Disse. Portal triads are distributed at the corners of the lobule; they contain a
terminal branch of the hepatic artery and of the portal vein, and a terminal bile duct lined by

cholangiocytes.

Hepatocytes secrete endocrine hormones into the sinusoids, whereas bile is secreted into
biliary canaliculi, which are formed by the apical faces of adjacent hepatocytes welded together
by junctional complexes. Bile flows from the canaliculi to the canals of Hering which form a link
with the terminal bile ducts and are lined partly by hepatocytes and partly by cholangiocytes.
Blood flows from the portal vein and the hepatic artery into the sinusoids, perfuses hepatocyte
plates and flows out into the central vein reaching the systemic circulation. Bile flow is parallel
to the sinusoids, but is opposite in direction to the blood flow. Indeed, bile is transported through

the canaliculi into the bile ducts, and subsequently transported for storage in the gallbladder.
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Introduction

All hepatocytes appear similar when visualized by microscopy. However, there are
functional differences between periportal hepatocytes located close to the portal vein, and
pericentral ones located near the central vein. Indeed, periportal and pericentral hepatocytes
express different gene sets and exert different metabolic functions, giving rise to the so-called
metabolic zonation (Jungermann 1987; Gebhardt et al. 2007). Enzymes or other functional
proteins (transporters, transcription factors, etc.) show decreasing or increasing gradients along
the periportal to pericentral axis (Christoffels et al. 1999). Metabolic pathways performing
opposing functions follow inverse gradients or compartments. Examples of the opposite
functions are gluconeogenesis and glycolysis, ureogenesis and glutamine synthesis, or
cholesterol biosynthesis and bile acid biosynthesis which, for each pair, are predominant in
periportal and pericentral zones, respectively. As a consequence, each hepatocyte performs

biochemical functions depending on its position along the periportal to pericentral axis.

c Bile

-— Inferior vena cava (IVC) canaliculus

Cystic duct
Common bile duct

Hepatic artery

Portal vein

Figure 1. Architecture of the liver (adapted from http://www.hopkins-gi.org). Schematic representation of the liver
(A), the hepatic lobule (B) and the portal triad (C).

1.1.2. Initiation of liver development

During embryonic development, hepatogenesis occurs as a series of developmental stages
that progressively generate the complex cell composition and tissular architecture necessary for

the execution of liver functions.

Accurate fate-mapping experiments have shown that the liver arises from 3 distinct
domains of the anterior endoderm, that are located in the medial and lateral regions of the foregut

(Tremblay and Zaret 2005; Zaret and Grompe 2008). During foregut closure these domains fuse
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and generate a single prehepatic domain adjacent to the cardiac mesoderm and to the septum

transversum mesenchyme (Fig. 2).
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Figure 2. Early liver development in the mouse embryo. (adapted from Zhao and Duncan 2005). Illustration of
initial steps of liver development and key transcription and extracellular factors acting at specific stages. He, heart;
S, septum transversum; VE, ventral endoderm; E, endothelial cells; Lb, liver bud; H, hepatoblasts.

The first step in formation of the prehepatic domain is the acquisition of competence,
which is defined by the capacity to respond to liver inducing-signals. Several studies have
proposed Forkhead box (Fox) A and GATA transcription factors as “pioneer factors” in liver
competence: they bind to liver-specific genes and open their chromatin, thereby rendering the
cells responsive to transcription factors which will initiate liver-specific gene expression. Indeed,
FoxA and GATA factors provide access to additional transcription factors, such as Nuclear
Factor (NF)-1 and CCAAT-enhancer binding protein (C/EBP) B, thus resulting in activation of
hepatic gene transcription (Gualdi et al. 1996; Bossard and Zaret 1998; Cirillo et al. 2002). When
the hepatic genes become expressed, the endoderm cells are considered "specified”, that is they
are committed to become hepatic cells. Further confirmation of FoxA functions comes from a
mouse model lacking FoxAl and FoxA2, which are functionally redundant. These mice fail to
initiate hepatic development and their endoderm is unable to respond to extracellular specifying-
signals (Lee et al. 2005).

Hepatocyte Nuclear Factor (HNF) 1 is also critical for competence of ventral endoderm.

Indeed, HNF1p was found to stimulate the expression of FoxAl and FoxA2 in prehepatic
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endoderm and HNF1p-deficient embryos fails to expressing liver-specific genes in developing
liver (Lokmane et al. 2008). Taken together these data show that hepatic competence is
controlled by a network involving HNF1f, FoxA and GATA factors.

Hepatic specification is induced by extracellular signals, such as Fibroblast growth
factors (FGFs), Bone morphogenetic proteins (BMPs) and Wnt (Fig. 2). FGFs, such as FGF-1, -
2, -8 and -10 are secreted by the cardiac mesoderm (Miller et al. 2000) and induce hepatic gene
expression in competent endoderm through the activation of MAPK pathway (Calmont et al.
2006). FGF-mediated specification of hepatic cell fate is dependent on a well-defined FGF
concentration, which depends on the distance separating the pre-hepatic endoderm from the
cardiac mesoderm. Threshold concentrations of FGF indeed determine the patterning the foregut
endoderm into distinct organ precursor regions (Serls et al. 2005). BMP-2 and BMP-4 are
secreted by the septum transversum mesenchyme and are also required for liver specification as
shown by delayed expansion of the liver bud in Bmp-4" mouse and by the in vitro repression of
hepatic specification by BMP inhibitors (Rossi et al. 2001). Finally, to allow liver development
from the anterior foregut endoderm, Wnt signaling must be repressed anteriorly (McLin et al.
2007) by endoderm secretion of Wnt inhibitors, such as Sfrp5 (Finley et al. 2003).

When endoderm cells are specified, they start expressing several hepatic genes such as
Albumin (Alb), a-fetoprotein (Afp), Transthyretin (Ttr) and Hepatocyte nuclear factor (HNF) 4a,
all of which are indicators of early hepatic fate. At embryonic day (E) 9 hepatic precursor cells,
which at this stage are called hepatoblasts, become columnar and undergo a transition to a
pseudostratified epithelium (Bort et al. 2006). This thickens the epithelium and induces
formation of the hepatic diverticulum. The hepatoblasts proliferate and form a tissue bud that is
surrounded by a basal membrane. Slightly later this basal membrane is degraded, hepatoblasts
downregulate E-cadherin expression and migrate to invade the septum transversum (Fig. 2). This

migration requires metalloproteinase activity (Margagliotti et al. 2008).

By analyzing mutant mouse models, several transcription factors were found to be
implicated in the formation and expansion of the liver bud. The Homeobox transcription factor
Hex promotes pseudostratification, hepatoblast proliferation and migration, but it is not required
for hepatic specification (Keng et al. 2000; Martinez Barbera et al. 2000; Bort et al. 2004; Bort et
al. 2006). In the liver bud, expression of Hex is regulated by FGF and BMP (Zhang et al. 2004).
BMP signaling also controls GATA4 expression (Rossi et al. 2001), which in turn stimulates
Hex expression (Denson et al. 2000). Moreover GATA4 and GATAG are required for liver bud

expansion (Zhao et al. 2005; Watt et al. 2007). Prospero-related homeobox (Prox) 1 promotes
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proliferation and migration of hepatoblasts into the septum transversum. Indeed, hepatoblasts
depleted in Prox1 are unable to degrade the surrounding basal membrane and to delaminate,
probably as a result of the maintenance of high levels of E-cadherin (Sosa-Pineda et al. 2000).
The expression of Prox1 is regulated by the T-box transcription factor (Thx) 3, whose deletion
impairs hepatoblasts proliferation and migration during liver bud expansion (Ludtke et al. 2009).
A phenotype similar to that of Prox1-deficient mice is shown in the combined absence of the
Onecut transcription factors HNF6, also called Onecut (OC) 1, and OC2. Indeed HNF6 and OC2
redundantly control degradation of basal membrane, hepatoblast migration and expression of
genes involved in cell adhesion and migration such as thrombospondin-4 and osteopontin (Opn)
(Margagliotti et al. 2007). All these data show that hepatoblast proliferation and migration is
controlled by a network of genes involving Hex, GATAA4/6, Prox1, Tbx3 and HNF6/0OC2

(Fig.2).

Between E9.5 and E15.5, after invading the septum transversum, hepatoblasts continue to
proliferate in order to expand the mass of the liver bud. This proliferation is controlled by
multiple growth factors secreted by the septum transversum, such as Hepatocyte growth factor
(HGF) (Schmidt et al. 1995; Monga et al. 2002), BMP (Rossi et al. 2001; Yanai et al. 2008),
FGF (Jung et al. 1999; Calmont et al. 2006; Berg et al. 2007), Wnt (Monga et al. 2003; McL.in et
al. 2007), Transforming growth factor (TGF)  (Weinstein et al. 2001), and retinoic acid (Wang
et al. 2006). Importantly, the liver bud is initially surrounded by endothelial cells, which also
provide essential proliferation signals (Matsumoto et al. 2001; Matsumoto et al. 2008).

1.1.3. Segregation of hepatobiliary lineages

Hepatoblasts are bipotential precursors, having the ability to differentiate into either

hepatocytes or biliary cells.

The timing of lineage segregation has not been determined. Indeed, the onset of
hepatocyte differentiation cannot be defined with accuracy since it is a continuous process:
between E9.5 and E12.5 hepatoblasts start expressing several proteins associated with hepatocyte
functions such as HNF4a, Alb, Ttr and Afp. At E12 a subpopulation of hepatoblasts that has
differentiated toward the hepatocyte lineage can be identified by electron micrography, showing
an abundant rough endoplasmic reticulum and lipid vesicles. Beyond E12, hepatocyte-specific
functions are gradually acquired. Otherwise the first indication of biliary differentiation is the

expression of the transcription factors SRY -related HMG box transcription factor (SOX) 9 which
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is detected at E11.5 in a subset of cells located near the branches of the portal vein. This factor
remains restricted to the biliary lineage throughout development (Antoniou et al. 2009).
Therefore, E11.5 is currently considered as the stage of biliary commitment (see also § 1.1.5

Transcriptional control of bile duct development).

Several transcription factors have been described as making important contributions

toward the decision of hepatoblasts to adopt a hepatocyte versus a biliary fate (Fig. 3).
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Figure 3. Mechanisms of hepatobiliary lineage segregation (from Lemaigre 2009). Transcription factors and
extracellular signals driving hepatoblast differentiation toward either the hepatocyte or the biliary lineage are
illustrated. The green dashed oval delineates hepatocyte-inducing mechanisms, and the orange dashed oval
integrates biliary differentiation mechanisms.

Appropriate levels of HNF6, which is expressed in hepatoblasts, hepatocytes and biliary
cells, are required for the normal segregation of hepatoblasts into hepatocyte or biliary cells.
Indeed, in the absence of HNF6 periportal hepatoblasts give rise to cyst-like structures that show
a hybrid “hepatobiliary” phenotype, combining features of hepatocytes and biliary cells
(Clotman et al. 2002). In the absence of both HNF6 and OC2, namely the double HNF6/0OC2
knockout, this phenotype is aggravated, since hepatobiliary cells can be found not only in the
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periportal region but also throughout the parenchyma (Clotman et al. 2005). This results from a
severe anomaly in TGFB signaling. TGFB-2, TGFB-3 and Activin A are produced by the
periportal mesenchyme and stimulate biliary differentiation (Antoniou et al. 2009). TGFp
signaling occurs as a gradient with high activity near the portal vein and lower activity in the
parenchyma (Clotman et al. 2005). In the double HNF6/OC2 knockout an excess of TGFf
signaling in the parenchyma is observed and this probably imposes a biliary differentiation
program in cells normally fated to the hepatocyte lineage. This indicates that HNF6 and OC2 are
required to accurately determine the slope of the TGF gradient, most likely by repressing the
expression of TGFpB receptor type (TBR) II and by stimulating activin and TGFf inhibitors,
namely follistatin and a-2-macroglobuline (Clotman et al. 2002; Plumb-Rudewiez et al. 2004).
Mice lacking the Hex transcription factor also show hybrid cells displaying hepatocyte and
biliary features, and this is associated with decreased expression of HNF6 (Hunter et al. 2007).
Livers depleted in C/EBPa are also characterized by the presence of hybrid cells, but in this case
the phenotype is found in association with overexpression of HNF6 (Yamasaki et al. 2006).
Moreover, in Tbx3-deficient mice, C/EBPa expression is repressed and in turn HNF6 is
stimulated, resulting in an increase of the relative number of hepatoblasts that are committed to a
biliary fate (Ludtke et al. 2009). Taken together these data suggest that for normal hepatoblast
differentiation, Hex, C/EBPa and Thx3 have to tightly control HNF6 expression levels (Fig. 3).
Finally, a few other transcription factors are involved in the regulation of hepatobiliary
segregation. These are FoxM1, which is critical for hepatoblast differentiation toward biliary
cells (Krupczak-Hollis et al. 2004), and Sal4 which represses hepatocyte differentiation and

enhances biliary differentiation (Oikawa et al. 2009).

Several signaling pathways have been implicated in lineage segregation (Fig. 3). Besides
TGFp signaling which has been previously described, Notch signaling pathway was also long
suspected to be involved, based on the finding that patients affected with Alagille syndrome
show bile duct paucity and mutations in the JAGGED1 ligand or NOTCH2 receptor genes (Li et
al. 1997; Oda et al. 1997; McDaniell et al. 2006). In vitro experiments with purified hepatoblasts
have suggested that the Notch pathway promotes biliary differentiation at the expense of
hepatocyte differentiation (Tanimizu and Miyajima 2004). This has been confirmed in vivo.
Inhibition of Notch pathway by inactivation of RBPJk, a common transcriptional mediator of
Notch, decreases the number of hepatoblasts differentiating to biliary cells, demonstrating a role
for Notch signaling in biliary fate acquisition (Zong et al. 2009). These data have been further

confirmed by the observation that activation of Notch signaling by overexpression of Notch
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intracellular domain (NICD) induces biliary differentiation, even ectopically in the parenchyma
(Tchorz et al. 2009; Zong et al. 2009).

Whnt signaling has also been investigated. In vivo experiments show that inactivation of
Whnt signaling by ablation of its downstream effector B-catenin strongly reduces biliary
differentiation (Tan et al. 2008), whereas stabilization of 3-catenin by knocking out APC, which
prevents nuclear activity of B-catenin, represses hepatocyte differentiation and enhances biliary
differentiation (Decaens et al. 2008). These data suggest that Wnt signaling participates to the
control of hepatobiliary segregation.

Finally, other signaling pathways such as HGF, FGF and BMP, and extracellular matrix
component (Suzuki et al. 2003; Yanai et al. 2008) have a role in cell fate determination, yet their

molecular mode of action remains to be determined.

1.1.4. Transcriptional control of hepatocyte maturation

Throughout embryonic development and during the perinatal period, cells that have
differentiated to the hepatocyte lineage undergo a process of maturation that consists in the
progressive acquisition of the gene expression profile, the morphology and the physiological
functions of mature hepatic parenchymal cells (Jochheim et al. 2003; Petkov et al. 2004).

