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Abstract
Background & Aims. Hepatocyte differentiation is controlled by a network of liver-enriched transcription factors (LETFs). Here we investigated whether LETFs control microRNA expression during development, and whether such control is required for hepatocyte differentiation. Methods. Using in vivo DNA-binding assays we identified miR-122 as a direct target of the LETF Hepatocyte Nuclear Factor (HNF) 6. The role and mechanism of the HNF6 - miR-122 gene cascade in hepatocyte differentiation was studied in vivo and in vitro by gain- and loss-function experiments using the developing mouse and zebrafish as model organisms. Results. HNF6 and its paralog Onecut2 are potent transcriptional stimulators of miR-122 expression during liver development. Conversely, accurate levels of miR-122 are required to ensure proper progression of hepatocyte differentiation. MiR-122 exerts this function by stimulating 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 differentiation by miR-122 is abolished in an HNF6-null background, revealing that a transcription factor can mediate microRNA function. Confirming direct regulation, all hepatocyte-specific genes whose expression is stimulated by miR-122 are occupied in vivo by HNF6. Conclusions. Our findings reveal a novel control of hepatocyte differentiation, which is directed by a positive feedback loop between a transcription factor and a microRNA, both being specifically expressed in liver. This work also bears significance for in vitro programmed differentiation of hepatocytes and for understanding dedifferentiation in pathological conditions.
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Introduction

Hepatocytes exert most homeostatic functions of the liver, including the production of plasma proteins and metabolic enzymes, and the secretion of bile which is transported to the intestine via a network of ducts lined by cholangiocytes. During liver development, hepatocytes and cholangiocytes differentiate from common bipotential precursors, called hepatoblasts. Hepatoblasts express a number of genes (e.g. Hepatocyte Nuclear Factor (HNF) 4, Transthyretin (Ttr), Albumin (Alb)) which, at the stage of hepatobiliary segregation, are repressed in biliary cells and become restricted to the hepatocyte lineage. Following lineage segregation hepatocytes mature to form cords and acquire metabolic properties, and the cholangiocytes form ducts


1-4 ADDIN EN.CITE . 

A network of liver-enriched transcription factors (LETFs) controls differentiation and maturation of hepatic cells


5 ADDIN EN.CITE . HNF6 and Onecut (OC) 2 belong to the LETFs and control hepatobiliary segregation by modulating a gradient of Transforming Growth Factor (TGF/Activin signaling. In their absence hepatoblasts abnormally differentiate toward hybrid cells that display characteristics of both hepatocytes and biliary cells


6-8 ADDIN EN.CITE .
MicroRNAs (miRNAs) have been implicated in development and differentiation of several tissues. Global depletion of miRNAs in liver resulting from deletion of Dicer did not uncover a role for miRNAs in hepatic cell development, since inactivation of Dicer1 only occurred postnatally


9-11 ADDIN EN.CITE . However, functional analysis of miR-30a/30c and miR-23b/27b/24-1 revealed that they are required for bile duct development and for repression of biliary gene expression in hepatocytes, respectively


12, 13 ADDIN EN.CITE .
Several promoters of miRNAs enriched in adult liver were shown to contain putative binding sites for HNF4 and Forkhead box A2 (FoxA2)


14, 15 ADDIN EN.CITE . In hepatocarcinoma cell lines the expression of miR-122, the most abundant liver-specific miRNA


16-18 ADDIN EN.CITE , positively correlates with the level of LETFs


19, 20 ADDIN EN.CITE . Moreover, the promoter of miR-122 was stimulated in vitro by HNF1, FoxA2, HNF4and CCAAT/Enhancer Binding Protein (C/EBP)21. Yet whether LEFTs control miRNA expression during normal hepatic cell differentiation and how LEFTs and miRNAs coordinately regulate hepatic differentiation remains unknown. 

Here we investigated the role of LETF–miRNA cascades in hepatic cell differentiation during embryonic development. We show that HNF6 and OC2 redundantly control the expression of miRNAs during liver development, and we identify a HNF6 - miR-122 positive feedback loop which drives hepatocyte differentiation.

