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1.1 Rare monogenic diseases 

 

A rare monogenic disease is defined as a disorder caused by the modification of a single 

gene affecting less than 1 in 2000 individuals. It has been estimated that over 10.000 human 

disorders are rare and of monogenic nature. Despite the single prevalence of each of these 

diseases is very low, their overall global prevalence at birth is 10/1000, affecting millions of 

people worldwide, according to the World Health Organization (Genes and human disease. 

Monogenic diseases; WHO, 2012, 

http://www.who.int/genomics/public/geneticdiseases/en/index2.html). Moreover, 

monogenic disorders represent a frequent cause of mortality in pediatric populations 

(Cunniff, Carmack et al., 1995, Stevenson & Carey, 2004). All these considerations highlight 

the clinical need to develop new curative and safe therapeutic treatments for monogenic 

inherited diseases. 

 

1.2 Inherited liver diseases 

 

The liver plays an important role in several vital functions, being involved in the metabolism 

of proteins, carbohydrates and lipids, in the synthesis of plasma proteins, such as albumin 

and clotting factors, and in the detoxification of several metabolites, such as ammonia and 

bilirubin (Hansen & Horslen, 2008). Any genetic defect that occurs in genes that take part 

into these fundamental functions can result into liver diseases grouped as “inborn errors of 

metabolism” (IEMs) (Brunetti-Pierri & Lee, 2005). IEMs are a heterogeneous class of 

genetic disorders caused by a defective protein, usually an enzyme or a transporter (Lanpher, 

Brunetti-Pierri et al., 2006), involved in the synthesis or catabolism of proteins, 

carbohydrates or fats (Hansen & Horslen, 2008). The alteration of one or more of these 

chemical reactions involved in metabolism lead to the subsequent deregulation of one or 

more metabolite fluxes, affecting the quantity of produced or eliminated metabolites. 

According to that, IEMs can be classified as classic, in which one metabolic flux is altered, 

or as complex, in which a network of metabolite fluxes is involved (Lanpher et al., 2006). 

According to the condition and involvement of the liver and other tissues, liver monogenic 

diseases can be characterized by 1) a predominant liver parenchymal damage, 2) an 

architecturally near-normal liver, 3) a systemic damage with a marginal liver involvement 

(Tab. 1) (Fagiuoli, Daina et al., 2013). Despite the single prevalence of each of these 

disorders is very low, their overall global prevalence accounts for a significant proportion of 
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illness, particularly in the childhood period (Lanpher et al., 2006), representing 

approximately 10% of pediatric liver transplants (Hansen & Horslen, 2008). 

 

Tab. 1. Classification of inherited liver disorders. Inherited liver disorders represent a 
heterogeneous class of diseases which can be classified, according to the liver involvement in the 

pathogenesis, into monogenic disorders with: 1) primary hepatic expression with parenchymal 

damage, 2) primary hepatic expression without parenchymal damage, 3) both hepatic and 
extrahepatic expression. Examples of the different categories are listed. Adapted from (Fagiuoli et 

al., 2013). 

 

1.3 Current therapies for inherited liver disorders 

 

1.3.1 Therapies to control the disease phenotype 

 

For most inherited liver diseases, available treatments rely on the manipulation of the 

metabolic pathway by diet, drugs, vitamin cofactors, enzyme induction, end-product 

replacement and alternative pathway activation (Brunetti-Pierri & Lee, 2005). All these 

treatments aim to ameliorate the disease manifestations in order to avoid an acute crisis, 

limiting the quality of life of treated patients. 

Enzyme replacement therapy (ERT) could be a potential therapeutic option when the 

pathogenesis results from a deficient or dysfunctional enzyme. One ERT product has been 
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successfully used to treat Gaucher’s disease. Then, several ERT drugs have been developed 

to control the disease phenotype of different lysosomal storage disorders (LSDs), but their 

effectiveness, varying among them, is still lower than in type I Gaucher, highlighting many 

limitations of the therapeutic approach. The most important one is represented by the blood 

brain barrier (BBB) which limits the access of the enzyme to brain tissues (Kobayashi, 

Carbonaro et al., 2005), greatly reducing the therapeutic impact of the strategy. Furthermore, 

ERT is extremely expensive, it requires the administration of the therapeutic enzyme all life-

long and its cost-effectiveness should be discussed (Lachmann, 2011). 

 

1.3.2 The orthotopic liver transplantation 

 

Since the involvement of the liver differs among liver-based disorders, with significant 

differences in morbidity and mortality, the therapeutic value of orthotopic liver 

transplantation (OLT) varies among them. OLT represents the only permanent available cure 

for diseases in which the damage triggers hepatic complications which, thereby, cause 

morbidity (i.e., genetic cholestatic disorders, Wilson’s disease, hereditary hemochromatosis, 

tyrosinemia, a1 antitrypsin deficiency), and also for those disorders in which the liver is 

near-normal but triggers extra-hepatic complications which are responsible of the 

consequent morbidity and lethality (i.e., urea cycle disorders, Crigler-Najjar syndrome, 

familial amyloid polyneuropathy, primary hyperoxaluria type 1, atypical haemolytic uremic 

syndrome-1) (Fagiuoli et al., 2013). 