Hepatocyte-specific gene expression is controlled by a complex network of transcription
factors, commonly referred to as liver-enriched transcription factors (LETFs) which organize to
form a network of autoregulatory and cross-regulatory loops. For 12 LETFs, detailed expression
profile and occupancy of regulatory regions within the promoters of other LETF genes have been
analyzed in vivo. This study has shown that the number and complexity of interactions increase
when hepatocyte maturation proceeds, following the progressive rise in concentration of the core
transcription factors (Kyrmizi et al. 2006) (Fig. 4). Within this “dynamic transcriptional
network” (Lemaigre 2009) a “core” of 6 transcription factors (HNF1o, HNF1p, FoxA2, HNF4a,
HNF6 and Liver receptor homolog (LRH) 1) (Fig.3-4A), which occupy the regulatory regions of
each others and of the peripheral LETFs (Kyrmizi et al. 2006), has been identified.

The expansion of cross-regulation between LETFs is likely to increase stabilization of the
circuitry as development progresses to ensure terminal differentiation of the hepatocytes (Fig.
4A). Indeed, removal of a single LETF has much more impact when deleted in embryonic than

in adult livers (Kyrmizi et al. 2006).
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Interestingly LETFs synergistically and interdependently cooperate with other LETFs and
cofactors to control the transcription of common target genes. HNF6 has been involved in two
examples of this “synergistic interdependence” (Lemaigre 2009). Indeed, for the stimulation of
glucose-6-phosphatase (G6pc) expression, HNF6 requires the presence of HNF4o and vice
versa, and the synergy between these two transcription factors is dependent on the corecruitment
of the coactivator PGCla (Beaudry et al. 2006). In addition, HNF6 synergizes with C/EBPa to
recruit the CBP coactivator protein and stimulate FOxA2 gene transcription (Yoshida et al.
2006). It is interesting to note that the synergistic interdependence only occurs when the
concentrations of HNF6/HNF4a/PCGlo and HNF6/CEBPa reach threshold levels. Taken
together these data suggest that corecruitment of coactivator and therefore time-specific
activation of target genes is regulated by the increasing concentration of LETFs which reach

threshold levels at a specific developmental stage (Fig.4B).
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Figure 4. Dynamic organization of the liver-enriched transcription factors (LETF) network controlling
hepatocyte maturation (from Lemaigre 2009). (A) Increase in the number and complexity of interactions between
the core LETFs during development and in adulthood. Green arrows, unidirectional regulations; blue double
arrows, bidirectional regulations. (B) Model for time-specific gene activation during development. The
concentration of 3 transcription factors (TF1, TF2, and TF3) and of 2 coactivators (CoActl and CoAct2) increases
during development. Stimulation of specific genes at specific time points during development only occurs when
threshold levels are reached.
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The role of core LETFs in the establishment and maintenance of hepatic functions has

been proven in vivo by using knockout strategies in mouse.

Deletion of HNF4a results in embryonic mortality at E6.5 caused by severe
extraembryonic endoderm defects preventing gastrulation (Chen et al. 1994). When the
extraembryonic deficiency is rescued by tetraploid complementation, HNF4a™~ embryos develop
until E12.5. At this stage these embryos show normal hepatic specification, but reduced levels of
genes coding for several hepatocyte markers, such as apolipoproteins, metabolic proteins and
serum factors (Li et al. 2000). When HNF4a is deleted specifically in hepatic cells by E15.5, the
absence of HNF4a results in the decrease of genes involved in gluconeogenesis and glycogen
synthesis (Parviz et al. 2003). Furthermore livers in which HNF4a has been deleted specifically
in postnatal hepatocytes exhibit low levels of genes involved in lipid, cholesterol and bile acid
homeostasis (Hayhurst et al. 2001). Therefore HNF4a is a key regulator of hepatocyte functions,
but in addition it is also crucial for the control of the epithelial character of hepatocytes. Indeed
in the absence of HNF4a, hepatocytes are small and fail to form cords (Parviz et al. 2003). This
is due at least in part to the requirement of HNF4a for normal expression of an impressive set of

genes coding for proteins involved in cell junction assembly and adhesion (Battle et al. 2006).

In HNF1a knockout mice livers develop normally, but they show complete extinction of
the phenylalanine hydroxylase gene, which is involved in amino acid metabolism, and a partial
reduction of Alb, al-antitrypsin and fibrinogen (Pontoglio et al. 1996). This phenotype probably
results from functional redundancy during hepatogenesis between HNFlo and HNFI1p, two
factors which display indistinguishable DNA binding sequence specificity (Cereghini 1996).

Besides its role in hepatic specification, HNF1p is also involved in the control of hepatic
functions. Indeed, in the absence of HNF1p, expression of genes involved in bile acid sensing

and fatty acid oxidation is decreased (Coffinier et al. 2002).

HNF6 is not only involved in hepatobiliary segregation but it also controls functions
typical for mature hepatocytes. Indeed, it partially mediates the effects of growth hormone
(Lahuna et al. 2000) and modulates glucocorticoid action in liver (Pierreux et al. 1999); it
stimulates the expression of G6pc (Beaudry et al. 2006), phosphoenol-pyruvate carboxykinase
(PEPCK) and 6-phosphofructo-2-kinase (Pierreux et al. 1999) which participate to
gluconeogenesis, and of glucokinase, which catalyses the first reaction of glycolysis, and of the
storage of glucose as glycogen (Lannoy et al. 2002). Moreover, HNF6 regulates hepatic
cholesterol catabolism and bile acid synthesis through the transcriptional control of cholesterol-
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7-hydroxylase (CYP7A1L), the rate-limiting enzyme in the conversion of cholesterol to bile acids
(Wang et al. 2004).

Deletion of FoxA2 specifically in hepatocytes provides evidence of the role of FOXA2 in
the control of bile acid metabolism and gluconeogenesis. Indeed, mice lacking FOXA2 in
hepatocytes display a complex alteration in the levels of transporters and modifying enzymes for
bile acids, which results in increased intrahepatic bile acid levels (Bochkis et al. 2008). Moreover
these livers fail to fully activate genes involved in gluconeogenesis upon fasting, such as
PEPCK, tyrosine aminotransferase and insulin-like growth factor binding protein 1 (Zhang et al.
2005).

LRH1 knockout development is arrested prior to gastrulation, showing features typical of
visceral endoderm dysfunction, such as in HNF4a knockouts. In contrast LHR™ mice survive
and show approximatively 40% of LHR1 levels found in wild type mouse livers. These mice
display hypercholesterolemia and decreased expression of CYP7AL (Pare et al. 2004).

All these data provide evidence that core LETFs control the acquisition of hepatic cell
functions in vivo and are further supported by genomic studies using chromatin
immunoprecipitation combined with DNA microarray or deep-sequencing, which show that
LETFs bind to loci of numerous liver-specific genes (Odom et al. 2004; Odom et al. 2006;
Bochkis et al. 2008).

Hepatocyte maturation also requires repression of a number of genes during prenatal and
postnatal periods, such as Afp, H19 and Glypican 3 (Spear et al. 2006). Transcriptional
repression of Afp seems to be controlled by the transcription repressor Zinc-finger and
homeobox factor (Zhx) 2. Zhx2 is more strongly expressed in adult liver than in embryonic liver
and insertion of a retrotransposon in the Zhx2 locus increases Afp expression in adult livers
(Perincheri et al. 2005). Further studies have also shown that Zhx2 represses not only Afp but
also H19 and Glypican-3 (Perincheri et al. 2005; Morford et al. 2007). The Zinc-finger factor
ZBTB20 is another repressor of Afp. It is expressed in liver only after birth, it binds to and
represses the Afp promoter and, in the absence of ZBTB20, a strong increase in Afp expression
is monitored in adult hepatocytes (Xie et al. 2008).

Finally, extracellular signals are also required for the progression of hepatocyte
maturation. Oncostatin M (OSM) is produced by the hematopoietic precursor cells which reside
in fetal liver, and stimulates the expression of hepatocyte specific genes (Kinoshita et al. 1999).

HGF is secreted by endothelial cells and allows the organization of hepatocytes as cord-like
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structures (Suzuki et al. 2006). Wnt, and in particular Wnt9a, is produced in chicken liver by
sinusoidal cells and stimulates glycogen accumulation (Matsumoto et al. 2008).

1.1.5. Transcriptional control of bile duct development

Around E13 hepatoblasts differentiating to biliary cells form a near continuous
monolayered ring of cells, called “ductal plate”, which surrounds the periportal mesenchyme.
The ductal plate must undergo a complex process of remodeling and morphogenesis that leads to
the formation of mature bile ducts at birth. At E15.5, bilayered structures delineating a lumen
become detectable at focal areas of the ductal plate. These structures are called “primitive ductal
structures (PDS)” and mark the onset of bile duct morphogenesis. PDS have a unique
asymmetric organization. They are lined on the portal side by biliary cells, which express typical
biliary markers such as SOX9, Opn, cytokeratin (CK) 19 and high levels of E-cadherin. On the
contrary the parenchymal side of PDS is composed of hepatoblasts which express HNF4a and
low levels of E-cadherin. This asymmetry is transient and hepatoblasts on the parenchymal side
undergo a radial and progressive differentiation into biliary cells, resulting in mature bile ducts
entirely lined by biliary cells expressing SOX9, Opn, CK19 and high levels of E-cadherin, but
not HNF4a (Antoniou et al. 2009) (Fig. 5). In parallel with acquisition of symmetry, the ducts
become surrounded by the periportal mesenchyme. Ductal plate areas not involved in duct
formation involute, possibly by undergoing apoptosis as shown in humans (Terada et al. 1995).
The whole process of duct morphogenesis progresses in a hilum-to-periphery direction. It starts
around the largest branches of the portal vein, close to the hilum of the liver and progressively
extends toward the periphery of liver lobes (Van Eyken et al. 1988; Antoniou et al. 2009).
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Figure 5. Bile duct morphogenesis (adapted from Lemaigre 2009). Schematic representation of the mechanism
driving mature bile duct formation from a monolayered ring of biliary precursor cells.
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Using mutant mouse models, several transcription factors have been implicated in the
control of duct morphogenesis and a gene network regulating bile duct development can be
proposed (Fig.3).

The first factors to be identified as transcriptional regulators of biliary development are
HNF6 and HNF1p. In the absence of either factor, the ductal plate gives rise to cyst-like biliary
structures of variable size and to postnatal persistence of ductal plate cells (Clotman et al. 2002;
Coffinier et al. 2002). Moreover, HNF6 binds to Hnflf gene promoter and controls its
expression in fetal livers (Clotman et al. 2002). HNF6 also stimulates the biliary specific
transcription factor SOX9, whose absence delays differentiation of the parenchymal layer of
PDS during bile duct maturation (Antoniou et al. 2009). In zebrafish livers, the HNF6/HNF1[3
cascade controls the expression of vps33b (Matthews et al. 2005), a regulator of vesicular
membrane fusion, which has been found mutated in humans affected with “Arthrogryposis-
Renal Dysfunction and Cholestasis”, a syndrome characterized by bile duct paucity (Gissen et al.
2004). Finally, since HNF6 and HNF 1 control the expression of genes which regulate duct size
and function in pancreas (Cysl and Pkhd1, (Pierreux et al. 2006)) and kidney (Ift88, Pkd2, Pkhd1l
and Kifll, (Gresh et al. 2004; Gong et al. 2009)), one can speculate that these genes are targeted
by HNF6/HNF1p cascade also in liver.

Two transcription factors have been placed upstream of HNF6 and HNF1p in the biliary
development cascade, namely Hex and C/EBPa. In mice in which Hex is ablated, cystic ducts
can be identified with reduced levels of HNF6 and HNF1p (Hunter et al. 2007). On the other
hand mice depleted of C/EPBa show abnormal biliary structures near the portal vein, which in
this case are associated with high levels of HNF6 and HNFIB (Yamasaki et al. 2006).
Interestingly like for hepatobiliary lineage segregation, experimental data support the notion that

HNF6 expression levels must be tightly regulated to allow normal bile duct morphogenesis.

Since the absence of HNF6, Hex, and C/EBPa during liver development is not only
associated with aberrant morphogenesis but also with abnormal biliary differentiation, it cannot
be concluded if the role of transcription factors on duct morphogenesis is direct or a consequence

of their control on biliary differentiation.

Bile duct maturation is also controlled by extracellular signals, such as TGFf and Notch
signaling pathways. TGFp is likely to play a role in duct morphogenesis, based on the dynamic
expression of its receptor TBRIIL. Indeed TPRII is expressed in all biliary precursor cells at the
monolayered ductal plate stage, but in PDS it is absent from biliary cells on the portal side while
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being detected in the hepatoblasts on the parenchymal side. In mature ducts, all biliary cells are
negative for TPRIL Interestingly, delayed maturation of PDS in SOX9 knockout mice is
associated with abnormal persistence of TPRII on the portal side. Moreover, TGFp treatment of
cultured hepatoblasts induces biliary marker expression and represses TPRII expression
(Antoniou et al. 2009). Based on these data a model can be proposed in which TGFp sequentially
induces differentiation of the cells on the portal side and then on the parenchymal side of PDS.
When cells have differentiated to biliary cells, TGFp represses its own receptor by a negative
feedback loop (Raynaud et al. 2010).

Beside its role in biliary cell commitment, Notch signaling is also required for duct
morphogenesis, as shown by generation of mice showing loss-of-function of the Notch pathway.
Inactivation of Notch signaling in the liver after the stage of ductal plate formation, either by
combined deletion of Notchl and Notch2 (Geisler et al. 2008), or RBP-Jk (Zong et al. 2009)
affected morphogenesis without influencing biliary differentiation. Mice knockout for the Notch
effector Hairy and enhancer of split homolog (Hes) 1 (Kodama et al. 2004) or harboring a
combination of the Notch ligand Jagged1 null allele and a Notch2 hypomorphic allele (Lozier et
al. 2008) show the same phenotype of biliary paucity. Jaggedl is expressed by portal vein
mesenchymal and endothelial cells, and later expands to biliary precursor cells (Louis et al.
1999; Loomes et al. 2002; Flynn et al. 2004; Zong et al. 2009; Hofmann et al. 2010).
Interestingly during ductal plate induction the critical source of Jaggedl seems to be the portal
vein mesenchyme. Indeed, specific ablation of Jagged1 in the portal vein mesenchyme, but not in
endothelium, strongly perturbs morphogenesis, resulting in bile duct paucity (Hofmann et al.
2010). Finally Hesl and Jaggedl are firstly detected on the portal layer and then on the
parenchymal layer of PDS, thus suggesting that Notch pathway is sequentially activated on the
two layers, following duct maturation (Antoniou et al. 2009; Zong et al. 2009).

1.2. MicroRNA function in the liver

1.1.1. General requirement of miRNAs in liver function

MicroRNAs (miRNAs) comprise a large family of small ~21-nucleotide-long noncoding
RNAs that have emerged as key posttranscriptional regulators of gene expression in metazoan

animals, plants and protozoa. In mammals, miRNAs are predicted to control the activity of more
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than 60% of all protein-coding genes (Friedman et al. 2009) and they participate in the regulation
of almost every cellular process investigated to date, such as signal transduction, cell cycle,
apoptosis, pluripotency, differentiation, and transformation (Bushati and Cohen 2007; Bartel
2009).