Materials and Methods

Animals

Experiments were performed with approval of the University Animal Welfare Committee. MiR-122 Tg mice were generated as described


22 ADDIN EN.CITE , with the Alfp/pre-miR-122 plasmid. HNF6 and OC2 knockout mice were described


6, 23 ADDIN EN.CITE .
Plasmids 

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 Albumin promoter and enhancer and 3 α-Fetoprotein enhancers (kind gift from K. Kaestner). The miR-122 prom/Luc plasmid was obtained by cloning –300 to +327 nt sequence of miR-122 promoter into pGL3basic plasmid (Promega, Leiden, Netherlands). The primers used to generate miR-122 prom/Luc were: 5’ACGCGTATCAGAGTCCTGAGAGAAAATG3’ and 5’GTCGACATGTCTCTAGCCTTCCCCTT3’. In the miR-122mut prom/Luc plasmid, the HNF6 binding site 5'-CAATCGATAA-3' was mutated to 5'-CAGACGGGAA-3'.
Cell culture, antagomir treatment and transfection

Bipotent Murine Embryonic Liver (BMEL) cells were cultured as described


7 ADDIN EN.CITE . Hepatocyte-like differentiation was obtained by growing the cells as floating aggregates


24 ADDIN EN.CITE .

Antagomirs and antagomir treatment were as described25. MiR-122 was overexpressed in BMEL cells cultured in monolayer by transfecting 3x105 cells using Lipofectamin2000 (Invitrogen, Merelbeke, Belgium) and 0, 0.1, 0.25, 0.5 and 1 μg of miR-122 mimics (miRIDIAN Mimic-122, ThermoScientific, Tournai, Belgium). Total miR mimic amount was adjusted to 1 μg with the miR-ctl mimic (miRIDIAN Mimic-ctl#1, ThermoScientific). RNA was extracted 48h after transfection.

To study the miR-122 gene promoter, 3x105 BMEL cells in monolayer were transfected using Lipofectamin2000 (Invitrogen) with 1 μg of pCMV-GFP or pCMV-HNF6, and 1 μg of miR-122 prom/Luc or of miR-122mut 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 WT or H6/O2 dKO embryos at E15.5 were stored in RNAlater Solution (Ambion, Lennik, Belgium). Total RNA was isolated using TriPure (Roche, Basel, Switzerland) and cleaned using the RNeasy MinElute Cleanup Kit (Qiagen, Venlo, Netherlands). Two μg of RNA were labeled and hybridized to the miRCURY™ LNA (Locked nucleic acid) Array v8.1 by miRCURY™ LNA Array microRNA Profiling Services (Exiqon, Vedbaek, Denmark). Three biological samples of H6/O2 dKO and WT livers labeled with Hy3 were analyzed against a common reference labeled with Hy5, and consisting of a pool of all samples. All miRNAs with Student’s t-test values at p<0.05 were selected.
Microarray analysis of mRNA 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). Two μg of RNA were labeled and hybridized to GeneChip® Mouse Genome 430A 2.0 Array (Affymetrix, Wooburn Green, United Kingdom), 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 described25. 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) (Supplementary Tables 1 and 2). QPCR was performed with KAPA SYBR® FAST Bio-Rad iCycler™ qPCR Master Mix (Sopachem, Kapa Biosystems, Eke, Belgium)on a IQ cycler (Bio-Rad, Eke, Belgium). Quantification of mRNAs and miRNAs was normalized to β-actin and 18S RNA, respectively. 