OLT represents a therapeutic option by substituting an injured liver or by supplying a tissue 

that can replace a mutant protein (Fagiuoli et al., 2013). 

Even if OLT in recent years has ameliorated the outcome of many of inherited liver 

disorders, it still suffers from several limitations. It is a very invasive procedure with 

substantial risks (5-10% patient mortality within 5 years after liver transplant) (Adam, 

Karam et al., 2012), shortcomings, such as re-transplantation in 20 % of the cases (Adam et 

al., 2012), and adverse effects due to prolonged exposure to immunosuppressive drugs used 

to avoid graft rejection (de-novo malignancies, cardiovascular complications and infections) 

(Benten, Staufer et al., 2009, Haagsma, Hagens et al., 2001, Herrero, 2009, Vajdic & van 

Leeuwen, 2009). Furthermore, availability of an immune-compatible organ is very low and 

patients have to wait for transplantation for a time that is determined by the indication list 

for LT (Adam et al., 2012). All these considerations about available therapeutic treatments 

for liver inherited disorders highlight the nowadays emerging clinical need to find alternative 

and resolutive cures for many monogenic diseases. 
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1.4 Liver-directed gene therapy 

 

Gene therapy approaches are mainly based on gene addition strategies to cure inherited 

disorders characterized by the deficiency or absence of one gene product. Most of them 

adopt an AAV vector to transfer the functional gene and its regulatory elements. 

Recombinant adeno-associated virus (rAAV) vectors have some features that make them a 

gene delivery system of choice. Indeed, they are non-pathogenic and thereby safe (Berns & 

Linden, 1995, Erles, Sebokova et al., 1999), they can infect both dividing and non-dividing 

cells, they exist in different serotypes with cellular specific tropism (Wu, Asokan et al., 

2006), they are mainly episomal as they integrate randomly at very low rate (Nakai, Wu et 

al., 2005). The non-integrative form of AAV vectors can be an advantage and a disadvantage 

at the same time because of the episomal DNA loss in a context of a growing organ 

(Bortolussi, Zentillin et al., 2014b, Cunningham, Spinoulas et al., 2009, Wang, Wang et al., 

2012). 

AAV-mediated gene therapy to the liver has shown both efficacy and safety in adult patients 

(George, Sullivan et al., 2017, Nathwani, Reiss et al., 2014, Nathwani, Rosales et al., 2011a, 

Rangarajan, Walsh et al., 2017), leading to nowadays several clinical trials ongoing. 

However, it faces potential limitations in pediatric/neonatal settings. Indeed, in the context 

of a growing organ, such as the liver during childhood, efficacy decreases as a consequence 

of vector loss associated to hepatocyte duplication (Bortolussi et al., 2014b, Cunningham et 

al., 2009, Wang et al., 2012). Moreover, in these cases, re-administration of the therapeutic 

vector may be required, but this procedure is not possible due to the presence of neutralizing 

antibodies against the AAV-capsid antigens, generated after the first gene transfer (Calcedo 

& Wilson, 2016, Chirmule, Xiao et al., 2000, Nathwani, Gray et al., 2007, Nathwani, 

Tuddenham et al., 2011b). 

Even if the delivery of the therapeutic transgenes by rAAV vectors was successful in many 

cases, resulting in ameliorated phenotypes, many concerns are still present, such as transient 

and unregulated expression (Nathwani et al., 2011a, Russell & Kay, 1999), potential random 

integration (Hendrie, Hirata et al., 2003) with increased mutagenic and oncogenic risks 

(Garrick, Fiering et al., 1998), and transgene silencing (Donsante, Miller et al., 2007). 

 

1.5 Liver-directed genome editing 

 

Gene editing is defined as the specific and permanent modification of the genome and it is a 

promising approach to cure monogenic inherited disorders. Indeed, it overcomes many of 
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the limitations of gene addition strategies by in vivo manipulating the disease-causing genes 

to restore gene function, maintaining the endogenous gene regulation. Several approaches 

have been applied to this aim: single-strand oligonucleotides (Andrieu-Soler, Halhal et al., 

2007, Huen, Lu et al., 2007), triplex-forming oligonucleotides (Vasquez, Narayanan et al., 

2000), RNA-DNA hybrids (Kren, Parashar et al., 1999), small DNA fragments and AAV 

vectors (Miller, Wang et al., 2006, Russell & Hirata, 1998, Vasileva & Jessberger, 2005). 

AAV engineered vectors can be used for gene repair approaches, targeting the diseased locus 

or multiple several genomic loci site-specifically, resulting in stable therapeutic gene 

expression and in the correction of the mutated phenotype. As a consequence, they represent 

a powerful therapeutic tool applicable to many human disorders (Hendrie & Russell, 2005, 

Parekh-Olmedo, Ferrara et al., 2005). AAV-mediated homologous recombination has been 

used to repair several disease mutations (insertions, deletions, substitutions) both in vitro 

(Inoue, Dong et al., 2001, Inoue, Hirata et al., 1999) and in vivo (Barzel, Paulk et al., 2015, 

Paulk, Wursthorn et al., 2010, Porro, Bortolussi et al., 2017). Paulk et al. adopted this 

strategy to correct a mouse model of Hereditary tyrosinemia type I (HT1), a genetic 

metabolic disease characterized by fumarylacetoacetate (FAH) deficiency	 (Paulk et al., 

