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The CRISPR technology is rapidly transforming the field of liver research by its versatility and easy use. In vivo gene editing of hepatocytes in adult mice can be achieved using a broad toolbox for both fundamental research and development of therapeutic strategies for future clinical applications. Recent studies showed that CRISPR has a real potential to treat hereditary liver diseases as well as virally induced pathologies. This short review recapitulates very recent advancements regarding the use of CRISPR in liver research and therapy.

Introduction

The CRISPR locus, for Cluster Regulatory Interspaced Short Palindromic Repeats, was discovered in Escherichia Coli in 1987 (1) before being found in about 40% of the bacteria and 90% of the archaea.

The CRISPR system rapidly appeared as a defense mechanism against foreign genetic material via small guide RNA (gRNA) targeted DNA breaks (2). This mechanism is now used as a powerful gene editing tool notably in human cells (3) (4). It induces precise double-stranded DNA breaks which allows specific gene editing through the well-known DNA repair mechanisms. Among the six major types of CRISPR mechanisms (5), the type II CRISPR/Cas9 system is largely used and relies one a single Cas9 nuclease and two small RNAs, the CRISPR RNA (crRNA) and the trans-activating crRNA (tracrRNA). The crRNA encodes a gRNA complementary to the targeted DNA. Rapid design of the gRNA based on the targeted sequence followed by cloning into the crRNA backbone allows a cheap and rapid setup of the method compared to less friendly and more expensive Transcription activator-like effector nucleases (TALENs) or Zinc Finger Nucleases (ZFN). Since the simplification of the use of CRISPR/Cas9 mechanism from Staphylococcus Pyogenes (SpCas9) via artificial fusion of the crRNA and the tracrRNA into a single guide RNA (sgRNA), the scientific community started to wildly use the CRISPR/SpCas9 technology at the expense of TALENs or ZFN.

Most CRISPR-mediated gene editing possibilities flow from the capability of the cells to repair double-strand breaks (DSBs). DSBs are repaired using two distinct mechanisms, Non-Homologous End Joining (NHEJ) or Homology Directed Repair (HDR). NHEJ induces insertions and deletions (indels) which favor gene disruption by making frameshifts or targeted large deletions using multiple sgRNA (6, 7). It is also important to mention that alternative NHEJ repair (8) can be exploited to perform targeted DNA insertion (9). HDR uses the homologous recombination pathway. In this case, DSBs repair using a custom exogenous DNA template containing the genetic modification allows precise gene engineering (Figure 1). Similarly, but through a not yet fully understand mechanism, the same outcome can be achieved using a single-stranded DNA template.

The very versatile CRISPR/Cas9 gene editing tool became a broad toolbox with different kinds of applications like genome engineering, RNA targeting (10), transcriptional regulation (11) or genome loci localization (12). The study and improvement of CRISPR technology became by itself a topic of research that is continually building the future tools for research and clinical applications. The potential of CRISPR in therapeutics immediately started to fuel highly ambitious dreams but its use has facilitated first cancer and fundamental researches.

CRISPR in liver research

For several years, in vivo genetic alteration can be induced using the well-known CRELOX system.

It uses the property of the Cre recombinase to catalyze sequence specific recombination. Tissue-specific recombination can be achieved by putting the recombinase under the control of a tissue-specific promoter.

In addition, time control of the genetic modification is achieved using a Cre recombinase fused with the DNA binding domain of the human estrogen receptor mutated to specifically bind tamoxifen and consequently migrate to the nucleus. This system is reliable but requires expensive and time consuming mouse transgenesis and breeding. As an alternative, liver targeting in adult mouse can be achieved using hydrodynamic tail vein injection (HTVI) (13, 14). HTVI consists in rapid tail vein injection of a large volume of a plasmid DNA solution which allows hepatocyte transfection through a mechanism called hydroporation.

Importantly, this technique remains invasive and associated with possible mice mortality as it induces a transient irregularity of heart function, sharp increase in venous pressure, enlargement of liver fenestrae and enhancement of hepatocyte membrane permeability.