Morpholino injection in zebrafish embryos

Knock down of dre-miR-122 expression was performed with the morpholino oligonucleotide 5'-ATACAAACACCATTGTCACACTCCA-3' (Gene Tools, LCC, Philomath, OR). 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 hybridization was performed with DIG-labeled dre-miR-122 RNA probe (Exiqon)


26 ADDIN EN.CITE . Whole mount immunohistochemistry was as described


27 ADDIN EN.CITE , using the antibodies indicated in Supplementary Table 3. Fluorescent images were captured with a Leica SP2 confocal microscope. Immature HNF4+/2F11+ cells were counted in the center of liver excluding the peripheral cell layer, across 15 consecutive optical sections, and normalized to the total number of hepatic cells (Prox1+). 
Immunofluorescence analysis of mouse embryos

Embryos were fixed at 4°C for 4h in 4% paraformaldehyde in phosphate-buffered saline (PBS), washed overnight in PBS, and embedded in paraffin. Immunofluorescence on 9 μm sections was as described


28 ADDIN EN.CITE  using the antibodies indicated in Supplementary Table 4. Fluorescent images were captured with a Cell Observer Spinning Disk (Zeiss, Zaventem, Belgium) confocal microscope.
Chromatin immunoprecipitation/ultra-high throughput sequencing (Chip-Seq)
ChIP-Seq experiments were performed with an antibody against HNF6 (sc-13050, Santa Cruz) as described29 on adult liver. All sequencing reads were aligned using MAQ30 with default parameters to the mouse NCBI37/mm9 genome assembly. Data are available on the ArrayExpress database (http://www.ebi.ac.uk/arrayexpress) (ArrayExpress accession: E-MTAB-438). The HNF6 motif was determined using MEME31, 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 (http://www.targetscan.org), PicTar (http://pictar.mdc-berlin.de/) and MicroCosm Targets Version 5 (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/). The sequence of mature miR-122 was aligned to Hnf6 gene using MultAlin (http://multalin.toulouse.inra.fr/multalin/) to predict target sequences for miR-122. Ingenuity Pathway Analysis was used to search for molecular connections between miR-122 and HNF6, HNF4, FoxA2, and OC2, with exclusion of all connections involving HNF1 and HNF1
Results
HNF6 and OC2 control the expression of miRNAs during liver development

To identify miRNAs regulating hepatic cell differentiation we compared miRNA expression in wild-type (WT) embryos and in embryos knockout for both Hnf6 and Oc2 (H6/O2 dKO) livers at embryonic day (E) 15.5 by microarray analysis. Fifteen miRNAs were differentially expressed in wild-type and double HNF6/OC2 knockout livers (Student's t-test, p < 0.05). However, when correcting for multiple testing by applying a Bonferroni correction or by applying Simes' procedure, only miR-122 remains significantly inhibited in the absence of HNF6 and OC2 (p < 0.05; Supplementary Fig. 1). The results for miR-122 were validated by Q-RT-PCR, but Q-RT-PCR also revealed minor but statistically significant differences at E15.5 and/or E17.5 between wild-type and double HNF6/OC2 knockout livers for the expression of miR200a, miR-18, miR-107, miR-339, miR-337 and miR-200b (Suppl. Fig. 1).

HNF6 and OC2 have similar DNA-target sequences


32 ADDIN EN.CITE . By comparing fetal livers from single Hnf6 knockouts (H6 KO) or single Oc2 knockouts (O2 KO), with livers from H6/O2 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 maximally perturb 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 (Suppl. Fig. 1). 
We concluded that abnormal hepatic cell differentiation in H6/O2 dKO livers is associated with perturbed expression of miRNAs, and that HNF6 and OC2 redundantly control the expression of a subset of miRNAs, the strongest control being exerted on miR-122.
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 H6/O2 dKO livers (3.5- to 7-fold decrease; Table 1; Suppl. Fig. 1). Therefore, we further focused on the mechanism by which HNF6 and OC2 regulate miR-122.