2010). The FAH enzyme catalyzes the last reaction of the tyrosine catabolic pathway and its 

deficiency results in the accumulation of toxic metabolites, such as fumarylacetoacetate, into 

hepatocytes leading to severe liver damage (Paulk et al., 2010). Blocking upstream steps in 

the metabolic pathway with the inhibitor 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-

cyclohexanedione (NTBC) limits toxic accumulation of metabolites (Al-Dhalimy, Overturf 

et al., 2002). The Fahmut/mut mouse has the same human point mutation (G®A) in exon 8 of 

the fumarylacetoacetate (FAH) gene, leading to exon 8 skipping and to sequent production 

of a truncated and unstable FAH protein (Aponte, Sega et al., 2001, Paulk et al., 2010). Paulk 

et al. administered an AAV vector containing the wild-type sequence of FAH in neonatal 

and adult Fahmut/mut mice (Paulk et al., 2010). Since corrected cells have a selective advantage 

over mutated hepatocytes, with the strong selection of edited hepatocytes using NTBC, cells 

that had undergone integration by homologous recombination could survive and repopulate 

the liver. Even if the efficiency of targeting was low, in the range of 1 corrected hepatocyte 

over 10000 cells, multiple rounds of NTBC administration rescued the diseased phenotype 

of both neonatal and adult Fahmut/mut mice (Paulk et al., 2010). However, the selective 

advantage of corrected hepatocytes, from which HTI can benefit, is not present in many liver 

inherited disorders and challenge researchers to find alternative strategies to increase the 

therapeutic efficacy of gene editing by enhancing gene-targeting rate. 
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1.6 The DNA DSBs repair mechanisms 

 

DNA double strand breaks (DSBs) normally occur during the cell cycle and can be induced 

from both exogenous and endogenous sources (Lieber, 2010). Indeed, they could result from 

ionizing radiations, from the collapse of the replication fork or, moreover, they can be 

associated with development-associated programs, as meiosis and V(D)J recombination. 

Since DNA DSBs are lethal if unrepaired, or may lead to chromosomal aberrations 

potentially inducing tumors if miss-repaired, cells have developed several pathways to repair 

them. The two main mechanisms that cells adopt to repair DSBs are non-homologous end 

joining (NHEJ) and homologous recombination (HR) (Fig. 1; Tab. 2) (Shibata & Jeggo, 

2014). 

NHEJ is the main repair pathway and is active during all phases of the cell-cycle. The cells 

repair the genomic lesions without using a template sequence, resulting, thereby, in 

insertions and/or deletions (INDELs). When INDELs are located within ORF of genes, they 

could lead to the introduction of premature stop codons, with the subsequent mRNA 

degradation by non-sense mediated decay, or to the synthesis of non-functional truncated 

proteins. 

There are two different NHEJ mechanisms: 

1. Canonical NHEJ (c-NHEJ): it is active during all phases of the cell cycle and consists in 

the direct ligation of unprocessed cleaved ends; 

2. Alternative NHEJ (a-NHEJ): it is active when c-NHEJ players are not present. It consists 

in the direct re-ligation of cleaved ends, by the annealing of short micro-homology 

sequences and subsequent end ligations. It results in large deletions responsible of 

genetic instability and chromosomal translocations. 

Cells can repair DSBs by the HR pathway when a homologous sequence, acting as a 

template, is present, normally occurring after replication in late S/G2 phase. In this case, the 

genomic lesions are repaired with high fidelity. 
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Fig. 1. Pathways of DNA DSBs repair mechanisms.	The two main mechanisms that cells adopt to 

repair DNA DSBs are non-homologous end joining (NHEJ) and homologous recombination (HR). 

NHEJ can occur as canonical or alternative mechanism (Alt-NHEJ) (Shibata & Jeggo, 2014). 

 

The repair machinery used by cells to repair DNA double-strand breaks (DSBs) has been 

useful to develop genome editing strategies aimed at generating site-specific changes in the 

genomic sequence (Gasiunas & Siksnys, 2013). Both repair pathways, NHEJ and HR, 

indeed, can be adopted to introduce site-specific genome modifications (Tab. 2). NHEJ, 

which is an error-prone mechanism, can be useful to introduce insertions/deletions 

(INDELs) leading to gene disruption in most of cases, whereas HR can be adopted for 

introduce specific desired genome modifications by using a donor template sharing 

homology with the target sequence, leading to gene insertions or corrections. 
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Tab. 2. Comparison between NHEJ and HDR pathways. 