MiRNA genes are transcribed by either RNA polymerase Il or 11l into a long precursor,
namely the primary miRNA (pri-miRNA). The pri-miRNA is endonucleolytically cleaved by the
nuclear microprocessor complex formed by the RNase Il enzyme Drosha and the Di George
critical region (DGCR) 8 protein in the nucleus. The resulting precursor hairpin, namely the pre-
mIiRNA, is exported from the nucleus by Exportin-5-Ran-GTP. In the cytoplasm, the RNase |11
enzyme Dicerl, in complex with the double-stranded RNA-binding protein TRBP, cleaves the
pre-miRNA hairpin to mature miRNA. The functional strand of the mature miRNA is loaded
together with Argonaute (Ago2) proteins into the RNA-induced silencing complex (RISC),
where, on the basis of sequence complementary, it guides RISC to target mRNAs, in order to
inhibit their expression through mRNA cleavage, translational repression or deadenylation. The
passenger strand is degraded (Bartel 2009; Winter et al. 2009; Fabian et al. 2010) (Fig 6).
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Figure 6. MiRNA biogenesis (from Winter et al. 2009). Representation of miRNA biogenesis pathway from
transcription of miRNA genes in the nucleus to production of mature miRNAs that mediate post-transcriptional
repression of target mMRNAs in the cytoplasm.
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To study the overall role of miRNA in mice, all mature miRNAs have been ablated via
the disruption of the enzyme Dicerl. Constitutive loss of Dicerl leads to early embryonic
lethality at E7.5 (Murchison et al. 2005). Therefore, to circumvent this defect and study the role
of miRNAs in specific tissues, conditional inactivation of Dicerl has been performed by using
the Cre-Lox system: loxP-flanked Dicerl alleles are excised by the Cre recombinase, whose
expression is driven by tissue-specific promoters. This strategy has been used for several tissues,

including liver.

In liver, two conditional Dicerl knockouts have been described, in which efficient
deletion of Dicerl and depletion of miRNAs occur only after birth. In both cases, loss of Dicerl
in the adult led to a higher rate of proliferation and apoptosis, and to reactivation of fetal stage-
specific gene expression such as Afp, H19 and Insulin-like growth factor 2 (Hand et al. 2009b;
Sekine et al. 2009a). Moreover Dicerl knockouts display steatosis and depletion of glycogen
storage in hepatocytes (Sekine et al. 2009a), as well as hepatocyte damage and inflammation
(Hand et al. 2009b). Furthermore, with age, normal hepatocytes, which escaped Cre
recombination, progressively replace apoptotic knockout cells (Hand et al. 2009b; Sekine et al.
2009a) and the surviving Dicerl-negative hepatocytes give rise to hepatocarcinoma in the

majority of animals by the age of twelve months (Sekine et al. 2009a).

Interestingly deletion of Dicerl impairs liver zonation. Periportal proteins such as
PEPCK, E-cadherin, arginase 1 and carbamoyl phosphate synthethase 1 become expressed
diffusely throughout parenchyma, whereas the expression of pericentral proteins is mostly
preserved (Sekine et al. 2009b).

These data show that Dicerl is involved in the control of hepatocyte survival, metabolism, fetal
gene repression, tumor suppression and zonation in liver, but they do not rule out if all these
effects are due to the loss of miRNA or to a direct involvement of Dicerl. Moreover it is
interesting to note that three groups have recently provided evidence for an alternative miRNA
biogenesis pathway which is Dicer-independent (Cheloufi et al. 2010; Cifuentes et al. 2010;
Yang and Lai 2010), rising the possibility that deletion of Dicerl could not be sufficient to
completely deplete cells of all miRNAs.
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1.2.2. Role of specific miRNAs in liver development

In previously described liver-specific Dicerl knockouts, depletion of Dicerl only occurs
postnatally, hampering the exploration of the role of miRNAs in liver development.

Targeted approaches addressing the function of specific miRNAs revealed that the miR-
30a/30c and miR-23b/27b/24-1 clusters were involved in developmental processes in liver. MiR-
30a/30c are specifically expressed in biliary cells during the late stages of gestation and the early
neonatal period. This biliary-restricted pattern is conserved in mouse, human and zebrafish.
Specific downregulation of miR-30a and miR-30c in zebrafish larvae results in defective biliary
morphogenesis, characterized by fewer terminal ductules. The mode of action of miR-30a/30c is
still unclear, but it was predicted by bioinformatic tools that they modulated Epidermal growth
factor receptor and Activin A, which control biliary proliferation and differentiation, respectively
(Hand et al. 2009a). The miR-23b/27b/24-1 cluster is specifically expressed in hepatocytes at
E17.5. Gain- and loss-of-function experiments with a cultured fetal liver stem cell line indicated
that these miRNAs repress biliary gene expression by inhibiting TGFf signaling via repression
of Smad 2 and Smad 3 mRNAs. These data suggest a model in which high levels of miR-
23b/27b/24-1 in differentiating hepatocytes inhibit TGFf signaling and biliary gene expression,
whereas low levels of the same miRNAs in cholangiocytes allow TGFp signaling to stimulate
biliary differentiation (Rogler et al. 2009). Therefore miR-23b/27b/24-1 cluster is likely to
participate with HNF6 and OC2 (Clotman et al. 2005) in the establishment of TGFf gradient in

developing liver.

1.2.3. MiR-122: a liver-specific miRNA

MiR-122 is specifically expressed in the liver (Lagos-Quintana et al. 2002; Landgraf et
al. 2007). It is detected in liver since E12.5 and increases until birth, (Chang et al. 2004; Rogler
et al. 2009; Thorrez et al. 2011). From E18.5 onward, its expression is restricted to the
hepatocyte compartment (Hand et al., 2009a), and in adult liver miR-122 is the most abundant
miRNA, reaching approximately 70% of all expressed miRNAs (Chang et al. 2004).

MiR-122 is transcribed as a 4.7 kb-long pri-miRNA, which contains the pre-miR-122
sequence in its 3’ end (Chang et al. 2004; Gatfield et al. 2009). Examination of genomic DNA
data for ortholog sequences in different animal genomes shows that best conservation in miR-122

locus is observed in the regions spanning the promoter upstream of the transcriptional start site
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and the pre-miR-122 (Fig. 7A). Within pre-miR-122, the sequence coding for mature miR-122 is
perfectly conserved, whereas the rest of the sequence is significantly conserved, with variations
almost exclusively present in the non-paired regions of the stem-loop structure (Chang et al.
2004) (Fig. 7B). These observations suggest that regulation of expression and function of miR-

122 are similar in distinct organisms.

The regulation of miR-122 expression has been investigated. Several groups have
provided evidence that LETFs (HNFla, HNF4a, FoxAl, FoxA2, C/EBPa) bind to and stimulate
miR-122 promoter in hepatocellular carcinoma (HCC)-derived cells or in adult liver (Coulouarn
et al. 2009; Gao et al. 2010; Xu et al. 2010; Zeng et al. 2010). Moreover, the miR-122 promoter
is repressed by the circadian clock component REV-ERBa, resulting in rhythmic pri-miR-122
transcription (Gatfield et al. 2009). Interestingly, miR-122 levels are also controlled by post-
transcriptional events. In the liver, stabilization of the mature form of miR-122 requires 3’-
adenylation by the cytoplasmic poly(A) polymerase GLD-2, after Dicer cleavage (Katoh et al.
2009).
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Figure 7. Conservation of the miR-122 gene among species. (A) Sequence corresponding to 4.7 kb of pri-miR-
122. Regions showing highest conservation correspond to the promoter upstream the transcription start site and to
the pre-miR-122, boxed in red and yellow, respectively. (B) Alignment of pre-miR-122 sequences shows that the
mature miR-122 sequence (yellow box) is 100% conserved among species. Data are displayed with the help of the
UCSC Genome Browser.
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Several groups have assessed how miR-122 may affect adult liver biology by using in

vivo and in vitro loss- and gain-of function approaches.

It has been shown that miR-122 is important for regulating liver lipid and cholesterol
metabolism. Inhibition of miR-122 in adult mice by treatment with antisense oligonucleotide
results in decreased expression of genes controlling cholesterol biosynthesis, whereas
overexpression of miR-122 by injection of adenovirus coding for this miRNA increases their
expression (Krutzfeldt et al. 2005; Davis et al. 2009). Furthermore, another group has also shown
that repression of miR-122 decreases plasma cholesterol level, sterol and fatty acid synthesis,
increases fatty acid oxidation and reduces liver steatosis in a diet-induced obesity mouse model
(Esau et al. 2006). Interestingly, a study reveals that inhibition of miR-122 decreases plasma
cholesterol levels without apparent liver toxicity in non-human primates (Elmen et al. 2008),

suggesting that therapeutic approaches targeting miR-122 in humans could be feasible.

Expression of genes involved in lipid and cholesterol metabolism is under circadian
control in the liver and miR-122 has been proposed as a regulator of their rhythmic expression.
Indeed pri- and pre-miR-122, but not mature miR-122 are transcribed in a circadian fashion, by
the circadian transcriptional repressor REV-ERBa. Depletion of miR-122 by in vivo injection of
antisense oligonucleotides induces the alteration of rhythmic accumulation of several circadian
mRNAs (Gatfield et al. 2009; Kojima et al. 2010). However, how mature miR-122, whose
expression is constant over the day, can have an impact on the circadian regulation of its target

remains unknown.

MiR-122 has been proposed as a tumor suppressor in the context of HCC. MiR-122 is
downregulated in HCCs and in HCC-derived cells, and this correlates with aggressive phenotype
and bad prognosis. Indeed miR-122 can suppress HCC cell proliferation by directly targeting
Serum response factor and Insulin-like growth factor 1 receptor, which both stimulates cell cycle
(Bai et al. 2009; Zeng et al. 2010). In addition, miR-122 targets Cyclin G1 (Gramantieri et al.
2007), resulting in increased p53 protein stability and transcriptional activity (Fornari et al.
2009). MiR-122 represses the expression of the anti-apoptotic protein Bcl-W, maintaining the
integrity of apoptosis pathway in HCC derived cells, which is a barrier in malignant
transformation (Lin et al. 2008). Moreover miR-122 suppresses intrahepatic metastasis of HCC
by regulation of the disintegrin and metalloprotease family proteins ADAM10 and ADAM17
(Bai et al. 2009; Tsai et al. 2009). Finally, another study (Coulouarn et al. 2009) has shown that
loss of miR-122 in HCC samples correlates with suppression of hepatocyte marker expression

(such as several apolipoproteins, detoxification and coagulation factors and several LETFs) and
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gain of metastatic properties. Furthermore in vitro overexpression of miR-122 in HCC-derived
cells increases expression of CYP1A2, CYP2C9 and CYP7A1 (Xu et al. 2010). Taken together
these data show that miR-122 controls many processes involved in development and progression

of cancer, such as proliferation, apoptosis, metastasis and dedifferention.

A role of miR-122 in cellular stress response has also been suggested. A validated miR-
122 target is the cationic amino acid transporter (CAT) 1, which facilitates uptake of arginine
and lysine in mammalian cells (Chang et al. 2004). Maintenance of low CAT-1 activity in liver
cells is important to avoid hydrolysis of the plasma arginine by arginase, which is highly
expressed in hepatocytes. In response to different types of cellular stress, including amino acid
deprivation, levels of CAT1 mRNA are upregulated, in order to sustain hepatocellular protein
synthesis. This stress-induced upregulation is mediated by binding of HUR, an AU-rich element
binding protein, to the 3’UTR of CAT1 mRNA, relieving miR-122-induced repression
(Bhattacharyya et al. 2006).

Finally, miR-122 contributes to the liver tropism of Hepatitis C virus (HCV). MiR-122
binds to two closely spaced target sites in the S’UTR of HCV genome, resulting in up-regulation
of viremia, mainly by increasing translation (Jopling et al. 2005; Henke et al. 2008; Jopling et al.
2008). Ectopic expression of miR-122 in non hepatic-cells allows HCV replication and
translation (Chang et al. 2008; Henke et al. 2008), whereas depletion of miR-122 in hepatic cells
leads to rapid loss of viral RNA (Jopling et al. 2005; Randall et al. 2007; Henke et al. 2008). For
all these reasons miR-122 can be considered an interesting target for antiviral intervention. This
concept is recently substantiated by the treatment of chronically HCV-infected chimpanzees with
anti-miR-122-oligonucleotides, which resulted in long-lasting suppression of viremia with no

evidence of hepatic damage (Lanford et al. 2010).
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Aim of the project

2. AIM OF THE PROJECT

The aim of this project is to identify miRNAs which are regulated by the transcription factors
HNF6 and OC2 during liver development and to study the role of these miRNAs in hepatic cell
differentiation. This is performed by identifying miRNAs whose expression is affected in livers
from embryos deficient in HNF6 and OC2, and by investigating the function of a selected

miRNA through in vitro and in vivo gain-and loss-of-function experiments.
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3. RESULTS

3.1. Control of liver differentiation by a positive feedback loop between a

transcription factor and a tissue-specific microRNA
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Abstract

Transcription factors and microRNAs can constitute feedback or feedforward loops that
modulate differentiation of cell types from precursors, yet how such regulatory loops drive
tissue-specific gene expression during differentiation remains insufficiently characterized. Using
liver differentiation as a well-characterized model, we identified miR-122 as a direct target of the
transcription factor paralogs Hepatocyte Nuclear Factor (HNF) 6 and Onecut2 during mouse
development. The two factors redundantly stimulate miR-122 expression. Conversely, using in
vivo and in vitro gain- and loss-of-function experiments, we discovered that accurate levels of
miR-122 are needed to stimulate expression of liver-specific transcription factors, and these
include HNF6. Moreover miR-122 drives proper hepatocyte maturation from hepatoblasts, and
this is abolished in an HNF6-null background, revealing that a transcription factor can mediate
microRNA function. Confirming direct regulation, we found that that the promoters of the genes
upregulated by miR-122 are occupied in vivo by HNF6. Together, our data reveal a
developmental mechanism in which a transcription factor and microRNA, which are both
specifically expressed in the same tissue, establish a positive feedback loop that is used to direct

differentiation.
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Introduction

The interactions between transcription factors and their targets are organized as complex
networks which can be classified in distinct motifs (Balle et al. 1987; Christ et al. 1987).
MicroRNAs (miRNAs) participate to such networks and, together with the transcription factors,
constitute feedback or feedforward loops that control differentiation of cell types from their
precursors (Bartels et al. 1987; Tsang et al. 2007; Martinez et al. 2008; Herranz and Cohen
2010). In this paper we investigate how transcription factors and miRNAs regulate tissue-
specific gene expression during differentiation, and use liver development as a model in which
the network of tissue-specific transcription factors is extensively characterized and in which
miRNA expression profiles are well documented (Zhao and Duncan 2005; Landgraf et al. 2007;
Hand et al. 2009a; Lemaigre 2009; Raynaud et al. 2010; Si-Tayeb et al. 2010).