The miR-122 promoter contains a conserved sequence matching the HNF6 binding consensus upstream of the transcription start site (Fig. 1A). To verify if HNF6 can stimulate the miR-122 promoter, we cotransfected a reporter construct (miR-122 promoter (-300 to +327) – luciferase) with an HNF6 expression vector in BMEL cells, a cultured hepatoblast cell line


24 ADDIN EN.CITE . The results showed that HNF6 stimulates the miR-122 promoter (Fig. 1B). When the HNF6 binding site was mutated in the miR-122 promoter, the latter was less stimulated by HNF6 (Fig. 1B). Overexpression of HNF6 in BMEL cells also stimulated endogenous miR-122 levels (Fig 1C). Finally, ChIP-Seq experiments performed in liver demonstrated that HNF6 binds to several sites within 10 kb encompassing the miR-122 locus (Fig. 1D), the strongest binding peak overlapping with the miR-122 promoter, which was stimulated by HNF6 in cultured cells.
We concluded that HNF6 stimulates miR-122 expression by directly binding to and activating its promoter. 
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. We first cultured BMEL cells as floating aggregates in which the expression of hepatocyte-specific genes is known to be induced


24 ADDIN EN.CITE . As shown in Fig. 2A, miR-122 expression was strongly upregulated in aggregate-cultured BMEL cells (BMEL Agg) as compared to BMEL cells maintained in monolayer culture (BMEL Ml), thereby mimicking the increase in miR-122 occurring in vivo during hepatocyte differentiation. When anti-miR-122 antagomir was added to aggregate-cultured BMEL cells (BMEL Agg antagomir-122), the induction of miR-122 was abolished, as compared to cells treated with a mutated antagomir (BMEL Agg antagomir-mut; Fig. 2A). The expression of the unrelated miR-20 was not significantly affected by anti-miR-122 antagomir, thereby demonstrating the specificity of miR-122 inhibition (Fig. 2A). 

To investigate the function of miR-122, 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 (Suppl. Fig. 2). 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 hepatocyte-specific genes (Suppl. Fig. 2). The microarray data were validated by Q-RT-PCR analysis of 5 genes downregulated by anti-miR-122 antagomir (Fig. 2B).
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 Apolipoprotein (Apo) E was increased in a dose-dependent way, thereby confirming that miR-122 stimulates hepatocyte-specific genes (Fig. 2C). 

Since miR-122 expression is downregulated in H6/O2 dKO liver (Table 1; Suppl. Fig. 1), 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 downregulated in H6/O2 dKO liver at E15.5 and E17.5 (Fig. 2D). 

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 HNF6 and OC2 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 is required for hepatocyte differentiation in vivo, we turned to the zebrafish. In this organism, miR-122 is specifically expressed in liver33 (Suppl. Fig. 3A). During development, all hepatic epithelial cells express Prox1 (Fig. 3A). At 50 hours post-fertilization (hpf) the hepatoblasts co-expressed the hepatocyte marker HNF4 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 HNF4 (yellow arrows in Fig. 3A, upper panels). Later, at 80 hpf, HNF4 and 2F11 were restricted to hepatocytes and cholangiocytes, respectively (Fig. 3A, middle panels); only very few cells, localized in the peripheral layer of hepatic cells, still co-expressed HNF4 and 2F11 (white arrow in Fig. 3A, middle right panel). Later in development, such HNF4+/2F11+ cells were no longer found in control liver (data not shown). Therefore, in zebrafish, segregation of the hepatocyte lineage is characterized by transient co-expression of HNF4+ and 2F11+, followed by differentiation toward HNF4+/2F11- hepatocytes. 

In embryos injected with the anti-miR-122 morpholino-oligonucleotide (MO-122), miR-122 expression was knocked down (Suppl. Fig. 3A), and HNF4+/2F11+ cells were found not only in the peripheral layer of the liver (white arrow in Fig. 3A, lower panel), but also in the center of the liver (green arrows in Fig. 3A, lower panels). Quantification showed that such cells were more abundant and more frequently present in MO-122-injected embryos (Fig. 3B) than in the controls. Later, immature HNF4+/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). Deficient hepatocyte differentiation in miR-122 morphants at 80 hpf was not due to a global developmental delay. For instance, pancreatic acinar tissue, which undergoes key differentiation and morphogenic events between 52 and 84 hpf, grew and differentiated normally (Suppl. Fig. 3B-C). Hepatocyte proliferation, which was measured by incorporation of 5-ethynyl-2´-deoxyuridine (EdU), was unaffected by the anti-miR-122 morpholino: 29.8 % ± 2.3 (mean ± SD) and 28.3% ± 1.1 Edu+/HNF4+ cells were found in control embryos and morphants, respectively. Unfortunately, rescue experiments by combining injection of anti-miR-122 morpholino and miR-122 duplex were not conclusive due to high toxicity of the miR-122 duplex. We concluded that miR-122 is specifically required for normal hepatic cell differentiation in vivo.
In vivo stimulation of hepatocyte differentiation by miR-122 depends on HNF6