 

1.6.1 Strategies to interfere with DNA DSBs repair mechanisms 

 

Several compounds have been reported to interfere with DNA DSBs repair mechanisms in 

vitro (Chu, Weber et al., 2015, Jayathilaka, Sheridan et al., 2008, Vartak & Raghavan, 2015) 

and in vivo (Maruyama, Dougan et al., 2015, Paulk, Loza et al., 2012, Srivastava, Nambiar 

et al., 2012). These strategies can be adopted to enhance the HR rate by promoting HR 

directly or by inhibiting NHEJ (Fig. 2). Srivastava and colleagues, by using a cell-free assay, 

identified a small-molecule named Scr7 that inhibits the joining of DSBs in a concentration-

dependent manner by blocking Ligase IV binding to DNA (Srivastava et al., 2012). As a 

consequence, DSBs accumulate within the cells and activate the intrinsic apoptotic pathway 

(Srivastava et al., 2012). Srivastava et al. by using Scr7 were able to impede tumor 

progression in mouse models and, furthermore, enhance the sensitivity of cancer cells to 

radio- and chemotherapeutic agents (Srivastava et al., 2012). Chu et al. taking advantage of 

Scr7 were able to increase the efficiency of HDR up to 5-fold by suppressing the NHEJ in 

both human and mouse cell lines (Chu et al., 2015). Scr7 has been used also by Maruyama 

et al. to increase up to 19-fold of HDR-mediated genome editing in mammalian cell lines 

and in mice (Maruyama et al., 2015). Paulk et al. showed that the natural product vanillin 

can reduce NHEJ rate by inhibiting the DNA-dependent protein kinase (DNA-PK), shifting, 

thereby, the balance of the DNA repair mechanism towards the HR repair pathway (Paulk 

et al., 2012). By using a rAAV-based homology vector in combination with vanillin, they 
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were able to increase gene correction frequencies up to 10-fold over rAAV alone, in a mouse 

model of hereditary tyrosinemia type I (Paulk et al., 2012). 

 

Fig. 2. Compounds can interfere with DSBs repair mechanisms. It is possible to interfere with 

DSBs repair mechanisms in order to promote HR by using specific compounds, such as RS-1, Scr7 
and Vanillin. Adapted from (Vartak & Raghavan, 2015). 

 

1.7 The engineered endonucleases 

 

The discovery that site-specific DNA DSBs can stimulate the endogenous repair 

mechanisms is at the basis of genome editing strategies (Jasin, 1996, Rouet, Smih et al., 

1994). In fact, the efficiency of spontaneous HR, which occurs only in late S/G2, is low and 

could not guarantee a targeting rate high enough to reach a therapeutic effect. By inducing 

site-specific DNA DSBs, it is possible to enhance the rate of HR of several orders of 

magnitude (Jasin, 1996, Rouet et al., 1994). Genome editing tools should: a) be efficient at 

inducing modifications in target cells with a high rate; b) be specific and have no or very 

low off-target activity; c) be simple to design/program and assemble, to target any sequence 

within the genome, with a relatively low cost (Gasiunas & Siksnys, 2013). Genome 
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engineers adopted engineered endonucleases to specifically “cut and sew” DNA in order to 

introduce site-specifically desired nucleotide sequences (Fig. 3; Tab. 3). Endonucleases can 

target any locus of interest to induce DNA DSBs which can, thereby, stimulate DNA damage 

response mechanisms to obtain gene knockouts, gene conversions and gene correction 

(Rouet et al., 1994). 

Meganucleases were the first genome-editing tool that has been developed by re-engineering 

the DNA-binding specificity of naturally occurring homing endonucleases. They consist in 

a sequence-specific and programmable domain whose recognition motif, longer than 12 bp, 

targets the nuclease domain at desired sequence to induce DSBs (Paques & Duchateau, 

2007). Even if several studies adopted meganucleases for genome editing purposes 

(Gurlevik, Schache et al., 2013, Riviere, Hauer et al., 2014), their used is limited since it is 

difficult to separate the DNA-binding and cleavage domains and to engineer proteins with 

novel specificities. 

A second class of engineered endonucleases was generated with zinc finger DNA binding 

domains of transcription factors and the FokI restriction endonuclease. Since the DNA-

binding and the recognition domains of the FokI restriction endonuclease function 

independently from each other (Li, Wu et al., 1992), by replacing the recognition domain 

with a zinc finger module, new chimeric nucleases called zinc finger nucleases (ZFNs) with 

novel binding specificities were generated (Kim & Chandrasegaran, 1994). A similar 

strategy was applied using transcription activator-like effectors (TALE). By combining the 

FokI restriction domain with TALE arrays, the TALE nucleases (TALENs) were developed 

(Christian, Cermak et al., 2010). The most important limits of these programmable 

endonucleases reside in the complicated and expensive methodologies needed to generate 

the enzymes, and the requirement of a different one for each specific DNA target sequence 

(Tab. 4). 
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Fig. 3. Available engineered endonucleases. Meganucleases, Zinc Finger Nucleases (ZFNs), TALE 
Nucleases (TALENs) and CRISPR/Cas9 are genome editing tools able to target DNA DSBs in a site-

specific manner (Maeder & Gersbach, 2016). 

 

1.7.1 The CRISPR/Cas9 system 

 

The CRISPR/Cas (Clustered Regularly Interspaced Short Palindromic Repeat 

(CRISPR)/CRISPR-associated) system was firstly discovered in the 1987 as an adaptive 

immune system of E. Coli and in the 2013 started to be used as a genome editing tool (Hsu, 

Scott et al., 2013). Nature developed the CRISPR/Cas machinery to protect bacteria and 

archaea from phage infection. It consists in an array of short repeat sequences interspaced 

by unique and size-regular DNA sequences, called spacers, and “cas” genes. By the 

incorporation of the invading DNA into the host genome as spacers, the infected 

microorganism can generate small RNA molecules (crRNA) that can guide the effector 

nuclease, encoded by “cas” genes, to cut the foreign DNA, with the protection in successive 

infection events (Fig. 4). 
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Mismatches at the distal end of the PAM sequence are more tolerated than those in its 

proximity, which are not allowed (Jinek et al., 2012). In vivo, SpCas9 can tolerate up to four 

mismatches, depending on the locus, base position, identity, and Cas9/sgRNA dosage (Fu, 

Foden et al., 2013, Hsu et al., 2013, Mali, Aach et al., 2013, Pattanayak, Lin et al., 2013). 