During liver development, the hepatocytes and cholangiocytes differentiate from
common bipotential precursors, usually referred to as hepatoblasts. Most hepatoblasts give rise
to hepatocytes, and a smaller number of hepatoblasts generates biliary precursor cells.
Hepatoblasts initially express a number of genes (e.g. Hepatocyte Nuclear Factor (HNF) 4¢,
Transthyretin (Ttr), Albumin (Alb)) which later become restricted to the hepatocyte lineage and
whose expression level rises during hepatocyte maturation. These hepatocyte-specific genes are
used as markers of hepatocyte differentiation and maturation, and are repressed in developing
biliary cells. The segregation of the hepatobiliary lineages starts around embryonic day (E) 11.5
in mice. It culminates around E13.5-E15.5, and is best monitored by the expression of biliary-
specific differentiation markers such as the SRY-related HMG box transcription factor 9 (SOX9)
in the biliary precursor cells (Antoniou et al. 2009). The latter are initially located around the
branches of the portal vein to constitute a sleeve of cells called the "ductal plate”. The
segregation of hepatobiliary lineages is followed by the maturation phase which allows the
hepatocytes to form cords and acquire their metabolic properties, and during which the
cholangiocytes form ducts from the ductal plate. (Zhao and Duncan 2005; Lemaigre 2009;
Raynaud et al. 2010; Si-Tayeb et al. 2010).

During development, a well-defined set of liver-enriched transcription factors (LETFS) is
organized as auto- and cross-regulatory loops, and controls differentiation of hepatic cells
(Kyrmizi et al. 2006). The Onecut transcription factors Hepatocyte Nuclear Factor (HNF) 6 and
Onecut2 (OC2) belong to the LETFs and regulate hepatic cell fate determination (Clotman et al.
2002; Clotman et al. 2005). HNF6 and OC2 are expressed in hepatoblasts and in the hepatocyte

and cholangiocyte lineages. They modulate a gradient of TGFB/Activin signaling which
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normally peaks around the portal vein and wanes into the parenchyma, thereby stimulating
biliary differentiation of hepatoblasts near the portal vein (Plumb-Rudewiez et al. 2004; Clotman
et al. 2005; Antoniou et al. 2009). In mice knockout for both HNF6 and OC2, the slope of the
signaling gradient changes and TGFp/Activin signaling is higher throughout the liver. This
induces abnormal hepatoblast differentiation toward hybrid cells that display characteristics of
both hepatocytes and biliary cells.

The role of miRNAs in liver has been studied by conditional inactivation of Dicerl, the
type 111 endonuclease involved in miRNA maturation. This could not reveal a role for miRNAs
in hepatic cell differentiation, since inactivation of Dicerl only occurred postnatally (Hand et al.
2009b; Sekine et al. 2009a; Sekine et al. 2009b). However, targeted approaches addressing the
function of specific miRNAs revealed that the miR-30a/30c and miR-23b/27b/24-1 clusters were
involved in hepatic developmental processes. MiR-30a/30c are specifically expressed in
cholangiocytes during the late stages of gestation and are required for normal bile duct
development (Hand et al. 2009a). The miR-23b/27b/24-1 cluster is expressed in hepatocytes at
E17.5 and experiments with a cultured hepatoblast line indicated that these miRNAs repress
biliary gene expression by inhibiting TGFf signaling via repression of Smad mRNAs (Rogler et
al. 2009).

The expression of miRNAs and LETFs was shown to be correlated, yet how they
coordinately control hepatic differentiation has not been investigated. Several promoters of
miRNAs enriched in adult liver were shown to contain putative binding sites for HNF4o and
Forkhead box A2 (FoxA2; formerly known as HNF3[) (Tuteja et al. 2009; Gao et al. 2011). In
hepatocarcinoma lines the expression of miR-122, the most abundant liver-specific miRNA
(Lagos-Quintana et al. 2002; Chang et al. 2004; Landgraf et al. 2007), positively correlates with
the level of LETFs, and knockdown of HNF1la, FoxAl, FoxA2 or CCAAT-enhancer-binding
protein (C/EBP) o reduced miR-122 expression in cultured cells (Coulouarn et al. 2009; Zeng et
al.). Along the same lines, the promoter of miR-122 has been identified (Gatfield et al. 2009) and
was bound and stimulated in transient transfection experiments by HNFla, FoxA2, HNF4qo and
C/EBPa (Xu et al. 2010).

Therefore, to investigate how transcription factor — miRNA networks regulate tissue-
specific expression of genes, we investigated the function of LETFs — miRNA networks in
hepatic cell differentiation during embryonic development. Here we show that HNF6 and OC2

redundantly control the expression of miRNAs during liver development.
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We identify a HNF6 <-> miR-122 positive feedback loop which stimulates differentiation of
hepatoblasts toward hepatocytes, and which displays an undescribed topology in the control of

cell-type specific gene expression.

Results

HNF6 and OC2 control the expression of several miRNAs during liver development

To identify miRNAs regulating liver-specific gene expression we resorted to mice that
are deficient in both HNF6 and OC2 (H6/02 dKO) as a model for perturbed hepatic cell
differentiation (Clotman et al. 2005). We compared the miRNA populations in wild-type (WT)
and in H6/02 dKO livers at E15.5 by microarray analysis. Fifteen miRNAs were differentially
expressed, 10 miRNAs being upregulated 1.1- to 2-fold in the H6/02 dKO mice and 5 miRNAs
being downregulated 1.1- to 7-fold in the H6/02 dKO mice (Fig. 1A). These results were
validated by measuring the expression of 5 miRNAs by Q-RT-PCR: differential expression of
miR-122, miR-200a and miR-329 at E15.5 was in line with the microarray results, and
differential expression of miR-122, miR-107, miR-200a, miR-329 and miR-337 at E17.5 further
extended the microarray results (Fig. 1B).

HNF6 and OC2 have similar DNA-target sequences (Jacquemin et al. 1999). By
comparing fetal livers from single HNF6 knockouts (H6 KO) or single OC2 knockouts (02 KO),
with livers from H6/02 dKO mice, we found that HNF6 and OC2 redundantly control the
expression of miR-122, miR-107, miR-329 and miR-337. Indeed, the absence of both factors is
necessary to obtain maximal perturbation of the expression of these 4 miRNAs. MiR-200a was
preferentially controlled by HNF6 at E15.5, but was redundantly controlled by HNF6 and OC2
at E17.5 (Fig. 1B).

We concluded that abnormal hepatic cell differentiation in H6/02 dKO livers is
associated with perturbed expression of miRNAs, and that HNF6 and OC2 redundantly control

the expression of a subset of miRNAs.
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Figure 1. HNF6 and OC2 control the
expression of mMIRNAs during liver
development. (A) Microarray results
showing the 15 miRNAs differentially
expressed in wild type (WT) and Hnf6™
/0c2”" (H6/02 dKO) livers at E15.5. Data
are means + SEM; n=3; P<0.05.

(B) Expression of miR-122, miR-107,
miR-200a, miR-329 and miR-337 by Q-
RT-PCR in H6/02 dKO and in Hnf6"
/0c2*"* (H6 KO) and Hnf6**/0c2” (02
KO) mice at E15.5 and E17.5. MiRNA
expression was in most cases redundantly
controlled by HNF6 and OC2. Data are
means = SEM; n = 3; *P < 0.05; **P <
0.01.
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HNF6 stimulates the expression of miR-122 by directly binding to its promoter

Among the miRNA targets of HNF6 and OC2, miR-122 was the most strongly
downregulated in the absence of both transcription factors: a 3.5- to 7-fold decrease in its
expression was detected in H6/02 dKO fetal livers (Fig. 1). Therefore, we further focused on the
mechanism by which Onecut factors regulate miR-122.

The miR-122 promoter has been located earlier (Gatfield et al. 2009), and we found a
sequence matching the HNF6 binding consensus approximately 90 bp upstream of the
transcription start site. This site is well conserved among species (Fig. 2A). To verify if HNF6
can stimulate the miR-122 promoter, we cotransfected a reporter construct (miR-122 promoter (-
300 to +327) — luciferase (Luc)) with an HNF6 expression vector in Bipotential Murine
Embryonic Liver (BMEL) cells, a cultured hepatoblast cell line (Strick-Marchand and Weiss
2002). The results showed that HNF6 stimulates the miR-122 promoter (Fig. 2B). In addition,
when HNF6 was overexpressed in BMEL cells, endogenous miR-122 levels increased, as
measured by Q-RT-PCR (Fig 2C).

We further confirmed that HNF6 binds to the miR-122 promoter by performing
chromatin immunoprecipitation/ultra-high throughput sequencing (ChlIP-Seq) experiments in
vivo. HNF6 binding sites were found in liver within 10 kilobases encompassing the miR-122
locus (Fig. 2D). The strongest binding peak overlapped with the promoter sequence which drove
miR-122 expression in cultured cells and was stimulated by HNF6.

We concluded that HNF6 stimulates miR-122 expression by directly binding to and
activating its promoter.
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Figure 2. HNF6 binds to and stimulates the miR-122 gene promoter. (A) Sequence alignment of the miR-122
gene reveals high evolutionary conservation of the promoter and of a HNF6 binding site consensus. (B) 600 bp of
the miR-122 promoter, encompassing the HNF6 binding site, were inserted upstream the firefly luciferase reporter
gene and cotransfected with an HNF6 or GFP (as control) expressing-vector in BMEL cells. Overexpression of
HNF6 stimulated luciferase activity. (C) Overexpression of HNF6 in BMEL cells also stimulated expression of
endogenous miR-122, as measured by Q-RT-PCR. (D) Chip-Seq data showing that HNF6 binds to the miR-122
locus in vivo in liver, with the strongest peak overlapping with the promoter region; the latter (boxed yellow) was
stimulated by HNF6 in BMEL cells. Data are displayed with the help of the UCSC Mouse Genome Browser
(NCBI37/mm9). In (B) and (C) data are means + SEM; n = 3; *P < 0.05.

MiR-122 stimulates the expression of hepatocyte-specific genes during hepatocyte differentiation

in vitro

Since HNF6 controls hepatic cell differentiation while stimulating expression of miR-

122, we investigated the role of miR-122 during hepatocyte differentiation. In a first approach
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we cultured BMEL cells in suspension for 72 hours to allow formation of aggregates in which
the expression of hepatocyte-specific genes is induced (Strick-Marchand and Weiss 2002).
Therefore, BMEL cells are a model to investigate in vitro the transition of hepatoblasts to
maturing hepatocytes. As shown in Fig. 3A, miR-122 expression was strongly upregulated in
BMEL cell aggregates (BMEL Agg) as compared to BMEL cells maintained in monolayer
culture (BMEL MI), thereby mimicking the increase in miR-122 occurring in vivo during
hepatocyte differentiation (Chang et al. 2004). When anti-miR-122 antagomir was added during
the aggregate BMEL cell culture (BMEL Agg antagomir-122), the induction of miR-122 was
abolished. Cells cultured under the same conditions but treated with a mutated antagomir did not
show decreased levels of miR-122 (BMEL Agg antagomir-mut; Fig. 3A). The expression of an
unrelated miRNA, namely miR-20, was not significantly affected by anti-miR-122 antagomir,
thereby demonstrating the specificity of miR-122 inhibition by anti-miR-122 antagomir (Fig.
3A).

To characterize the consequences of miR-122 inhibition in BMEL cells undergoing
hepatocyte-like differentiation, we compared the mRNA profiles in aggregate-cultured BMEL
cells treated either with anti-miR-122 antagomir or with mutated antagomir. Microarray analysis
revealed that miR-122 inhibition repressed the expression of 26 genes, indicating that miR-122
normally stimulates these genes, in a direct or indirect way. Twenty-four of these 26 genes coded
for hepatocyte-specific proteins (Fig. 3B). Furthermore, treatment of BMEL cells with anti-miR-
122 antagomir also stimulated expression of 22 genes. These 22 genes are therefore repressed,
directly or indirectly, by miR-122; they did not belong to the category of hepatocyte-specific
genes (Supp. Fig. 1). The microarray data were validated by Q-RT-PCR analysis of 5 genes
downregulated by anti-miR-122 antagomir (Alb, Ttr, Apolipoprotein E (ApoE), Apolipoprotein H
(ApoH) and Apolipoprotein A2 (ApoA2)) (Fig. 3C).

Figure 3. miR-122 stimulates the expression of hepatocyte-specific gene during hepatocyte differentiation in
vitro. (A) BMEL cells were cultured in monolayer (BMEL MI) or in suspension to allow the formation of floating
aggregates (BMEL Agg) which express hepatocyte-specific genes. After 3 days of aggregate culture miR-122
expression was increased. This induction was abolished by antagomir-122 treatment (BMEL Agg antagomir-122); a
mutated antagomir (BMEL Agg antagomir-mut) did not inhibit miR-122 expression and served as control.
Expression of miR-20, a miRNA unrelated to miR-122, was unaffected by antagomir treatment. (B) Microarray
analysis of BMEL Agg cells treated with antagomir-122 or mutated antagomir identified 26 genes repressed by
miR-122 inhibition; 24 of these genes were hepatocyte-specific. (C) Validation of the microarray data by Q-RT-
PCR. Albumin (Alb), Transthyretin (Ttr), Apolipoprotein E (ApoE), Apolipoprotein H (ApoH), Apolipoprotein A2
(ApoA2) were downregulated by miR-122 inhibition. (D) Alb, Ttr and ApoE expression was stimulated by
transfection of miR-122 mimic in BMEL cells, in a dose dependent manner. (E) Hepatocyte-specific genes targeted
by miR-122 were downregulated in H6/02 dKO livers at E15.5 and E17.5. Data in (A, C-E) are means + SEM; n =
3; *P < 0.05; **P < 0.01.
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To strengthen these conclusions, we turned to gain-of-function experiments. MiR-122
mimics were transfected in BMEL cells, and we found that expression of Alb, Ttr and ApoE was
increased in a dose-dependent way, thereby confirming that miR-122 stimulates hepatocyte-
specific genes (Fig 3D).

Since miR-122 expression is downregulated in H6/02 dKO liver during development
(Fig. 1B), we expected that hepatocyte-specific genes normally stimulated by miR-122 would be
repressed in the absence of HNF6 and OC2. This was the case: Alb, Ttr, ApoE, ApoH and ApoA2
were all downregulated in H6/02 dKO liver at E15.5 and E17.5 (Fig. 3E).

In conclusion, miR-122 directly or indirectly stimulates expression of genes coding for
hepatocyte-specific functions during differentiation of cultured hepatoblasts toward the
hepatocyte lineage. These genes are common targets of the Onecut factors and miR-122,
possibly via a HNF6/OC2 -> miR-122 cascade.

MiR-122 is required for normal hepatic cell differentiation in developing zebrafish

To confirm that miR-122 controls hepatocyte differentiation using an in vivo model, we
first turned to the developing zebrafish. In this organism, miR-122 is specifically expressed in
liver ((Wienholds et al. 2005); Fig. 4A). During development, the liver is easily detected by
staining for Prox1, which is expressed in all hepatic epithelial cells (Fig. 4B). At 50 hours post-
fertilization (hpf) the hepatoblasts co-expressed the hepatocyte marker HNF4o and low levels of
the biliary marker 2F11, whereas cells that had already initiated differentiation toward
cholangiocytes expressed high levels of 2F11 and were devoid of HNF4a (yellow arrows in Fig.
4B, upper panels). Later, at 80 hpf, HNF4o. was restricted to hepatocytes, whereas 2F11
expression became restricted to cholangiocytes (Fig. 4B, middle panels); only very few cells,
localized in the peripheral layer of hepatic cells, still co-expressed HNF4o and 2F11 at that stage
(white arrow in middle right panel of Fig. 4B). Later in development, such HNF4a+/2F11+ cells
were no longer found in control liver (data not shown). Therefore, in zebrafish liver, segregation
of the hepatocyte lineage is characterized by transient co-expression of HNF4a+ and 2F11+,
followed by differentiation toward HNF4o+/2F11- hepatocytes.