The use of CRISPR/Cas9 rapidly became a technique of choice to target the liver in vivo (Figure 2a). One of the first study reporting the use of the CRISPR/Cas9 system in vivo to target the mouse liver was reported in 2014 (15). This study described the delivery of CRISPR plasmids using HTVI to target cancer genes. The strength of the paper is the demonstration that CRISPR/Cas9 can be used to perform different gene editing events in vivo. Direct loss of function (LOF) of common tumor suppressor genes (TSGs), p53 and Pten, both alone or in combination, was performed using bi-allelic indels-mediated frameshifts. Going deeper into precise gene editing, the authors were also able to insert activating point mutations into Ctnnb1, the gene encoding β-catenin via recombination using a single-stranded DNA template co-injected with the CRISPR plasmid. Even though this technique was poorly efficient, this work highlighted the possibility to disrupt any genes in the liver, bypassing the need for engineer embryonic stem cells and breeding while remaining sufficient to promote and study liver carcinogenesis.

Combining CRISPR/Cas9 and HTVI with integrative transposon like Piggy Bac (PB) and Sleeping Beauty (SB) allowed cell lineage analysis and the development of in vivo genetic screens (16, 17). PB and SB are transposons that need a transposase for genome integration. Co-injection in mice of a vector carrying sgRNA and Cas9 expression cassettes flanked by SB or PB inverted repeats (CRISPR vector) and a vector encoding the transposase allows uncontrolled insertion of the CRISPR vector in the genome of transfected cells. Using a sgRNA library and a PB transposon, Xu et al [START_REF] Xu | piggyBac mediates efficient in vivo CRISPR library screening for tumorigenesis in mice[END_REF] showed that it is possible to target thousands of genes at once to screen for TSGs. After HTVI of the PB library and tumor development, the analysis of the tumor genome reveals causal genetic alterations hence the potential tumorigenic effect of new TSGs in hepatocellular carcinoma (HCC).

Cancer cells are mostly the consequences of synergistic mutations rather than unique driver ones.

Weber et al (19) used a similar approach to Xu and colleagues to screen in mice for synergistic mutations in liver cancers. Using a SB-based methodology, they performed a somatic multiplex-mutagenesis by targeting ten TSGs frequently mutated or epigenetically silenced in intrahepatic cholangiocarcinoma or HCC. Once again, the analysis of the developing tumors revealed positively selected mutations like alteration of Pten, Tet2 or Apc which are found mutated in human HCC. Interestingly, mutations of other cancer genes like BRCA1 and 2 were largely absent in HCC which is consistent with genome wide analysis of human HCCs. To go deeper into the understanding of HCCs development, one of the perspectives using CRISPR is to induce co-occurring mutations revealed by whole genome analysis of human tumors (20).

Such advancement would allow the development of relevant pre-clinical cancer models.

In 2015, Zhang's team reported a huge breakthrough regarding in vivo targeting of adult mouse liver. The characterization of six smaller Cas9 orthologues shed lights on the equally efficient and shorter Cas9 from Staphylococcus Aureus (SaCas9) (21). The smaller size of the SaCas9 coding sequence allows its packaging into a single adeno-associated virus (AAV) along with the sgRNA expression cassette. The specific targeting of the liver can be achieved using the thyroxin-binding globulin promoter to drive the SaCas9 expression (22). Hepatic targeting is reinforced by the production of hepatotropic AAV particles harboring serotype 8 protein capsids (23). Using this technology, Zhang's team targeted the proprotein convertase subtilisin/kexin type 9 (PCSK9), involved in cholesterol homeostasis. They obtained more than 40% of indels at the targeted locus on total liver one week after AAV injection. In addition, the reduction of serum PCSK9 protein level was correlated with a diminution of total cholesterol level.