Staphylococcus aureus Cas9 (SaCas9) is 1053 amino acid long, being shorter than SpCas9, 

and requiring the NNGRRT PAM at the 3’ of the target site (Ran et al., 2015). The advantage 

of the smaller size of SaCas9 is relevant when considering AAV vectors as delivery tools. 

Being encoded by 3159 nucleotides, the SaCas9 leaves 1.8 kb of free space in the vector, 

since the AAV packaging capacity is about 4.7 to 5.0 kb (Wu, Yang et al., 2010).  

 

 

	 MEGANUCLEASES	 ZFNs	 TALENs	 CRISPRII/CAS9	

Structure	 Endonucleases	with	a	

large	recognition	site	

(>14	bp).	The	same	

domain	has	the	target	

recognition	and	cleavage	

capacity.	

Chimeric	

enzymes	

consisting	in	a	

DNA	binding	

domain	fused	to	

the	nuclease	

domain	of	FokI.	

Chimeric	

enzymes	

consisting	in	a	

DNA	binding	

domain	fused	to	

the	nuclease	

domain	of	FokI.	

Cas9	enzyme	is	

guided	to	the	

target	by	a	RNA-

sequence.		

Recognition	site	 14-40	bp	 9-18	bp	*2	 14-20	bp	*2	 22	bp	

Specificity		 Small	number	of	

mismatches	tolerated	

Small	number	of	

mismatches	

tolerated	

Small	number	of	

mismatches	

tolerated	

Mismatches	

tolerated		

Efficiency		 	 	 	 	

Targeting	 Low	efficiency	in	

targeting	novel	

sequences		

Non	G-rich	

sequences	

difficult	to	be	

targeted		

5’	base	must	be	

a	T	for	each	

monomer	

PAM	is	required		

Engineering	 Protein	engineering	 Protein	

engineering	

Complex	

molecular	

cloning	

By	changing	a	

small	portion	of	

gRNA	is	possible	to	

introduce	several	

DSBs	in	the	same	

cell	

Viral	Delivery	 Possible	and	easy	with	

viral	vectors		

Possible	with	

viral	vectors	

The	large	size	

and	repetitive	

nature	of	each	

monomers	make	

the	delivery	

difficult		

Possible	with	viral	

vectors	

 

 

Tab. 3. Comparison between the available platforms of engineered endonucleases. 

Meganuclease, ZFNs, TALENs and CRISPR/Cas system are characterized.	
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	 ADVANTAGES	 DISADVANTAGES	

MEGANUCLEASES	 Smallest	class	of	

endonucleases,		

3’	overhangs	more	

recombinogenic	than	5’	

	 	

The	same	domain	has	both	recognition	and	

cleavage	capacities	->	Difficult	to	target	new	

sequences	

ZFNs	 Small	size,	 	

Engineered	from	human	

proteins,	

Used	in	clinical	trial	

Off-targets	

Difficult	to	generate	specific	versions	to	the	

desired	target	site	

TALENs	 High	specificity,		

Unlimited	targeting	range	

	

Sensitive	to	DNA	methylation,	

Time-consuming	synthesis,		

Large	size,		

Susceptible	to	rearrangement	due	to	the	repetitive	

nature	of	TALENs,		

Difficult	to	be	packaged	in	a	viral	vector	due	to	

instable	nature	of	tandem	repeat,	

	

CRISPRII/CAS9	 High	specificity	and	high	

efficiency,	

Easy	to	target	novel	

sequences,		

Multiple	sgRNAs	to	induce	

DSBs	at	several	loci	

	

Large	size,		

Requirement	of	the	PAM	sequence,	not	all	

sequences	are	targetable		

Off	targets	

	

 

Tab. 4. Advantages and disadvantages of meganucleases, ZFNs, TALENs and CRISPRII/Cas9 

system. 

 

Furthermore, the smaller size of SaCas9 permits the “all-in-one” AAV strategy of genome 

editing approaches, using, for example, a single AAV vector containing multiple sgRNAs 

to target specific deletions and multiplexed knockouts (Friedland, Baral et al., 2015). 

Moreover, it is possible to eliminate non-essential sequences for Cas9 activity and to use 

shorter human tRNA promoters, instead of U6 one, without interfering with the efficiency 

and specificity of the system (Friedland et al., 2015). Furthermore, it has been demonstrated 

that SaCas9 has a comparable on target cleavage efficiency with the SpCas9 nuclease	

(Friedland et al., 2015). 

 

1.8 Genome editing with CRISPR/Cas9 

 

From its discovery as a genome editing tool, the CRISPRII/Cas9 platform has been applied 

for several genome modification purposes, for instance to correct disease-causing mutations 

in mouse zygotes and human cell lines for cataract (Wu, Liang et al., 2013) and cystic 

fibrosis	(Schwank, Koo et al., 2013). Nowadays, important evidences of the utility of the 
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CRISPR/Cas9 technology to also cure animal models of human inherited disorders have 

been emerging and increasing very fast. 