MiR-122 expression can be inhibited by injection of an anti-miR-122 morpholino
oligonucleotide at the 1-cell stage (Fig. 4A). This oligonucleotide overlaps the Dicer processing
site of pre-miR-122 and inhibits miR-122 maturation. In embryos injected with the anti-miR-122
morpholino-oligonucleotide (MO-122) HNF4a+/2F11+ cells were found in the peripheral layer

of the liver (Fig. 4B, white arrow in lower panel), like in embryos injected with the control
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morpholino oligonucleotide (MO-Ctl). However, unlike in controls, embryos treated with MO-
122 displayed immature HNF4o+/2F11+ cells in the center of the liver (green arrows in lower
panels of Fig. 4B). Quantification showed that such cells were more abundant and more
frequently present in MO-122-injected embryos (Fig. 4C) than in the controls. At a later stage
immature HNF4o+/2F11+ cells were no longer found in MO-122-treated livers, indicating that
maturation of the liver is not blocked but delayed (data not shown). We concluded that miR-122

is required for normal hepatic cell differentiation in vivo.

Figure 4. MiR-122 is required for normal

liver development in zebrafish embryos. (A)
80 hpf In zebrafish embryos at 80 hpf miR-122 was

specifically detected in liver (arrow) by in situ

hybridization (arrow, upper panel). Injection

of anti-miR-122 morpholino  (MO-122)
80 hpf abolished miR-122 expression (arrow, lower

panel). (B) In zebrafish embryos at 50 hpf
B Prox1/HNF4a/2F11 hepatic cells (Prox1+) committed to the
hepatocyte lineage co-expressed HNF4o and
low levels of 2F11, whereas cells committed
to the cholangiocyte lineage (yellow arrows)
expressed high levels of 2F11 and were
negative for HNF4a. At 80 hpf in a control-
morpholino injected embryos (MO-Ctl),
hepatocytes were HNF4o+/2F11-. Only very
few cells localized at the periphery of the
liver, were still HNF4a+/2F11+ (white
arrow), and were considered as transient
immature cells. In MO-122 injected embryos
at 80 hpf, HNF4a+/2F11+ were found in the
peripheral layer of hepatic cells, like in
controls (white arrow). Unlike in controls, the
center of the organ contained immature
HNF4a+/2F11+ cells (green arrows). (C)
Proportion of HNF4a+/2F11+ cells in total
number of hepatic cells (Prox1+) in the center
C of the liver at 80 hpf (left), and frequency of

MO-122 MO-Ctl

MO-Ctl

MO-122

12 o 100% 1 embryos in which HNF4o+/2F11+ cells are
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In vivo stimulation of hepatocyte differentiation by miR-122 depends on HNF6

To study the mode of action of miR-122 in liver development, and to investigate how its
function is integrated with that of the LETF network, we turned to gain-of-function experiments
in developing mouse liver. MiR-122 is normally expressed in hepatoblasts and hepatocytes, but
not in developing biliary cells (Hand et al. 2009a). Therefore, we generated transgenic mice
overexpressing miR-122 specifically in the liver under control of Albumin and a-Fetoprotein
regulatory elements. MiR-122 expression was increased in the transgenic mice (miR-122 Tg)
from E13.5 (2.2-fold) until E15.5 (1.7-fold), and then returned to normal values (Fig. 5A).
Interestingly, at E15.5 the hepatocyte differentiation markers which were stimulated by miR-122
in cultured cells (Fig. 3) were also upregulated in miR-122 Tg livers (Fig. 5B). Their expression
levels at E15.5 in miR-122 Tg livers were similar to those in wild-type livers at E17.5 (Supp. Fig.
2), indicating that miR-122 accelerates hepatocyte differentiation.

We next measured, in miR-122 Tg mice, the expression of the transcription factors
Hnfle, HNflg, Foxa2, Hnf4a, and Hnf6/Oc2, which constitute the core of the LETF network
(Kyrmizi et al. 2006). At E15.5, we found a modest 1.4-fold increase in Foxa2, Hnf4« and Oc2,
but a stronger 5-fold increase in Hnf6, as compared to controls (Fig. 5C). We then focused on
HNF6 as it was the most strongly induced, and further showed that its expression was already
stimulated in miR-122 Tg livers from E13.5 onward (Fig. 5D). Immunostaining on sections of
wild-type livers at E15.5 showed predominant expression of HNF6 in biliary cells forming the
ductal plate, and lower expression in hepatoblasts and developing hepatocytes, confirming earlier
findings ((Clotman et al. 2002; Beaudry et al. 2006; Antoniou et al. 2009); Fig. 5F). In E15.5
miR-122 Tg livers HNF6 was upregulated in hepatocytes, thereby mimicking later stages of liver
maturation ((Clotman et al. 2002); Fig. 5G). Therefore, overexpression of miR-122 induces a
premature increase of HNF6 in differentiating hepatocytes, which is parallel with the premature
increase of hepatocyte-specific gene expression.

The parallel increase in Hnf6 and in hepatocyte-specific gene expression resulting from
overexpression of miR-122, led us to hypothesize that the effect of miR-122 on gene expression
depends on HNF6. To test this hypothesis, we first verified by Chip-Seq if HNF6 binds to the
genes upregulated by miR-122. This was the case, as shown in Supplementary Figure 3. We then
asked if HNF6 mediates the effects of miR-122 on hepatocyte gene expression by studying the
effect of miR-122 overexpression in a HNF6-null background. Hnf6*" mice were mated with
miR-122 Tg/Hnf6*" mice and the resulting miR-122 Tg/Hnf6” embryos (miR122 Tg/H6 KO)
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were analyzed at E15.5. These embryos still showed a 1.7-fold overexpression of miR-122 as

compared to wild-type embryos (Fig. 5B).
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Figure 5. In vivo stimulation of hepatocyte differentiation by miR-122 is dependent on HNF6. (A) In livers
from miR-122 Tg mice, miR-122 was overexpressed from E13.5 to E15.5. (B) At E15.5 miR-122 overexpression
stimulated Alb, Ttr, ApoE, ApoH, ApoA2 in an Hnf6""* background (miR-122 Tg) but not in an Hnf6”" background
(miR-122 Tg/H6 KO). (C) Expression of the liver-enriched transcription factors Foxa2, Oc2, Hnf4o and Hnf6, but
not Hnfla and Hnf1P was stimulated in miR-122 Tg at E15.5. (D) Stimulation of Hnf6 expression in miR-122 Tg
livers was detected from E13.5 to E15.5. (E) Stimulation of Hnf4a, but not of Foxa2 and Oc2 in miR-122 Tg
embryos at E15.5 was dependent on HNF6. (F-G) Immunofluorescence analysis showing that HNF6 is prematurely
expressed in hepatocytes of miR-122 Tg livers at E15.5. Data in (A-E) are means + SEM; n > 4; *P < 0.05; **P <
0.01; ***P < 0.001. pv, portal vein; *, lumen of hyperplastic biliary structures; dotted lines delineate biliary
structures.
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Comparison of the miR-122 Tg and miR-122 Tg/H6 KO embryos revealed that HNF6 is required
for miR-122-induced stimulation of Hnf4 ¢, but not of Foxa2 and Oc2 (Fig. 5E), indicating that
the effects of miR-122 on LETF expression depend in part on HNF6. More important, the
hepatocyte-specific genes stimulated by miR-122 (miR-122 Tg) were no longer increased in the
absence of HNF6 (miR-122 Tg/H6 KO; Fig. 5B). ApoH expression was still stimulated in miR-
122 Tg/H6 KO embryos, but to a lesser extent than in miR-122 Tg embryos. Therefore, we
concluded that HNF®6 is required for stimulation of hepatocyte differentiation by miR-122.

Overexpression of miR-122 induces HNF6-independent biliary differentiation

The study of miR-122 Tg fetal livers also showed an unexpected biliary phenotype. MiR-
122 Tg embryos presented with biliary hyperplasia characterized by more numerous and larger
ducts (Fig. 5F-G). Biliary hyperplasia in miR-122 Tg mice did not result from proliferation (data
not shown). To further characterize the biliary anomaly, we analyzed the expression of biliary
differentiation and morphogenesis markers (Antoniou et al. 2009). Bile duct development
normally starts in the ductal plate with the formation at E15.5 of asymmetrical ductal structures
lined on the portal side by SOX9+/HNF4a- cells, and on the parenchymal side by SOX9-
/HNF4o+ cells (Fig. 6A-A", I-1I). In miR-122 Tg livers at E15.5 the biliary marker SOX9 was
found on the portal side of developing ducts but it was also prematurely induced on their
parenchymal side (Fig. 6B-B'), thereby mimicking later stages of duct morphogenesis.
TGFp receptor (TBR) Il and HNF4a were expressed in cells on the parenchymal side of biliary
structures in miR-122 Tg mice, which is the normal location at that stage (Fig. 6E-E', F-F', I-I', J-
J'). We concluded that overexpression of miR-122 induces biliary hyperplasia and acceleration of
SOX9 expression in developing ducts.

We next determined if the effects of miR-122 on biliary development were HNF6-
dependent, by comparing wild-type, miR-122 Tg, Hnf6”" (H6 KO), and miR-122 Tg/H6 KO
livers at E15.5. This comparison must take into account that the mere absence of HNF6 suffices
to induce biliary anomalies (Clotman et al. 2002). Indeed, in H6 KO livers biliary hyperplasia
was detected. In these livers, the biliary structures did not show detectable SOX9 protein (Fig.
6C-C’). In addition, TBRII and HNF4o were detected on both the parenchymal and portal side of
the H6 KO biliary structures, unlike in wild-type developing ducts in which TBRII and HNF4a
are found only on the parenchymal side (Fig. 6G-G', K-K”). Importantly, when miR-122 was
overexpressed in a HNF6-null backrgound (miR-122 Tg/H6 KO), the phenotype did not
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Figure 6. Abnormal biliary differentiation induced by miR-122 is not dependent on HNF6. At the onset of bile
duct development in wild-type (WT) livers at E15.5, SOX9 is expressed on the portal side of ducts (A-A") and TBRII
and HNF4a. on their parenchymal side (E-E', I-1'). When miR-122 is overexpressed in miR-122 Tg mice, SOX9 is
prematurely induced on the parenchymal side of developing ducts (B-B'), whereas TBRII and HNF4o are normally
expressed on their parenchymal side (F-F', J-J'). In Hnf6” mice (H6 KO), SOX9 is not expressed (C-C'), and TRRII
and HNF4a. are found on the parenchymal side of ducts but also on their portal side (G-G', K-K'). The absence of
HNF6 does not affect the biliary phenotype induced by overexpression of miR-122: miR-122 Tg/H6 KO livers show
SOX9 expression on both the parenchymal and portal side of developing ducts (D-D'), and TBRII and HNF4a are
found exclusively on their parenchymal side (H-H', L-L"). pv, portal vein; *, lumen of hyperplastic biliary structures;
dotted lines delineate biliary structures.
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significantly differ from that of livers overexpressing miR-122 in a Hnf6™"" background: biliary
hyperplasia was still detected, most biliary cells expressed SOX9, and TBRII and HNF4a were
expressed asymmetrically, i.e. on the parenchymal side of the biliary structures (Fig. 6D-D’, H-

H, L-LY).

Both the absence of HNF6 and the overexpression of miR-122 induced biliary
hyperplasia. Therefore, biliary hyperplasia in miR-122 Tg/H6 KO mice may result from the
absence of HNF6, from overexpression of miR-122, or from both. Meanwhile, miR-122-induced

premature expression of SOX9 is independent from HNF6.

Discussion

Cell differentiation is controlled both at the transcriptional level by sets of tissue-specific
transcription factors, as well as at the post-transcriptional level by noncoding RNAs such as
miRNAs. Recent studies have considered how these two levels of regulation can work together,
and several interaction motifs have been described (Bartels et al. 1987; Tsang et al. 2007;
Martinez et al. 2008; Herranz and Cohen 2010). Our data reveal a novel network topology in
which a transcription factor directly regulates a miRNA which positively feedbacks on the
transcription factor while stimulating gene expression in a way that is dependent on that same
transcription factor (Fig. 7). In liver this network involves the tissue-specific factor HNF6 and
the tissue-specific miR-122, and it drives hepatic cell differentiation during development.

r“","mlR'122 Figure 7. A positive feedback loop
V4 between HNF6 and miR-122 drives
[ hepatocyte differentiation during
\ development. HNF6 directly stimulates
miR-122 gene expression, and the
> HNF6 stimulation of HNF6 by miR-122 is direct
or indirect. Both HNF6 and miR-122
f stimulate the expression of liver-enriched
L transcription factors (LETFs), and HNF6
»LETFs and LETFs co-regulate expression of
hepatocyte-specific genes. Importantly the
effect of miR-122 on hepatocyte

differentiation is HNF6-dependent.

Hepatocyte-
specific targets
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MiR-122 is stimulated by HNF6 and controls the network of core liver-enriched transcription
factors

Gene expression in hepatocytes is controlled by a network of 6 core LETFs (HNFla,
HNF1p, FoxA2, HNF4a, HNF6 and Liver receptor homolog (LRH) 1), which are organized as
autoregulatory and cross-regulatory loops (Beckh et al. 1987; Kyrmizi et al. 2006). The stability
and complexity of this network increases during hepatocyte maturation, as a result from the
progressive rise in concentration of the core transcription factors (Kyrmizi et al. 2006). In the
present work we add a further layer of complexity by showing that HNF6 directly stimulates
miR-122 expression and that miR-122 controls hepatocyte differentiation while stimulating the
expression of core LETFs (Foxa2, Hnf4¢, Oc2 and Hnf6). HNF6 plays a major role in the miR-
122-regulated LETF network. Among the LETFs it is the most strongly stimulated by miR-122,
and the effects of miR-122 on hepatocyte differentiation are dependent on HNF6. HNF4a is
another key regulator of hepatocyte differentiation (Parviz et al. 2003; Battle et al. 2006), and its
expression is also dependent on miR-122 and HNF6, most likely via direct binding of HNF6 to
the Hnf4a gene ((Beckh et al. 1987; Kyrmizi et al. 2006); Suppl. Fig. 3). Since HNF6 binds
directly to the hepatocyte-specific genes upregulated by miR-122 (Suppl. fig. 3), we propose that
miR-122 stimulates these genes via upregulation of HNF6.

Previous work has shown that miR-122 expression is regulated in part by C/EBPa,
HNFla, FoxA2, HNF4a, both in vitro in hepatocellular cancer-derived cells (Coulouarn et al.
2009; Xu et al. 2010; Zeng et al. 2010) and in vivo in adult liver. This raises the possibility that
not only HNF®6, but also other LETFs positively feedback on miR-122 expression.