Recently, a multiplexing approach was reported using AAV vectors to screen the tumorigenic effect of recurrently mutated genes (RMGs) in human cancers (24). A library of sgRNA targeting the RMGs was built according to pan-cancer TCGA data and cloned into a base vector containing the sgRNA cassette as well as a Cre expression cassette. To facilitate tumorigenesis, a cassette coding a sgRNA targeting P53 was included into the base vector. Intravenous injection of the AAV vector library (AAV-CRISPR mTSG library) in a mouse model which possesses a Cre inducible Cas9 coupled with GFP allowed the concomitant targeting of P53 and multiple genes depending on the transduced AAV. Each mouse receiving the AAV-CRISPR mTSG library died within 4 months due to tumor development. Sequencing of the targeted sites in the tumors shed light on their mutational landscape which corresponded to the positively selected mutations driving tumorigenesis. Genome analysis of 37 tumor samples permited to bring out potential oncogenic cooperations for which further investigation was initiated by inducing single mutation in a P53-sensitized background.

As demonstrated above the CRISPR technology can easily be combined with already existing CRELOX mouse models and used for sequential LOF (Figure 2b). The ease with which new mouse models can be developed using this approach already makes it a broadly used method.

CRISPR potential in liver targeted therapy

By targeting the cholesterol metabolism, Zhang's laboratory illustrated what could be the future of gene editing-mediated gene therapy (GT) [START_REF] Ran | In vivo genome editing using Staphylococcus aureus Cas9[END_REF]. Liver diseases are interesting candidates for GT as many of them are due to mutations in a single gene and few have already been targeted in mouse using CRISPR like ornithine transcarbamylase deficiency [START_REF] Yang | A dual AAV system enables the Cas9-mediated correction of a metabolic liver disease in newborn mice[END_REF], tyrosinemia [START_REF] Pankowicz | Reprogramming metabolic pathways in vivo with CRISPR/Cas9 genome editing to treat hereditary tyrosinaemia[END_REF][START_REF] Yin | Therapeutic genome editing by combined viral and non-viral delivery of CRISPR system components in vivo[END_REF] or hemophilia as discussed in the following section. Boosted by the development of non-invasive delivery methods, successful strategies targeting liver disorders increased over the past four years (Figure 2c). Following examples of recent achievements describe the potential of CRIPSR/Cas9 technology in liver diseases.

Hemophilia A and B:

Hemophilia A and B are recessive X-linked coagulation disorders due to mutations in the genes encoding the clotting factor VIII (FVIII) or IX (FIX) respectively and affect about 400,000 individuals worldwide (27). The monogenic aspect of these bleeding disorders made them very attractive for GT.

Different strategies were used to supply patients with functional FVIII or FIX. Currently, protein substitution therapy using recombinant protein or plasma-derived clotting factor improves life quality and expectancy of patients. Unfortunately, this prophylaxis treatment requires expensive and repetitive administration of FVIII or FIX against which patients can develop neutralizing antibodies. Development of curative treatments via GT are needed to improve life quality of hemophilia patients. In this setting, clinical trials of GT using AAV to provide the missing clotting factor are promising (28). However, AAV-mediated transgene expression is long but not permanent. The development of CRISPR/Cas9-mediated gene editing raised the possibility to directly correct mutations in hemophilia patient hepatocytes. mice (29, 30). Using the previously described HTVI delivery system Huai et al used a Cas9-sgRNA expression vector along with a self-linearizable double-stranded donor template to correct an eight nucleotides-long deletion in FIX exon 8. They were able to induce targeted HDR and reached more than 1% of correction which was sufficient to restore homeostasis. More recently, Ohmori et al (30), similarly to Zhang's strategy, made use of the previously described SaCas9 driven by an hepatic promoter delivered along with the sgRNA using AAV vectors to in vivo target the mutated FIX. Co-injection of an AAV carrying the CRISPR components along with an AAV containing the corrected sequence successfully induced HDR and correction of a twelve base-pair deletion in the FIX exon 8, reversing the phenotype of 0, 14 and 182 days old hemophilia mice.