Yang et al. tested a CRISPR/Cas9-based therapeutic strategy in a mouse model of ornithine 

transcarbamylase (OTC) deficiency, the most common inherited disorder of the urea cycle 

(Yang, Wang et al., 2016). The male sparse fur ash (spfash) mouse carries a point mutation 

(G®A) at the donor splice site at the end of exon 4 of the OTC gene, located in X 

chromosome, which is responsible of the altered splicing and consequent reduced amount of 

OTC mRNA and protein (Hodges & Rosenberg, 1989). The diseased mice retain about 5-

8% of OTC residual activity and can survive only with a low-protein diet to prevent 

hyperammonemia crisis, which, otherwise, can lead to brain damage and death. Since OTC 

deficiency results in metabolic crises during the neonatal period, AAV-mediated non-

integrative gene therapy is not effective during this temporal window due to episomal vector 

loss in the highly proliferating hepatocytes (Cunningham et al., 2009). Therefore, the authors 

designed a genome editing approach to treat the mutant mice. They reasoned that HDR repair 

mechanism, induced by DNA DSBs generated by CRISPR/Cas9 platform and by the 

presence of a donor template, can be adopted to correct the specific disease point-mutation 

and lead, as a consequence, to the permanent correction of the phenotype. To correct the 

single nucleotide mutation they intravenously infused two rAAV vectors: one to deliver the 

SaCas9, and one the sgRNA and donor DNA. The approach resulted in the reversion of the 

mutation in 10% of hepatocytes and, thereby, succeeded in improving the phenotype of the 

OTC deficient mice when treated during the newborn period. When applied to adult OTC-

deficient animals, the efficiency of HDR-mediated correction was lower and DNA DSBs 

were mainly corrected by NHEJ, resulting in high frequency of INDELs with the disruption 

of the residual OTC activity, leading to death of the treated animals. 

Yin et al. corrected a Fah mutation in hepatocytes in a mouse model of the human disease 

hereditary tyrosinemia type I (HTI) demonstrating efficacy of CRISPR/Cas9 mediated 

genome editing in adults (Yin, Xue et al., 2014). 

 

1.9 Hemophilia A and B 

 

An important class of monogenic diseases with primary hepatic expression without 

parenchymal damage is represented by bleeding disorders (Tab. 5) (Fagiuoli et al., 2013). 

Between them, hemophilia A and B are the most common, affecting 1 in 5000 and 1 in 

30.000 male live births, respectively (Mannucci & Tuddenham, 2001). Hemophilia A and B 

result from the deficiency or dysfunction of coagulation factor VIII and IX, respectively. 
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The genes encoding factor VIII and IX both are located on the X chromosome, due to which 

almost all patients are males. According to the fraction of retained activity of the factor, three 

major hemophilic phenotypes can be recognized: 1) severe, with less than 1% of normal 

activity; 2) moderate, with 2-5% of normal activity; and 3) mild, with 6-30% of normal 

activity. As a consequence, the frequency and the severity of bleeding episodes in 

hemophilic patients differ among them. The therapeutic goal for hemophilia A and B is 

modest, since 1-2% of clotting factor can improve quality of life, while 5-20% can 

ameliorate severe bleeding phenotypes. 

 

 

Tab. 5. Features of inherited deficiencies of coagulation factor associated with bleeding 

disorders. Adapted from	(Mannucci & Tuddenham, 2001). 

 

1.9.1 Current therapies for Hemophilia 

 

1.9.1.1 Plasma derived factors 

 

The management of hemophilia began in 1970s using plasma concentrates of coagulation 

factors. From their first use, safer plasma concentrates of coagulation factors have been 

produced in order to avoid post-transfusion infection events as happened with hepatitis B 

and C and with human immunodeficiency (HIV) viruses. To assess the safety of the plasma-

derived factors, the viral load of the sample and the level of inactivation of the viruses are 

evaluated. 
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1.9.1.2 Recombinant factors 

 

The high efficacy of two different recombinant factor VIII for hemophilia A was 

demonstrated in the early 1990s, leading to their license (Bray, Gomperts et al., 1994, 

Lusher, Arkin et al., 1993, Schwartz, Abildgaard et al., 1990, White, Courter et al., 1997). 

Their administration to hemophilic patients who had previously received plasma derived 

factors infrequently triggered the production of new anti-factor antibodies, called inhibitors 

(Bray et al., 1994, Lusher et al., 1993, Schwartz et al., 1990, White et al., 1997).	Whereas, 

in previously untreated hemophilic patients, repeated infusions of the recombinant 

coagulation factors resulted in the generation of inhibitors, who could potentially neutralize 

the infused factors or interfere with the coagulation function. However, in most cases, 

inhibitors quickly disappeared or remained at low titers and persisting anti-factor antibodies 

were found only in 10-15% (Lusher et al., 1993, McMillan, Shapiro et al., 1988). In order to 

assess their safety, the evaluation of inhibitors was performed and it was demonstrated that 

recombinant factors are not more immunogenic than plasma derived factors (Ehrenforth, 