To study how miR-122 regulates hepatic cell differentiation in coordination with LETFs, we generated transgenic mice overexpressing miR-122 specifically in the liver under control of Albumin and α-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. 4A). Interestingly, at E15.5 the hepatocyte differentiation markers which were stimulated by miR-122 in cultured cells (Fig. 2) were also upregulated in miR-122 Tg livers (Fig. 4B). Their expression levels at E15.5 in miR-122 Tg livers were similar to those in WT livers at E17.5 (Suppl. Fig. 4), indicating that miR-122 accelerates hepatocyte differentiation. 
We next measured, in miR-122 Tg mice, the expression of the transcription factors HNF1, HNF1, Foxa2, HNF4, and HNF6/OC2, which constitute the core of the LETF network


5 ADDIN EN.CITE . 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. 4C). HNF6 expression was already stimulated in miR-122 Tg livers from E13.5 onward and parallels that of miR-122 (Fig. 4D). Immunostaining on sections of WT livers at E15.5 showed predominant expression of HNF6 in biliary cells forming the ductal plate, and lower expression in hepatoblasts and developing hepatocytes


8, 34, 35 ADDIN EN.CITE  (Fig. 4F). In E15.5 miR-122 Tg livers HNF6 was upregulated in hepatocytes, thereby mimicking later stages of liver maturation


34 ADDIN EN.CITE  (Fig. 4F). Therefore, overexpression of miR-122 induces a premature increase of Hnf6 in differentiating hepatocytes, while increasing 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. First, we verified by Chip-Seq if HNF6 binds to the genes upregulated by miR-122. This was the case, as shown in Suppl. Fig. 5.

We then asked if HNF6 mediates the effects of miR-122 on hepatocyte gene expression by overexpressing miR-122 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) were analyzed at E15.5. These embryos still showed a 1.7-fold overexpression of miR-122 as compared to WT embryos (Fig. 4B). 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. 4E). 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. 4B). Therefore, we concluded that HNF6 is required for stimulation of hepatocyte differentiation by miR-122. 

Overexpression of miR-122 induces HNF6-independent biliary differentiation 

Unexpectedly, miR-122 Tg embryos presented with biliary hyperplasia characterized by more numerous and larger ducts (Fig. 4F). Since biliary hyperplasia did not result from proliferation (data not shown), we analyzed the expression of biliary differentiation and morphogenesis markers. 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 SRY-related HMG box transcription factor (SOX) 9+/HNF4- cells, and on the parenchymal side by SOX9-/HNF4+ cells (Fig. 5A, a-a’; B, a-a’'). 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. 5A, b-b’), thereby mimicking later stages of duct morphogenesis. TGFreceptor II (TRII) and HNF4 were expressed in cells on the parenchymal side of biliary structures in miR-122 Tg mice, which is the normal location at that stage (Suppl. Fig. 6, a-a’, b-b’; Fig. 5B, a-a’, b-b’). The biliary hyperplasia miR-122 Tg livers was transient and was no longer observed at postnatal day 14 (Suppl. Fig. 7). 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 WT, 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 hyperplastic biliary structures devoid of SOX9 (Fig. 5A, c-c’) but ectopically expressing HNF4 and TRII on both the parenchymal and portal side (Fig. 5B, c-c’, Suppl. Fig. 6, c-c’;). Importantly, when miR-122 was overexpressed in a HNF6-null backrgound (miR-122 Tg/H6 KO), the phenotype did not significantly differ from that of livers overexpressing miR-122 in a Hnf6+/+ background: biliary hyperplasia was still detected, most biliary cells expressed SOX9, and HNF4 and TRII were expressed asymmetrically, i.e. on the parenchymal side of the biliary structures (Fig. 5A, d-d’; B, d-d’; Suppl. Fig. 6, d-d’).
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
Gene expression in hepatocytes is controlled by a network of core LETFs (HNF1, HNF1, FoxA2, HNF4, HNF6 and Liver receptor homolog 1)