Together, our data show that the topology of the positive feedback loop between HNF6
and miR-122 constitutes a core regulatory mechanisms which results in proper progression of
hepatocyte differentiation, as shown by increased levels of hepatocyte-specific markers
following overexpression of miR-122, or as shown by delayed hepatic differentiation in
zebrafish morphants with downregulated miR-122 expression.

An unresolved question is how miR-122 stimulates Hnf6 expression. Several scenarios
were explored. MiRNAs can stimulate gene expression by binding to gene promoters (Place et
al. 2008), or to mRNAs in their 5’UTR, 3’UTR or coding sequence (Vasudevan et al. 2007;
Henke et al. 2008; Orom et al. 2008). However, using bioinformatic tools (TargetScan, Pictar,
MicroCosm Target, MultAlin) no miR-122 site was found in the Hnf6é gene or mRNA. Our
analysis included the search for canonical, 3’compensatory and centered sites (Bartel 2009; Shin
et al. 2010). Transient co-transfection of miR-122 mimics and luciferase reporter constructs
driven by Hnf6 regulatory regions (Poll et al. 2006) failed to reveal any effect of miR-122 in this
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setting (data not shown). We envisaged that miR-122 represses miRNAs targeting Hnf6.
However, we found that miR-9, miR-128, miR-218, and miR-383, which are predicted by
TargetScan to inhibit HNF6 expression, were not inhibited by miR-122 (data not shown). MiR-
122 could also inhibit a repressor protein of HNF6. Several negative regulators of transcription
were recently predicted to be targeted by miR-122 (Tsang et al. 2010; Xu et al. 2010), but there
iIs no evidence that they repress HNF6 during liver development. Finally, using Ingenuity
Pathway Analysis, the search for a link between miR-122 and HNF6, HNF4a, FoxAz2, and OC2,
with exclusion of HNF1o and HNF1p, did not reveal any connection explaining how miR-122
might stimulate HNF6.

Accurate levels of miR-122 are required for normal hepatic cell differentiation

A small increase in miR-122 (1.7-fold) is sufficient to significantly perturb hepatic cell
differentiation. Overexpression of miR-122 induces biliary hyperplasia, whereas no evidence
was found that reduced levels of miR-122 perturb biliary development. The biliary hyperplasia
does not depend on proliferation (data not shown), and is therefore likely to result from
excessive differentiation of hepatoblasts toward the biliary lineage. Our overexpression data are
not sufficient to claim that miR-122 is a physiological regulator of biliary development.

However, they suggest that inaccurate levels of miR-122 can perturb hepatic cell specification.

Regulation of microRNAs by HNF6 and OC2

HNF6 and OC2 redundantly control the expression of several miRNAs during liver
development. The two factors display 92% of amino acid identity in their DNA binding region,
resulting in distinct but overlapping DNA binding sites (Jacquemin et al. 1999). Considering that
Onecut factors are best known as transcriptional activators, miRNAs which are upregulated in
the absence of HNF6 and OC2 are most likely indirectly regulated by the two transcription
factors. MiR-200a is one of the upregulated miRNAs in H6/02 dKO. It controls cell-adhesion by
inhibiting transcriptional repressors of E-cadherin (Gregory et al. 2008; Park et al. 2008).
Upregulation of miR-200a may therefore contribute to the previously reported increase in E-
cadherin expression in H6/02 dKO livers (Margagliotti et al. 2007).
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MiR-122 stimulates hepatocyte differentiation by upregulating and downregulating gene

expression

MiR-122 stimulates and represses expression of genes, in a direct or indirect way. Most
stimulated genes code for hepatocyte-specific proteins. They are not predicted to be direct targets
of miR-122 and we showed that they are indirectly regulated via HNF6. The repressed genes do
not belong to the category of hepatocyte-specific genes, and amongst them only 3 (Oxctl,
Cdknla, Nfkbiz) are predicted by TargetScan, PicTar or Microcosm Target to be direct miR-122
targets. Importantly, Oxctl repression by miR-122 contributes to hepatocyte differentiation.
Oxctl is a housekeeping gene coding for 2-oxoacid CoA transferase, an enzyme that plays a key
role in ketone body degradation. Since ketone bodies are synthesized in liver and provide an
alternative source of energy to several tissues during fasting, Oxctl must be repressed in liver to
avoid hepatic catabolism of ketone bodies. Our recent work provides evidence that Oxctl is
repressed during hepatocyte maturation and that this repression depends in part on the rise in
miR-122 (Thorrez et al. 2011).

We conclude that a positive feedback loop between HNF6 and miR-122 drives proper
hepatocyte-specific gene expression. In this respect, monitoring or controlling the expression
levels of HNF6 and miR-122 might help during programmed in vitro differentiation of stem cells
toward hepatocytes for regenerative therapy of liver disease. In adult hepatocytes, maintaining
the efficiency of this feedback loop may contribute to prevent dedifferentiation and malignant

transformation.

Materials and Methods

Animals

Animals were raised and treated according to the principles of laboratory animal care of the
University Animal Welfare Committee. MiR-122 Tg mice were generated as described (Poll et
al. 2006), with 2 ng/ul of purified Alfp/pre-miR-122 plasmid. HNF6 and OC2 knockout mice
were as described (Jacquemin et al. 2000; Clotman et al. 2005).

Plasmid constructs

Alfp/pre-miR-122 plasmid was generated by inserting the genomic sequence coding for pre-

miR-122 plus 50 bp flanking each side into the Alfp-pBluescript plasmid, containing the
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Albumin promoter and enhancer and 3 a-Fetoprotein enhancers (kind gift from K. Kaestner).
The miR-122 promoter/firefly luciferase (miR-122 prom/Luc) plasmid was obtained by cloning —
300 to +327 nt sequence of miR-122 promoter into pGL3basic plasmid (Promega). The primers
used to generate miR-122 prom/Luc were: 5>’ACGCGTATCAGAGTCCTGAGAGAAAATG3’
and 5’GTCGACATGTCTCTAGCCTTCCCCTT3".

Cell culture, antagomir treatment and transfection

BMEL cells were described and cultured as described (Plumb-Rudewiez et al. 2004).
Hepatocyte-like differentiation was obtained by growing the cells as floating aggregates (Strick-
Marchand and Weiss 2002).

Antagomirs and antagomir treatment were as described (Thorrez et al. 2011b). MiR-122 was
overexpressed in BMEL cells cultured in monolayer by transfecting 3 x 10> cells using
Lipofectamin2000 (Invitrogen) and 0, 0.1, 0.25, 0.5 and 1 pg of miR-122 mimics (MiRIDIAN
Mimic-122, ThermoScientific). Total miR mimic amount was adjusted to 1ug with the miR-ctl
mimic (MiRIDIAN Mimic-ctl#1, ThermoScientific). RNA was extracted 48h after transfection.
To study the miR-122 gene promoter 3 x 10° BMEL cells in monolayer were transfected using
Lipofectamin2000 (Invitrogen) with 1 pg of pPCMV-GFP or pCMV-HNF®6, and 1 ug of miR-122
prom/Luc. Forty-eight hours after transfection RNA was extracted and luciferase activity was
measured using the Dual-Luciferase reporter assay system (Promega), using a CMV-driven

renilla luciferase-expressing vector for normalization.

Microarray analysis of miRNA expression

Livers from wild-type or H6/02 dKO embryos at E15.5 were stored in RNAlater Solution
(Ambion) at 4°C overnight and then at -80°C. Total RNA was isolated using TriPure (Roche)
and cleaned using the RNeasy MinElute Cleanup Kit (Qiagen). RNA quality was assayed on an
Agilent 2100 BioAnalyser. Two pg of RNA were labeled and hybridized to the miRCURY™
LNA (Locked nucleic acid) Array v8.1 by miRCURY™ LNA Array microRNA Profiling
Services (Exigon). Three biological samples of H6/02 dKO and WT livers labeled with Hy3
were analyzed against a common reference labeled with Hy5, and consisting of a pool of all

samples.
Microarray analysis of mMRNA expression

Total RNA was isolated from BMEL cells cultured in aggregates and treated with antagomir-122

or antagomir-mut, by using TriPure (Roche) and cleaned using the RNeasy Mini Kit (Qiagen).
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RNA quality was assayed on an Agilent 2100 BioAnalyser. Two pg of RNA were labeled and
hybridized to GeneChip® Mouse Genome 430A 2.0 Array (Affymetrix), following the
manufacturer’s protocol. Two biological samples of BMEL Agg antagomir-122 and of BMEL
Agg antagomir-mut were analyzed. All genes found upregulated or downregulated in each
BMEL Agg antagomir-122/BMEL Agg antagomir-mut pairs were selected and median fold

change was calculated.

Reverse transcription (RT) and real-time quantitative PCR (Q-PCR)

Q-RT-PCR analysis of miRNAs and mRNAs was as described (Thorrez et al. 2011). A specific
stem-loop primer was used for RT of miRNAs, and Q-PCR was performed using a specific
forward primer and a common universal reverse primer (URP). Primer sequences are provided in
Supplementary Tables 1 and 2. QPCR was performed with KAPA SYBR® FAST Bio-Rad
iCycler™ gPCR Master Mix (Kapa Biosystems) on a IQ cycler (Bio-Rad). Quantification of
MRNASs and miRNAs was normalized to B-actin and 18S RNA, respectively.

Morpholino injection in zebrafish embryos

Wild type AB adult fish and embryos were raised and maintained under standard conditions.
Knock down of dre-miR-122 expression was performed with the morpholino oligonucleotide 5'-
ATACAAACACCATTGTCACACTCCA-3' (Gene Tools, LCC). Two ng per embryo were

injected at the 1-cell stage with 0.25% rhodamine dextran (Invitrogen).

Whole mount in situ hybridization and immunofluorescence analysis of zebrafish embryos

Colorimetric whole mount in situ hybridizations were performed with DIG-labeled dre-miR-122
RNA probe (Exiqon) (Manfroid et al. 2007). Whole mount immunohistochemistry was as
described (Dong et al. 2007), using the following antibodies: polyclonal rabbit anti-Prox1
(1:2000, Chemicon), polyclonal goat anti-HNF4a (1:100, Santa Cruz), monoclonal mouse anti-
2F11 (1:1000, kind gift from J. Lewis (Crosnier et al. 2005)) and fluorescently conjugated Alexa
antibodies (Molecular Probes). Fluorescent images were captured with a Leica SP2 confocal

microscope.

Immunofluorescence analysis of mouse embryos

Embryos were fixed at 4°C for 4 hours in 4% paraformaldehyde in phosphate-buffered saline
(PBS), washed overnight in PBS, and embedded in paraffin. Immunofluorescence on 9 pum
sections was as described (van Eyll et al. 2004) using anti-E-cadherin (1:500, 610182, BD
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Biosciences), anti-HNF4a (1:50, sc-6556, Santa Cruz), anti-SOX9 (1:500, Chemicon), anti-
HNF6 (1:50, sc-13050, Santa Cruz) and anti-TBRII (1:500, AB53168, Abcam) primary

antibodies. Secondary antibodies were anti-goat/Alexafluor 594 (1:2000), anti-mouse/Alexafluor
488 (1:1000), and anti-rabbit/Alexafluor 594 (1:2500) (Invitrogen). Fluorescent images were
captured with a Cell Observer Spinning Disk (Zeiss) confocal microscope.

Chromatin Immunoprecipitation sequencing

ChIP experiments were performed with an antibody against HNF6 (sc-13050, Santa Cruz) as
described (Schmidt et al. 2009) on adult liver. Briefly, the immunoprecipitated material was end-
repaired, A-tailed, ligated to the sequencing adapters, amplified by 18-cycles of PCR and size
selected (200 - 300 bp) followed by single end sequencing on an Illumina Genome Analyzer
according to the manufacturers recommendations. All sequencing reads were aligned using
MAQ (Li et al. 2008) with default parameters to the mouse NCBI37/mm9 genome assembly.
ChlP-seq data are displayed with the help of the UCSC Human Genome Browser (Christ and
Jungermann  1987). Data are available on the  ArrayExpress  database
(http://www.ebi.ac.uk/arrayexpress) (ArrayExpress accession: E-MTAB-438). The HNF6 motif
was determined using MEME (Iwai and Jungermann 1987), with the default parameters. We
selected the top 200 peaks ordered by SWEMBL score and used 24 bases around the peak

summits as input for the motif discovery.

Bioinformatics

Prediction of miR-122 targets was performed by using TargetScan mouse 5.0 (Puschel et al.
1987), PicTar  (Jungermann  1987) and  MicroCosm  Targets  Version 5
(http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/vs/). The sequence of mature miR-
122 was aligned to Hnf6 gene using MultAlin (Hartmann et al. 1987) to predict target sequences
for miR-122. Ingenuity Pathway Analysis was used to search for a molecular connections
between miR-122 and HNF6, HNF4a, FoxA2, and OC2, with exclusion of all connections
involving HNF1o and HNF1.
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Supplementary Table 1: List of stem-loop primers used for reverse transcription of
MiRNAS

miRNA RT primer sequence (5°->3°)
miR-122 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACAAACAC
miR-107 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTGATAGCC
miR-200a CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACATCGTT
miR-329 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAAAAAGGT
miR-337 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAAAGGCAT
miR-20 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTACCTGC
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Supplementary Table 2: List of primers used for Q-PCR

Gene Primer sequence (5°->3°)
Fw GGCGCCCCCTCGATGCTCTTAG
165 Rev GCTCGGGCCTGCTTTGAACACTCT
miR-122 Fw ACACTCCAGCTGGGTGGAGTGTGACAATGGT
miR-107 Fw ACACTCCAGCTGGGAGCAGCATTGTACAGGG
miR-200a Fw ACACTCCAGCTGGGTAACACTGTCTGGTAA
miR-329 Fw ACACTCCAGCTGGGAACACACCCAGCTAAC
miR-337 Fw ACACTCCAGCTGGGTTCAGCTCCTATATGAT
miR-20 Fw ACACTCCAGCTGGGTAAAGTGCTTATAGTGC
URP Rev GGTGTCGTGGAGTCGGCAA
) Fw TCCTGAGCGCAAGTACTCTGT
p-actin Rev CTGATCCACATCTGCTGGAAG
Fw GCTGAGACCTTCACCTTCCA
Alb Rev TCTTCAGTTGCTCCGCTGTA
Fw GGGCTCACCACAGATGAGAA
R Rev CAGAGTCGTTGGCTGTGAAA
Fw ACAATTGCGAAGATGAAGGC
AROE Rev CCACTCGAGCTGATCTGTCA
Fw TGTCCTTTCGCTGGAATCTT
Apor Rev GCTGGTCCCATTCAGAAAAA
Fw TTGATGGAGAAGGCCAAGAC
APOAZ Rev CGGTTTCTCCTCAAGGTTCA
Fw GGGCTTCACGAGCCACCCTCT
ANFLo Rev TGCTGGAGGACACTGTGGGACTG
Fw GAAAGCAACGGGAGATCCTC
ANF1P Rev GACTGCCCAGGCCCCTGGTTCTGT
Fw ATCCGACTGGAGCAGCTACTACG
FoxAz Rev CATGTATGTGTTCATGCCATTC
oc2 Fw GCGGGATTTCTTCTGCGAG
Rev GCATGTCTGCCTTACGCCTG
Fw AGCTCGAGGCTCCGTAGTGTTT
ANF4a Rev GAAAATGTGCAGGTGTTGACCA
HNES Fw TTCCAGCGCATGTCGGCGCTC

Rev GGTACTAGTCCGTGGTTCTTC
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BMEL Agg
antagomir-122/
antagomir-mut

(Fold change)
3.19

2.93
2.83

1.83

1.60

1.57
1.52
1.52
1.49
1.44
1.44
1.41
1.39

1.37

1.37

1.32
1.27
1.27

1.27

1.25
1.21

1.19

0.51
0.53
0.54
0.55
0.59
0.64
0.64
0.65
0.66
0.67
0.71
0.71
0.71
0.71
0.71
0.71
0.72
0.73
0.73
0.73
0.74
0.74
0.77
0.78
0.78
0.78

Gene
Symbol

Saa3
Lcn2
Clca4

Cebpd

Tnfaip2

Ccl20
Idi1
Mmp13
Klhi2
Vnn3
Spink4
Zc3h12a
Oxct1

Nfkbiz

Nfkbia

Hk2
Cdkn1a
Acat2?