Kreuz et al., 1992)	(Addiego, Kasper et al., 1993). Moreover, safety of recombinant factor 

IX for hemophilia B is a key issue since no human or animal proteins are available for its 

preparation (White, Shapiro et al., 1998). Clinicians can use recombinant factors instead of 

plasma derived ones to manage hemophilia, after the evaluation of costs, safety and 

availability of each therapeutic approach. Three important facts should be taken into account 

during this analysis: plasma-derived factors are becoming safer, recombinant factors cost at 

least twice than plasma derived ones and, furthermore, the production capacity of 

recombinant factors is limited. Nowadays, current treatments are based on intravenous 

injections of recombinant factors every 2-3 days, efficiently preventing spontaneous 

bleeding episodes in very severe phenotypes. However, the therapeutic strategy remains 

non-curative, invasive and very expensive. The economic aspect of the therapeutic treatment 

should be highly considered, since hemophilia, although affecting only a small portion of 

the population, is associated with high aggregate costs, varying from patient to patient in 

terms of disease severity, complications and treatments. These related costs are both direct, 

such as anti-hemophilic medications, clinician visits, hospitalizations, medical and surgical 

procedures, laboratory tests; and 2) indirect, consequent to the limited productivity of 

diseased people. It has been estimated that the mean healthcare costs for hemophilic patients, 

in the absence of inhibitors, in the US reaches $140,000 per year (Guh, Grosse et al., 2012). 
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1.9.2 Promising gene replacement therapy 

 

For their features, hemophilia can be considered an ideal disease to be treated with gene 

replacement therapies. Indeed, the mutated phenotypes is due to deficiency or dysfunction 

of a single gene product and a small amount of its wild-type activity, about 1-2%, is enough 

to substantially ameliorate a very severe bleeding phenotype. Moreover, the involved protein 

circulates in plasma and different type of cells are able to make coagulation factors, whose 

site of synthesis is not crucial to their activity (Mannucci & Tuddenham, 2001). Furthermore, 

several animal models are available to evaluate both pre-clinically efficacy and safety of 

potential curative strategies. 

Nathwani et al. supported the long-term therapeutic value of gene replacement strategy in 

non-human primates by a single intravenous injection of a self-complementary AAV vector 

encoding a codon optimized hFIX gene (scAAV2/8-LP1-hFIXco) (Nathwani et al., 2011a). 

In fact, juvenile male macaques which were transduced with a dose of 2E+11 vg/kg of 

therapeutic AAV vector expressed more than 10% of normal hFIX levels 5 years after vector 

infusion (Nathwani et al., 2011a). Nathwani et al. adopted also adenovirus-associated virus 

vector-mediated gene transfer to improve bleeding phenotypes in six patients with severe 

hemophilia B	(Nathwani et al., 2011b). They performed a peripheral-vein administration of 

a single dose (2.0E+11 vg/kg for the low-dose group, 6.0E+11 vg/kg for the intermediate-

dose group, 2.0E+12 vg/kg for the high-dose group) of scAAV serotype 8 expressing a 

codon optimized hFIX gene (scAAV2/8-LP1-hFIXco) without immunosuppressive therapy 

and they followed treated patients for 6 to 16 months (Nathwani et al., 2011b). In all patients 

FIX expression from 2 to 11% was observed (Nathwani et al., 2011b). Two patients were 

also treated with a glucocorticoid therapy, as a consequence of increased levels of liver 

transaminases in blood, resulting from the presence of AAV8-capsid-specific T-cells. 

Glucocorticoids treatment blocked the inflammatory process, and therapeutic expression 

was still in the range of 3 to 11% of normal values (Nathwani et al., 2011b). Upon showing 

efficacy, 4 additional patients were enrolled in the high dose cohort (2.0E+12 vg/kg of 

scAAV2/8-LP1-hFIXco) and were followed for a longer period (Nathwani et al., 2014). The 

intravenous infusion of a serotype 8 self-complementary AAV vector expressing a codon-

optimized factor IX transgene resulted in long-term expression of therapeutic factor IX and 

clinical improvement without toxicity with a follow up period up to 3 years (Nathwani et al., 

2014). More recently, George et al. delivered a hyperactive version of factor IX transgene 

(Padua mutation) to 10 males with hemophilia B using a dose of 5E+11vg/kg of a single-

stranded adeno-associated viral vector with an engineered capsid and a liver specific 
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promoter (SPK-9001), (George et al., 2017). Before the infusion, all the participants had FIX 

activity less than 2% of normal levels which, after the gene transfer, increased to 

33.7±18.5%. The long-lasting efficiency of the therapeutic strategy leads to the elimination 

of bleeding episodes and termination of prophylaxis (George et al., 2017). 

Considering all these recent advances in liver-directed gene therapy aimed to cure 

hemophilia B, therapeutic approaches based on gene transfer for hemophilia A are still 

limited. The larger size of FVIII coding region, indeed, limits its use for gene replacement 

strategies. However, Rangarajan et al. recently treated males suffering from hemophilia A 

with a single intravenous infusion of three different doses (6.0E+12 vg/kg for the low-dose 

cohort, 2.0E+13 vg/kg for the intermediate-dose cohort, 6.0E+13 vg/kg for the high-dose 

cohort) of a serotype 5 adeno-associated virus vector encoding a B-domain deleted human 

factor VIII (AAV5-hFVIII-SQ), (Rangarajan et al., 2017). Six out of seven participants who 

were infused with the highest dose got benefit from the therapeutic treatment, normalizing 

FVIII activity over 1 year (Rangarajan et al., 2017). 