The main hurdle performing in vivo gene editing is safety concern due to potential off-target effects of the CRISPR/Cas9 system. The use of induced pluripotent stem cells (iPSC) would allow a control over the editing and the possible mutational effect of CRISPR. Recently, a Chinese group reported the use of hemophilia B patient-derived iPSC (31) to correct a missense mutation (c.676 C>T) in the FIX gene using HDR after transient transfection of a plasmid encoding CRISPR/Cas9 system and a single-stranded oligonucleotide bearing the correction. The high efficiency (10 corrected clones and 38 clones witnessing efficient cleavage over 45 sequenced) and the absence of off-target effect at potential anticipated site reinforced the notion that CRISPR/Cas9 can be simultaneously efficient and precise. The corrected iPSC derived into hepatocytes were found to efficiently secrete FIX. This personalized iPSC-based GT bypasses the off-target problematic as a deep analysis at the cell scale can be performed before possible reinjection to human but it comes with every safety questions regarding the use of iPSC-derived cells.

Hepatitis:

Hepatitis B and C viruses (HBV/HCV) are pathogens associated to a higher risk of cirrhosis and HCC. Thus, 78% of liver cancers arise in patients with HBV or HCV chronic infections (32). As HCC is the second cause of cancer-related death worldwide (33), fighting HBV and HCV chronic infections would decrease the incidence of HCC hence the related mortality. In the case of HBV, persistence of episomal HBV genome known as the covalently closed circular DNA (cccDNA) is responsible for the virion production and chronic infection (34). Current therapies targeting HBV are based on reverse transcriptase inhibitors or immunomodulation treatments which are prone to drug resistance and/or accompanied with side effects.

Most of all, the treatments and post infection vaccination failed to eradicate the cccDNA. Consequently, resurgence of HBV replication occurs upon treatment withdrawal. Regarding HCV, no preventive vaccine is used the previously described AAV-mediated delivery of the CRISPR/Cas9 technology to target the HBV genome. They used a murine model in which persistent HBV replication was achieved for several months after HTVI of pAAV/HBV1.2 plasmids. Efficient targeting of the HBV genome was observed but a nonsignificant decrease of hepatitis B surface antigen and HBV DNA were observed after a secondary and higher AAV titer injection. One can ask if the decrease of HBV surface antigen and HBV DNA observed after the second injection of AAV could be due to an immune response relative to a second exposition to the AAV8 vector which could induce the elimination of cells carrying the AAV/HBV1.2. This study reveals the potential of AAV-mediated delivery of CRISPR/Cas9 to target HBV genome in vivo but also shows that further improvements need to be made before testing in humans. In vivo targeting of the HBV genome using AAV delivery of the CRISPR/Cas9 is an encouraging approach that needs to overcome challenging issues which are described in details elsewhere (40-42). Concerning the RNA genome of HCV, only one in vitro study performed in Huh-7.5 cells using a Cas9 targeting RNA (FnCas9) showed the possibility to inhibit HCV expression suggesting the potential in targeting RNA virus using CRISPR (43).

Conclusion

If the CRISPR technology has revolutionized gene editing and research in general, the combination of CRISPR with AAV vectors is close to revolutionize in vivo liver research in mouse models. The less immunogenic, non-integrative and high hepatotropic features of the AAV8 make it attractive and efficient to target the liver. AAV vectors are progressively replacing both the use of efficient but more inflammatory adenoviruses and the more invasive and less efficient HTVI which remains highly attractive due to its inexpensiveness. If HTVI combined with the integrative feature of the sleeping beauty or piggy bac transposon allows the easy setup of in vivo screens for new TSGs, Wang et al [START_REF] Wang | Mapping a functional cancer genome atlas of tumor suppressors in mouse liver using AAV-CRISPR-mediated direct in vivo screening[END_REF] showed that AAV vectors could be used as well.