5, 36 ADDIN EN.CITE . 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


5 ADDIN EN.CITE . In the present work we add a further layer of regulation by showing that HNF6 directly stimulates miR-122 expression and that miR-122 controls hepatocyte differentiation while stimulating the expression of core LETFs, including HNF6. The effect of miR-122 on hepatocyte differentiation is critically dependent on HNF6. Since HNF6 stimulates and binds directly to the hepatocyte-specific genes upregulated by miR-122 (Suppl. Fig. 5), we propose that miR-122 stimulates these genes via upregulation of Hnf6. Expression of HNF4 another regulator of hepatocyte differentiation


37, 38 ADDIN EN.CITE , is also dependent on miR-122 and HNF6, most likely via direct binding of HNF6 to the Hnf4 gene


5, 36 ADDIN EN.CITE  (Suppl. Fig. 5). Together, our data reveal that the positive feedback loop between HNF6 and miR-122 constitutes a core regulatory mechanisms driving proper progression of hepatocyte differentiation (Fig. 6).

Previous work has shown that miR-122 expression is regulated in part by C/EBP, HNF1, FoxA2, HNF4both in cultured hepatocellular cancer-derived cells


19-21 ADDIN EN.CITE  and in adult liver14. This raises the possibility that not only HNF6, but also other LETFs positively feedback on miR-122 expression to control hepatocyte differentiation.

An unresolved question is how miR-122 stimulates Hnf6 expression. MiRNAs can stimulate gene expression by binding to gene promoters


39 ADDIN EN.CITE , or to mRNAs in their 5’UTR, 3’UTR or coding sequence


40-42 ADDIN EN.CITE . However, using bioinformatic tools (TargetScan, Pictar, MicroCosm Target, MultAlin) no miR-122 site was found in the Hnf6 gene or mRNA. Co-transfection of miR-122 mimics and luciferase reporters driven by Hnf6 regulatory regions failed to reveal any effect of miR-122 in this 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 target Hnf6 mRNA, 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


21, 43 ADDIN EN.CITE , but there is no evidence that they repress HNF6 during liver development. Finally, using Ingenuity Pathway Analysis, the search for a link between miR-122 and HNF6, HNF4, FoxA2, and OC2, with exclusion of HNF1 and HNF1, did not reveal any connection explaining how miR-122 might stimulate HNF6. 
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.

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 (Oxct1, Cdkn1a, Nfkbiz) are predicted by TargetScan, PicTar or Microcosm Target to be direct miR-122 targets. Importantly, Oxct1 repression by miR-122 contributes to hepatocyte differentiation. Oxct1 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, Oxct1 must be repressed in liver to avoid hepatic catabolism of ketone bodies. Our recent work provides evidence that Oxct1 is repressed during hepatocyte maturation and that this repression depends in part on the rise in miR-12225.
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.
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Figure Legends
Figure 1. HNF6 binds to and stimulates the miR-122 gene promoter. 
(A) Sequence alignment of the miR-122 gene revealed high evolutionary conservation of a HNF6 binding site consensus in the promoter . (B) Overexpression of HNF6, but not of GFP (control), stimulated the expression of a miR-122 promoter-luciferase reporter construct when transfected in BMEL cells. Mutation of the HNF6 binding site in the miR-122 promoter reduced the stimulation by HNF6. (C) Overexpression of HNF6 in BMEL cells 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 liver, with the strongest peak overlapping with the promoter region; the latter (boxed yellow) was stimulated by HNF6 in BMEL cells. Data are displayed using the UCSC Mouse Genome Browser (NCBI37/mm9) (http://genome.ucsc.edu/). Data in (B,C) are means ± SEM; n = 3; *P < 0.05.