Pmaip1

Cisc
Dmbt1

Abcc3

Apoe
Apoa2
Alb
Apoh
Itih2
Afm
Fgb
Itih4
Apoc1
Pzp
Afp
Tff3
Apoa1
Acat1
H19
Gkn2
Fga
Ttr
Kng1
Rdh7
Ge
Tff1
Spp2
Trf
Gstm1
F10

Gene Title

serum amyloid A 3
lipocalin 2
chioride channel calcium activated 4

CCAAT/enhancer binding protein
(C/EBP), delta
tumor necrosis factor, alpha-induced
protein 2

chemokine (C-C motif) ligand 20
isopentenyl-diphosphate delta isomerase
matrix metallopeptidase 13
kelch-like 2, Mayven (Drosophila)
vanin 3
serine peptidase inhibitor, Kazal type 4
zinc finger CCCH type containing 12A
3-oxoacid CoA transferase 1

nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, zeta
nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor.,alpha

hexokinase 2
cyclin-dependent kinase inhibitor 1A (P21)

acetyl-Coenzyme A acetyltransferase 2

phorbol-12-myristate-13-acetate-induced
protein 1

cathepsin C
deleted in malignant brain tumors 1
ATP-binding cassette, sub-family C
(CFTR/MRP), member 3
apolipoprotein E
apolipoprotein A-ll
albumin
apolipoprotein H
inter-alpha trypsin inhibitor, heavy chain 2
afamin
fibrinogen. B beta polypeptide
inter alpha-trypsin inhibitor, heavy chain 4
apolipoprotein C-1
pregnancy zone protein
alpha fetoprotein
trefoil factor 3, intestinal
apolipoprotein A-1
acetyl-Coenzyme A acetyltransferase 1
H19 fetal liver mRNA
gastrokine 2
fibrinogen, alpha polypeptide
transthyretin
kininogen 1
retinol dehydrogenase 7
group specific component
trefoil factor 1 /// similar to pS2m
secreted phosphoprotein 2
transferrin
glutathione S-transferase, mu 1
coagulation factor X
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Supplementary Figure 1. List of genes
differentially expressed in BMEL cells
treated with antagomir-122 (BMEL Agg
antagomir-122) or with antagomir-
mutated (BMEL Agg antagomir-mut).
Microarray result showed that miR-122
inhibition in BMEL cells differentiating to
hepatocytes is associated with stimulation
of 22 mRNAs and repression of 26
MRNA:s.
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Supplementary Figure 2. MiR-122 overexpression accelerates hepatocyte differentiation in vivo. In miR-122
Tg livers at E15.5 the expression of miR-122, Alb, Ttr, ApoE, ApoA2 and ApoH was increased as compared to WT
livers at E15.5 and reached levels comparable to WT livers at E17.5. Data are means + SEM; n > 3; *P < 0.05; **P
<0.01;**P < 0.001.
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Supplementary Figure 3. HNF6 binds to hepatocyte-specific genes whose expression
is stimulated by miR-122. Chip-Seq data showed that HNF6 binds to the Alb, Ttr, ApoE,
ApoA2, ApoH and HNF4« loci in vivo in adult liver. Data are displayed with the help of
the UCSC Genome Browser (NCBI37/mm9).
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3.2. MiR-122 participates to liver-specific disallowance of OXCT1

3.2.1. Introduction

In the previous chapter we showed that miR-122 stimulates hepatocyte differentiation
during mouse development, by indirectly enhancing expression of genes that are specific to

mature hepatic parenchymal cells (Jochheim et al. 2003; Petkov et al. 2004).

MiRNAs are mainly known as post-transcriptional repressors (Bushati and Cohen 2007;
Bartel 2009). Therefore, we looked for genes that are repressed by miR-122 and whose
expression needs to be downregulated to allow normal hepatocyte function. Amongst the genes
identified in our experiments with BMEL cells in which miR-122 activity was inhibited, we
identified 2-oxoacid CoA transferase (Oxctl), a housekeeping gene coding for an enzyme
involved in ketone body metabolism (8 3.1 Control of liver differentiation by a positive feedback
loop between a transcription factor and a tissue-specific microRNA; suppl. fig. 1). The
expression of this gene was enhanced by inhibition of miR-122, indicating that it is negatively
regulated by miR-122. The production of ketone bodies (ketogenesis) takes place in hepatocytes
and requires the activity of the 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS) 2 enzyme.
Conversely catabolism of ketone bodies provides an alternative energy source to many tissues
during fasting, in particular to brain and muscles, and is dependent on OXCT1 (Cahill and Veech
2003) (Fig. 1A). Oxctl expression is specifically lower in adult mouse liver as compared to other
tissues and this repression mirrors the expression of Hmgcs2 (Fig. 1B). Therefore OXCT1 is
specifically “disallowed” in liver and this is necessary to avoid hepatic catabolism of ketone

bodies.

In an effort to understand the mechanisms which drive OXCT1 disallowance in liver, we

investigated how miR-122 participates to OXCT1 repression during hepatocyte differentiation.
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Figure 1. Liver-specific disallowance of OXCT1 (from Thorrez et al. 2011). (A) Schematic representation of
ketone body metabolism. (B) Microarray expression profiles of 3-hydroxy 3-methylglutaryl-CoA synthase 2
(Hmgcs?2) versus 2-oxoacid CoA transferase (Oxctl), which are, respectively, highly expressed and deeply repressed
in adult liver.

3.2.2. Results and discussion

To analyzed whether tissue-specific disallowance of Oxctl was linked to liver
development, we studied the expression profile of Oxctl and Hmgcs2 at several developmental
and adult stages. In mouse embryonic and neonatal liver, we observed progressive loss of
expression of Oxctl and a parallel pronounced upregulation of Hmgcs2 (Fig. 2). This suggests
that during differentiation cell-specific genes are turned on while repressed housekeeping genes
are turned off and that specific repression of Oxctl is a peculiar feature of hepatocyte

differentiation and maturation.

In the previous chapter we showed that miR-122, which is specifically expressed in
mouse liver and which is the most abundant liver microRNA species (Lagos-Quintana et al.
2002; Landgraf et al. 2007), enhances hepatocyte differentiation. By Q-RT-PCR we now show
that its expression increases 12-fold between E15.5 and birth (Fig. 3A), and this parallels Oxctl
repression (Fig. 2B). Moreover by analyzing the 3’UTR of mouse Oxctl mRNA by TargetScan

Mouse 5.0 (http://www.targetscan.org/) we found a predicted target sequence for miR-122 (Fig.
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3B). Taken together these data rise the hypothesis that miR-122 represses Oxctl mRNA during

liver development.
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Figure 2. Tissue-specific gene expression and repression of housekeeping genes during mouse liver
development (from Thorrez et al. 2011). mRNA expression level in extracts from mouse fetal and neonatal liver
between E15.5 and 42 days after birth. A progressive up-regulation of Hmgcs2 (A) mirrors a progressive loss of
expression of Oxctl (B). Data are means £ SEM; n=3; *P < 0.05; **P < 0.01; ***P < 0.001

In order to verify this hypothesis we first reassessed in detail the effect of miR-122
antagomir on Oxctl expression in our in vitro model of hepatocyte differentiation, namely
aggregate-cultured BMEL cells (see also 8 3.1.; Strick-Marchand and Weiss 2002). During
hepatocyte-like differentiation of cultured BMEL cells, miR-122 expression increased and it
could be specifically inhibited by treatment with miR-122 antagomir (a-miR-122; as shown
previously (8§ 3.1)). Cells cultured under the same conditions but treated with a mutated
antagomir (a-miR-122 mut) did not show decreased levels of miR-122 (Fig. 3C, left panel). In
aggregate-cultured BMEL cells, Oxctl expression increased 1.6-fold by adding miR-122
antagomir (a-miR-122), while the mutated control antagomir (a-miR-122 mut) did not alter

Oxctl expression (Fig. 3C, right panel).

To verify if miR-122 represses OXCT1 expression in vivo, we compared RNA and
protein levels in wild-type (WT) and miR-122 transgenic (TG) mouse livers at E15.5. These
mice are described in 8§ 3.1. Overexpression of miR-122 was associated with repression of
OXCT1 RNA and protein, as determined by Q-RT-PCR and Western blotting (Fig. 3D).
Therefore, we concluded that miR-122 targets and inhibits OXCT1 expression during hepatocyte

differentiation in vitro and in vivo.
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Upregulation and downregulation of miR-122 in vivo and in vitro induce an
approximately 1.6-fold decrease and increase in OXCT1 expression, respectively. Although this
effect is modest, it corresponds to what is expected as a result from the regulation by a single
microRNA (Baek et al. 2008; Selbach et al. 2008). This repression may function as a secondary
control level to further inhibit translation of a mRNA that is strongly repressed by other
mechanisms. Indeed in Thorrez et al., we showed that Oxct1 is also repressed at epigenetic level:
nucleosomal chromatin around its promoter is more trimethylated and less acetylated in liver
than in other tissues, such as in brain, which is indicative of low transcriptional activity (Thorrez
etal. 2011).

In conclusion, we showed that during hepatocyte maturation the key enzyme for ketone
body utilization (OXCT1) is strongly repressed, which is needed to allow synthesis and export of
ketone bodies without their degradation. OXCT1 is selectively disallowed in liver as compared
to all other tissues, and this repression is at least in part mediated by miR-122, which is

specifically expressed in this organ.

Progressive repression of OXCT1 during hepatocyte maturation parallels the increase in

miR-122, suggesting that miR-122 is a key determinant of the timing of OXCT1 repression.

Materials and methods are described in (Thorrez et al. 2011) (Annex).
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Figure 3. MIiR-122 contributes to
liver-specific silencing of Oxctl
expression (adapted from Thorrez et
al. 2011). (A) miR-122 expression
level in extracts from mouse fetal and
neonatal liver between E15.5 and 42
days after birth. Data are means +
SEM; n=3. (B) TargetScan predicted
pairing of mouse Oxctl 3’UTR and
miR-122. (C) Treatment of aggregate-
cultured BMEL cells with antagomiR-
122 (a-miR-122) induced repression of
miR-122 (left panel) and upregulation
of Oxctl mRNA (right panel), as
compared to cells treated with a
mutated antagomiR (a-miR-122 mut).
Changes in miR-122 expression (left)
and Oxctl expression (right) were
measured by Q-RT-PCR. Data are
means £ SEM; n=3. (D) Oxctl RNA
and protein expression in livers at
E15.5 of wild-type (WT) versus liver-
specific  miR-122  overexpressing
transgenic mice (TG), as determined by
Q-RT-PCR and Western Blotting
respectively. Data are means + SEM,;
n>3. *P < 0.05; **P < 0.01; ***p <
0.001.
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4. GENERAL DISCUSSION

In multicellular organism, most genes need to be expressed in a specific spatiotemporal
manner, in order to guide development and post-developmental physiology. Differential gene
expression is a highly regulated process and is achieved through complex gene regulatory
networks (GRNSs) that are controlled in part by two types of trans-regulators: transcription
factors (TFs) and miRNAs.

4.1. MiRNAs and gene regulatory networks

GRNs are made up of a small set of recurring circuits that occur more often in real
networks than expected by chance. These circuits are called network motifs and were first
identified in bacteria and yeast (Milo et al. 2002; Shen-Orr et al. 2002). GRNs of different
organisms contain the same types of network motifs, suggesting that they constitute successful
mechanisms for regulation of gene expression not only in one particular organism, but
throughout evolution as well (Martinez and Walhout 2009). Network motifs can be subdivided
into two broad categories: feedbacks and feed-forwards.

Feedback loops can be classified into coherent and incoherent loops (Fig. 1). In coherent
loops the regulatory connections have the same effect (either repression or activation of the
target). Negative coherent feedback loops can generate mutually exclusive expression of both
miRNA and TF involved. This happens for miR-233 and nuclear factor 1-A (NF1-A) during
granulocytic differentiation. In undifferentiated cells, miR-233 levels are low and NF1-A levels
are high; however, upon retinoic acid signaling, miR-233 levels increase and NF1-A is
repressed, facilitating differentiation to the myeloid lineage (Fazi et al. 2005). On the contrary
positive coherent feedbacks amplify expression of both the miRNA and the TF involved. A
positive feedback between miR-301a and NFxB is active in human pancreatic cancer and
constitutes the driving force for constitutive NF«B activation. Indeed NFkB promotes miR-301a
gene transcription, which in turn represses NFxB repressing factor (NKRF), resulting in further
NF«xB transactivational activity (Lu et al. 2011). In incoherent loops the regulatory connections
have opposite effects. Incoherent feedback loops potentially function to fine-tune gene
expression and to maintain precise steady state levels of components of the loop (Tsang et al.
2007). This is the case for miR-43 and LIN-26, which are both expressed in hypodermal seam
cells during C. elegans development. LIN-26 stimulates miR-43 which in turn inhibits LIN-26

and this loop could be involved in epithelial differentiation (Martinez et al. 2008).

83



Discussion
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Feed-forward loops are made up of at least three elements: a regulator X regulates the
expression of a target Z directly as well as indirectly via the second target Y. Therefore, feed-
forward loops are more complex than feedbacks and their biological function is less intuitive. A
feed-forward is called coherent when branches act in the same direction on Z, whereas it is called
incoherent if branches act oppositely (Fig. 1). Coherent feed-forward loops involving TFs and
miRNAs can function to maintain and tightly control target protein homeostasis (Tsang et al.
2007). The c-Myc/E2F/miR-17-92 circuit is an example of coherent feed-forward loop. The TF
c-Myc simultaneously activates the expression of E2F and the miR-17-92 cluster. In addition,
E2F promotes transcription of the miR-17-92 cluster. This coherent feed-forward loop is
embedded in a more complex circuit, since miR-17-92 cluster negatively regulates E2F.
Therefore c-Myc activates E2F transcription and limits its translation, through activation of miR-
17-92 cluster, allowing a tightly controlled proliferative signal (O'Donnell et al. 2005; Sylvestre
et al. 2007). Incoherent feed-forward loops involving miRNAs have been proposed to provide
response acceleration upon signal detection (Tsang et al. 2007). For instance, the core embryonic
stem cell (ESC) TFs, namely Oct4, Nanog, Sox2 and Tcf3, promote the transcription of the
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mIiRNA let-7 and the RNA-binding protein LIN-28. LIN-28 blocks pri-let-7 maturation
(Viswanathan et al. 2008), as a result pri-let-7 but not mature let-7 is abundant in ESC. On the
contrary in differentiated cells mature let-7 is abundant. Upon differentiation signals, ESC TFs
and subsequently LIN-28 decrease, allowing rapid maturation of pre-existing pri-let-7. Such a
loop contribute to rapid cellular differentiation of ESCs (Marson et al. 2008).