Regarding the use of CRISPR in clinics, the two major issues reside in the delivery method and the potential off-target effects. Nowadays, GT strategies rely on the use of viral vectors. It is commonly thought that AAV vectors allow transgene expression from an episomal template avoiding insertional oncogenesis which make them very attractive for gene delivery. However, it is important to notice that clonal integration of AAV2 inducing oncogene overexpression has been reported in HCC (44). More recently, frequent small integration of AAV8 inverted terminal repeats (ITRs) at the targeted site has been reported which illustrates the recombinogenic properties of ITRs (45). However, analysis of liver biopsies from patients under clinical trials using AAV suggests that such events are rare and may not pose a major risk of cancer (46). Another concern is vector-induced liver inflammation. Widespread exposure to numerous AAV variants and serotypes within the human population favors the development of immune response against AAV vector protein capsid reducing delivery efficacy and inducing liver inflammation. While huge progresses are being made to engineer less immunogenic AAV protein capsid (47), non-viral delivery methods using nanoparticle are explored to enhance the safety of liver GT (26, 48, 49). Concerning the CRISPR off-target effects, it is now accepted that the amount of off targets is linked to both the amount of CRISPR effectors in the cells and the time of cell exposure. AAV vectors allow long lasting expression of the CRISPR machinery and we still have no feedback on potential impact of CRISPR long term expression at a human scale. In these regards, transient delivery of CRISPR using non-viral methods is attractive and must be seriously considered. 

  fight HCV infection (36).

Figure 1 :

 1 Figure 1: Gene editing using CRISPR. Upon CRISPR mediated double stranded break (DSB), the DNA repair mechanisms determine the outcome of the gene editing. The classical non-homologous end joining pathway is error prone and insertions and deletions resulting from the repair can induce frameshifts and premature STOP codons. Inversely the homology directed repair allow very precise gene editing. sgRNA : single guide RNA.

  

Delivery By IV injection Gene Editing Highlights

Adeno Associated Virus NHEJ [START_REF] Ran | In vivo genome editing using Staphylococcus aureus Cas9[END_REF][START_REF] Liu | Inhibition of hepatitis B virus replication via HBV DNA cleavage by Cas9 from Staphylococcus aureus[END_REF] HDR (25, 30) Multiplexing [START_REF] Wang | Mapping a functional cancer genome atlas of tumor suppressors in mouse liver using AAV-CRISPR-mediated direct in vivo screening[END_REF] Non integrative

Sustained expression

Hydrodynamic Tail Vein Injection [START_REF] Yao | CRISPR/Cas9 -Mediated Precise Targeted Integration In Vivo Using a Double Cut Donor with Short Homology Arms[END_REF] NHEJ [START_REF] Engelholm | CRISPR/Cas9 Engineering of Adult Mouse Liver Demonstrates That the Dnajb1-Prkaca Gene Fusion Is Sufficient to Induce Tumors Resembling Fibrolamellar Hepatocellular Carcinoma[END_REF][START_REF] Pankowicz | Reprogramming metabolic pathways in vivo with CRISPR/Cas9 genome editing to treat hereditary tyrosinaemia[END_REF][START_REF] Xue | CRISPR-mediated direct mutation of cancer genes in the mouse liver[END_REF][START_REF] Liu | CRISPR/Cas9-mediated p53 and Pten dual mutation accelerates hepatocarcinogenesis in adult hepatitis B virus transgenic mice[END_REF][START_REF] Gao | CRISPR/Cas9-based Pten knock-out and Sleeping Beauty Transposon-mediated Nras knock-in induces hepatocellular carcinoma and hepatic lipid accumulation in mice[END_REF][START_REF] Liang | CRISPR/Cas9 Technology Targeting Fas Gene Protects Mice From Concanavalin-A Induced Fulminant Hepatic Failure[END_REF] HDR (9, 15) Multiplexing [START_REF] Xu | piggyBac mediates efficient in vivo CRISPR library screening for tumorigenesis in mice[END_REF][START_REF] Weber | CRISPR/Cas9 somatic multiplex-mutagenesis for high-throughput functional cancer genomics in mice[END_REF] 

Economical