Figure 2. miR-122 stimulates the expression of hepatocyte-specific genes during hepatocyte-like differentiation in vitro. 
(A) BMEL cells were cultured in monolayer (BMEL Ml) or in floating aggregates (BMEL Agg) to induce hepatocyte-specific genes. After 72 h 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) served as control. Expression of miR-20, a miRNA unrelated to miR-122, was unaffected by antagomir treatment. (B) Alb, Ttr, ApoE, ApoH, and ApoA2 induction in aggregate BMEL cell cultures was downregulated by miR-122 inhibition. (C) Alb, Ttr and ApoE expression in BMEL cells (monolayer culture) was dose-dependently stimulated by transfected miR-122 mimic. (D) Hepatocyte-specific genes targeted by miR-122 were downregulated in H6/O2 dKO livers at E15.5 and E17.5. Data are means ± SEM; n = 3; *P < 0.05; **P < 0.01; **P < 0.001.

Figure 3. MiR-122 is required for normal liver development in zebrafish embryos. 
(A) In zebrafish embryos at 50 hpf hepatic cells (Prox1+) committed to the hepatocyte lineage co-expressed HNF4 and low levels of 2F11, whereas cells committed to the cholangiocyte lineage (yellow arrows) expressed high levels of 2F11 and were HNF4-. At 80 hpf in a control morpholino-injected embryos (MO-Ctl), hepatocytes were HNF4+/2F11-, and a few cells localized at the periphery of the liver were still HNF4+/2F11+ (white arrow). In anti-miR-122 morpholino- injected embryos (MO-122) at 80 hpf, HNF4 +/2F11+ were found in the peripheral layer of hepatic cells (white arrow), but also in the center of the organ (green arrows). (B) Proportion of HNF4+/2F11+ cells in total number of hepatic cells (Prox1+) in the center of the liver at 80 hpf (left), and frequency of embryos in which HNF4+/2F11+ cells are found in the center of the liver (right). The center of the liver was defined as the area covering all hepatic cells, excluding the peripheral layer. Data in (B) are means ± SEM; n ≥ 7; *P < 0.05.

Figure 4. 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 overexpression of miR-122 stimulated expression of hepatocyte-specific genes in the presence (miR-122 Tg) but not in the absence of HNF6 (miR-122 Tg/H6 KO). (C) Expression of the LETFs Foxa2, OC2, HNF4 and HNF6, but not HNF1 and HNF1, 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 HNF4, but not of Foxa2 and OC2 in miR-122 Tg embryos at E15.5 was dependent on HNF6. (F) 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.

Figure 5. Abnormal biliary differentiation induced by overexpression of miR-122 is not dependent on HNF6. 

At the onset of bile duct development in WT livers at E15.5, SOX9 is expressed on the portal side of ducts (A, a-a’) and HNF4 on their parenchymal side (B, a-a’). In miR-122 Tg mice, SOX9 is prematurely induced on the parenchymal side of developing ducts (A, b-b’), whereas HNF4 is normally expressed on their parenchymal side (B, b-b’). In Hnf6-/- mice (H6 KO), SOX9 is not expressed (A, c-c’), and HNF4 is found both on the parenchymal and portal side of ducts but also on their portal side (B, c-c’). 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 (A, d-d’), and HNF4 is found exclusively on their parenchymal side (B, d-d’). pv, portal vein; *, lumen of hyperplastic biliary structures; dotted lines delineate biliary structures.

Figure 6. A positive feedback loop between HNF6 and miR-122 drives hepatocyte differentiation during development. 

HNF6 directly stimulates miR-122 gene expression, and the stimulation of HNF6 by miR-122 is direct or indirect. Both HNF6 and miR-122 stimulate the expression of LETFs, and HNF6 and LETFs co-regulate expression of hepatocyte-specific genes. The effect of miR-122 on hepatocyte differentiation is HNF6-dependent.