Computational and experimental lines of evidence suggest that regulatory circuits
involving miRNAs and TFs are not isolated instances but are in fact recurring mechanisms of
gene expression at the genome-scale level. Indeed, it has been shown that the expression of
miRNAs and their predicted targets tends to be positively or negatively correlated. That
correlation or anti-correlation can be explained by the existence of feed-forward and feedback
loops connecting mMiRNAs and TFs (Tsang et al. 2007). Moreover by predicting miRNA and TF
binding sites, Shalgi and colleagues found that a considerable number of human genes (between
~1.000 and ~4.000) are under combined regulation of miRNA-TF pairs. They also observed that
miRNA and TF in each pair are predicted to regulate each other more frequently than randomly
picked pairs, suggesting again the existence of feed-forward and feedback loops (Shalgi et al.
2007). Finally genome-scale integration of experimentally mapped transcriptional TF-> miRNA
interactions and computationally predicted miRNA->TF interactions show that miRNA <-> TF
feedback loops occur more frequently than expected by chance in C. elegans (Martinez et al.
2008).

Both TFs and miRNAs can exert a widespread impact on gene expression. Indeed most,
if not all, genes in the genome are controlled by TFs, and miRNAs are predicted to target
approximately 60% of animal protein-coding genes (Friedman et al. 2009), with each miRNA
repressing on average 200 transcripts (Lewis et al. 2005). This implies that the expression of not
only the TF and the miRNA involved in loops, but also of their respective targets is tightly
coordinated. This could be important in regulating large sets of genes, such as in different tissues
or in response to developmental or environmental cues (Martinez and Walhout 2009).

In the present work by using hepatocyte differentiation as a well-established model, we
described a developmental mechanism in which a transcription factor (HNF6) and a microRNA
(miR-122), which are both specifically expressed in the same cell type, establish a positive
feedback loop that is used to drive differentiation. The miR-122 - HNF6 loop and the recently
published miR-301a - NFxB (Lu et al. 2011) loops are the only known examples of positive
feedback loops involving a TF and a miRNA. Interestingly the miR-122 - HNF6 loop is based on
transcriptional activation of genes coding for both TF and miRNA, whereas in the miR-301a -

NFkB loop TF promotes miRNA transcription, but miRNA stimulates TF transactivational
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activity on target genes (Lu et al. 2011). Taken together these data show that miRNAs contribute
to feedback loops by modulating TF activity at several levels.

4.2. MiR-122, HNF6 and the network of liver-enriched transcription factors

As detailed in § 1.1.4. Transcriptional control of hepatocyte maturation, hepatocyte
differentiation is controlled by a network of 6 LETFs (HNFla, HNF1B, FoxA2, HNF4a, HNF6
and LRH1), which organize as autoregulatory and cross-regulatory loops (Kyrmizi et al. 2006).
Here we integrate the liver-specific miRNA miR-122 into this TF network, adding a further layer
of complexity. Indeed we show that HNF6 directly stimulates expression of miR-122, which in
turn reinforces expression of HNF6 and of other LETFs, namely FoxA2, OC-2 and HNF4q,
through an unknown mechanism; this results in the stimulation of hepatocyte specific-gene
transcription. Moreover, in previous work it has been shown that other LEFTs, namely HNFl1a.,
HNF4a, FoxAl, FoxA2 and C/EBPa bind to and stimulate the miR-122 promoter (Coulouarn et
al. 2009; Gao et al. 2010; Xu et al. 2010; Zeng et al. 2010). These data were obtained with
hepatocellular carcinoma (HCC)-derived cells and their relevance for normal hepatocyte
differentiation have not been proven, yet they suggest that not only HNF6, but also other LETFs
positively feedback on miR-122 expression (Fig. 2).

The complexity of LEFT network increases during liver development, following the
progressive rise in concentration of the core transcription factors (Kyrmizi et al. 2006).
Interestingly, during liver development miR-122 expression also increases progressively (Chang
et al. 2004; Rogler et al. 2009; Thorrez et al. 2011). This suggests that the miR-122 - LETFs
positive feedback loop is the driving force for the rise in concentration, thereby ensuring proper

progression of hepatocyte differentiation.

Figure 2. Integration of miR-122 in the
LETF network during hepatocyte
maturation.

Red rectangles, miRNAs; Green rectangles,
TFs; red arrows, direct or indirect regulation
via miR-122; green arrows, unidirectional
transcriptional regulations; black arrows,
bidirectional transcriptional regulations.
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4.3 MiR-122, liver-enriched transcription factors and hepatocellular

carcinoma

Monitoring miR-122 - LETFs positive feedback loops might be important in the study of
HCC pathogenesis. HCC is the seventh most common cancer worldwide and is the third leading
cause of cancer-related deaths (Parkin et al. 2005). Even if over the past decade, advances in
molecular and cellular biology have increased our understanding of liver carcinogenesis, HCC
still remains a major cause of morbidity and mortality. A feature for HCC diagnosis and staging
is the grade of tumor cell differentiation. Indeed in most patients with chronic liver diseases,
HCC usually arises as a small single nodule (up to 2 cm in diameter), which can be defined as
either “indistinct” or “distinct”. Indistinct nodules are well-differentiated, hypovascularized and
with indistinct margins, whereas distinct nodules are moderately differentiated,
hypervascularized, surrounded by a fibrous pseudocapsule, and frequently show portal invasion
(Kojiro 2002). The first ones present a low degree of malignancy and a better prognosis
(Nakashima et al. 1995). Interestingly when the small well-differentiated nodules increase in
size, foci of moderately to poorly differentiated cancerous tissues arise within the tumor until
totally replacing the well-differentiated HCC tissue (Kojiro 2004). There is clear evidence that
the less differentiated the tumor, the faster its growth and the higher the risk of vascular invasion
and metastases (Trevisani et al. 2008).

The grade of HCC differentiation correlates with LETF and miR-122 expression levels.
Indeed, highly differentiated slow-growing mouse HCC, which rapidly gives rise in vivo to an
invasive fast-growing dedifferentiated HCC, showed that HCC progression is characterized by
downregulation of a broad spectrum of hepato-specific genes. This correlated with a decrease of
LETF expression levels. Interestingly forced re-expression of one of these LETFs, namely
HNF4al, re-established the expression profile of LETFs and of hepatic genes that are associated
with a differentiated hepatocyte phenotype (Lazarevich et al. 2004). In addition it has been
demonstrated that loss of miR-122 in HCCs correlates with suppression of hepatocyte-specific
genes, with low levels of LETFs and with aggressive phenotype and bad prognosis (Coulouarn et
al. 2009). Therefore, in liver cancer, expression of miR-122, LETFs and hepatocyte genes seems
to be strictly related. These data strongly support the idea that the miR-122 - LETFs positive
feedback loops control hepatocyte differentiation not only during embryogenesis but also in
adulthood. This is required to maintain the differentiated state and to protect from malignant
transformation. Finally since miR-122 is involved in carcinogenesis, maintaining miR-122 levels

could help to prevent not only dedifferentiation but also proliferation (Gramantieri et al. 2007;
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Bai et al. 2009; Fornari et al. 2009; Zeng et al. 2010), apoptosis (Lin et al. 2008) and metastasis
(Bai et al. 2009; Tsai et al. 2009).

4.4. MiR-122, liver-enriched transcription factors and programmed in vitro

differentiation of hepatocytes

Embryonic stem cells (ESCs) can be isolated from the inner mass of the blastocyst,
extensively proliferate in vitro and potentially differentiate into every cell type of the body,
including hepatocytes. Therefore, ESCs hold great promise for therapeutic applications in the
treatment of liver diseases and in the study of drug-induced liver toxicity. Indeed cell-based
therapies, such as hepatocyte transplantation, are a potential way to replace orthotopic liver
transplantation, which is increasingly facing a shortage of donor organs (Nussler et al. 2006).
Hepatocyte transplantation has been performed to treat inherited disorders of liver metabolism.
These diseases are ideally suited for cell therapy since a small number of functional transplanted
hepatocytes is sufficient to correct the metabolic defect (Burlina 2004; Meyburg and Hoffmann
2010). In patients with acquired acute liver failure, cell therapy may help patients until a suitable
liver becomes available for transplantation or until auto-recovery (Fisher et al. 2004; Schneider
et al. 2006). In addition, in vitro cultured hepatocytes are used as model system in drug
metabolism and toxicology studies for prediction of drug-induced hepatic side effects (Lake et al
2009; Greer et al 2009).

Human ESCs offer an alternative cell source to human hepatocytes, because of their
ability to be expanded in vitro. A variety of approaches have been utilized for programming
differentiation of mouse and human ESCs into functional hepatocyte-like cells. Current methods
involve both spontaneous differentiation via the formation of embryoid bodies (EBs) and/or
directed differentiation by using protocols recapitulating hepatic development. In the first
instance, ESCs are differentiated in suspension cultures in aggregation, resulting in the formation
of EBs, which exhibit regional differentiation into cell types of all three germ layers. EBs can be
further induced to differentiate into hepatocyte-like cells in the presence of growth factors,
cytokines, and hormones (Chinzei et al. 2002; Asahina et al. 2004). Differentiation via an EB-
dependent stage is spontaneous and stochastic, and results in formation of mixed cell types
originating from all three germ layers. On the contrary, directed differentiation resorts to
extracellular signals that mimic the sequential developmental stages toward the hepatocyte
lineage (Fig 3; (Dalgetty et al. 2009; Navarro-Alvarez et al. 2009). Cells are cultured in
suspension to induce early endodermal development. This is followed by culture on plates in the
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presence of FGF-2, TGFp and Activin A in order to induce definitive endodermal cells. Hepatic
specification can then be induced by treatment with FGF, BMP, and HGF, and hepatocyte
maturation is promoted with the addition of Oncostatine M and dexamethasone. At each stage,

hepatic differentiation is assessed by measuring the expression of a specific gene set (Fig. 3).
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Figure 3. Directed differentiation of ESC cells to hepatocyte-like cells by mimicking embryonic development.
(adapted from Navarro-Alvarez et al 2009). Key stages of hepatic differentiation stepwise differentiation of ES
cells. Characteristic gene expression for each step of differentiation is shown.

Up to now these procedures still produce heterogeneous cell populations and rather
immature hepatocytes. Monitoring the miR-122 - HNF6 positive feedback could increase our
understanding of the maturation state of ESC-derived hepatocyte-like cells, by comparing their
miR-122 and HNF6 expression levels to those in fetal and adult hepatocytes. Moreover,
hepatocyte-like cells could be forced to further mature by increasing miR-122 expression.
Overexpression of miR-122 in human ESCs has been reported: during sodium butyrate-induced
differentiation of ESCs toward hepatocyte-like cells miR-122 expression increases, like in liver
development, but stable transfection of human ESCs with a miR-122 expressing lentiviral vector
had no obvious effects on hepatic differentiation (Tzur et al. 2008). In this study LETFs
expression was not assessed, with exception of FoxA2, which was not influenced by miR-122
overexpression. This result indicates that miR-122 is on its own unable to drive hepatocyte
differentiation from undifferentiated pluripotent stem cells, probably because its action depends

on a LETF network in cells that are committed to the hepatocyte lineage. We suggest that
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transient overexpression of miR-122 and/or of HNF6 during the late steps of ESC differentiation
may trigger the endogenous miR-122 - HNF6 positive feedback, which in turn will allow proper

progression of maturation (Fig. 3).

In conclusion in this work we show that tissue differentiation is controlled by tissue-
specific miRNA and TF organized in a positive feedback motif, in which the TF directly
regulates the miRNA which positively feedbacks on the TF while stimulating tissue-specific
gene expression in a way that is dependent on that same TF. Therefore, miRNAs and TF
expression is tightly connected and needs well-defined levels to fine-tune differentiation in
health and disease.
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“Tissue-specific disallowance of housekeeping genes:

the other face of cell differentiation”

Thorrez L., Laudadio I., Van Deun K., Quintens R., Hendrickx N., Granvik M., Lemaire K.,
Schraenen A., Van Lommel L., Lehnert S., Aguayo-Mazzucato C., Cheng-Xue R., Gilon P., Van
Mechelen 1., Bonner-Weir S:, Lemaigre F. and Schuit F.

Genome Research. 2011; 21(1):95-105.

Abstract

We report on a hitherto poorly characterized class of genes that are expressed in all tissues,
except in one. Often, these genes have been classified as housekeeping genes, based on their
nearly ubiquitous expression. However, the specific repression in one tissue defines a special
class of ““disallowed genes.”’ In this paper, we used the intersection-union test to screen for such
genes in a multi-tissue panel of genome-wide mRNA expression data. We propose that
disallowed genes need to be repressed in the specific target tissue to ensure correct tissue
function. We provide mechanistic data of repression with two metabolic examples, exercise-
induced inappropriate insulin release and interference with ketogenesis in liver.
Developmentally, this repression is established during tissue maturation in the early postnatal
period involving epigenetic changes in histone methylation. In addition, tissue-specific
expression of microRNAs can further diminish these repressed mMRNAs. Together, we provide a
systematic analysis of tissue-specific repression of housekeeping genes, a phenomenon that has

not been studied so far on a genome-wide basis and, when perturbed, can lead to human disease.



“MiR-495 and miR-218 regulate the expression of

the Onecut transcription factors HNF-6 and OC-2”

Simion A, Laudadio I, Prévot PP, Raynaud P, Lemaigre FP and Jacquemin P.

Biochem Biophys Res Commun. 2010;391(1):293-8.

Abstract

MicroRNAs are small, non-coding RNAs that posttranscriptionally regulate gene expression
mainly by binding to the 30UTR of their target mMRNAs. Recent data revealed that microRNAS
have an important role in pancreas and liver development and physiology. Using cloning and
microarray profiling approaches, we show that a unique repertoire of microRNAs is expressed at
the onset of liver and pancreas organo-genesis, and in pancreas and liver at key stages of cell fate
determination. Among the microRNAs that are expressed at these stages, miR-495 and miR-218
were predicted to, respectively, target the Onecut (OC) transcription factors Hepatocyte Nuclear
Factor-6 (HNF-6/0C-1) and OC-2, two important regulators of liver and pancreas development.
MiR-495 and miR-218 are dynamically expressed in developing liver and pancreas, and by
transient transfection, we show that they target HNF-6 and OC-2 30UTRs. Moreover, when
overexpressed in cultured cells, miR-495 and miR-218 decrease the endogenous levels of HNF-6
and OC-2 mRNA. These results indicate that the expression of regulators of liver and pancreas
development is modulated by microRNAs. They also suggest a developmental role for miR-495
and miR-218.