 

1.10 The Crigler-Najjar syndrome 

 

The Crigler-Najjar syndrome (CNS) is a paradigmatic example of inborn errors of 

metabolism and is the model disease adopted in this study. It is a very rare autosomal 

recessive disorder (0.6 to 1 affected per 1.000.000 live births) characterized by a severe 

unconjugated hyperbilirubinemia. It was described for the first time in six patients in 1952 

(Crigler & Najjar, 1952). Crigler-Najjar (CN) patients carry mutations in the UGT1A1 gene 

(Aono, Yamada et al., 1993, Bosma, Chowdhury et al., 1992b, Canu, Minucci et al., 2013, 

Ritter, Yeatman et al., 1992b), which encodes the only liver enzyme able to conjugate 

bilirubin (Bosma, Seppen et al., 1994), resulting in a missing, truncated and/or inactive 

protein (Iyanagi, Emi et al., 1998, Kadakol, Ghosh et al., 2000). Thereby, unconjugated 

bilirubin (UCB), a water insoluble compound, cannot be excreted and it accumulates in 

lipophilic tissues, especially in the brain, resulting in bilirubin-induced neurological damage 

(BIND) and, eventually, death by kernicterus (Crigler & Najjar, 1952, Dobbs & Cremer, 

1975). The conversion from a very severe phenotype to a milder one is possible by providing 

just from 5 to 10% of UGT1A1 activity (Bortolussi et al., 2014b, Fox, Chowdhury et al., 

1998, Sneitz, Bakker et al., 2010). 
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1.10.1 The bilirubin metabolism 

 

Bilirubin is the end product of heme catabolism (Bissell, 1975) and results from the 

degradation of erythrocyte haemoglobin in the reticuloendothelial system (about 80%) and 

from myoglobin and other heme-containing proteins in the bone marrow (for the remaining 

20%), (Fig. 7) (London, West et al., 1950). The heme-oxygenase catalyzes the first reaction 

that converts heme into biliverdin (Tenhunen, Marver et al., 1968, Tenhunen, Marver et al., 

1970), which is then reduced to unconjugated bilirubin (UCB) by the enzyme biliverdin 

reductase (Fig. 7, 8) (Tenhunen, Ross et al., 1970). UCB, which is water-insoluble, is, then, 

transported in the blood bound to albumin to reach the liver, from which it dissociates before 

entering hepatocytes (Sorrentino & Berk, 1988, Tiribelli & Ostrow, 1993). It is still not clear 

if UCB uptake in the liver is mediated by carriers or by passive diffusion, even if recent 

studies demonstrate an involvement of membrane-associated organic anion transport 

proteins (OATPs) (Hagenbuch & Meier, 2004, Memon, Weinberger et al., 2016). Once 

inside the hepatocytes, the cytoplasmic transport protein ligandin binds bilirubin, which is, 

then, transported to the endoplasmic reticulum where the UDP-Glucuronosyltransferase 1A1 

(UGT1A1) enzyme mediates its conjugation to glucuronic acid (Fig. 9)	 (Bosma, 2003). 

Conjugated bilirubin (CB) is then excreted into the bile via ATP-binding cassette (ABC) 

transporters, among them the multidrug resistance-associated protein ABCC2/MRP2 

transporter plays an important role (Jemnitz, Heredi-Szabo et al., 2010, Schmid & 

McDonagh, 1975). Intestinal flora de-conjugates part of the CB by beta-glucuronidase and 

degrades it to urobilinoids. A small amount of de-conjugated bilirubin could be re-absorbed 

by enterocytes and/or also be secreted back into the plasma and re-transported to the liver in 

a process called “enterohepatic circulation” (Vitek & Carey, 2003). 
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Fig. 9. Schematic representation of bilirubin conjugation into hepatocytes. Adapted from 

(Erlinger, Arias et al., 2014). 
 

 

1.10.2 The hUGT1 locus 

 

The hUGT1 locus has been mapped on chromosome 2q37. It is 200 kb-long (Ritter, Chen et 

al., 1992a) and has a particular structure consisting in 13 unique first exons (and promoters) 

and 4 common exons (Fig. 10) (Gong, Cho et al., 2001). It encodes 9 functional enzyme 

isoforms by the use of one of the alternative first exons (A8, A10, A9, A7, A6, A5, A4, A3, 

and A1) and the four common ones (2, 3, 4, 5). The use of the remaining 4 first exons (A12, 

A11, A13 and A2) do not lead the production of functional enzymes since they encode 

pseudogenes. 

The UGT1 protein is an enzyme that localizes in the membrane of the endoplasmic 

reticulum. Its N-terminal domain is encoded by the first alternative exon and defines the 

substrate specificity, being variable among members of the UGT1 protein family (Meech & 

Mackenzie, 1997). The four common exons codify for the C-terminal domain, which 

consists in a sequence necessary for the binding of the co-substrate UDPGA and a sequence 

necessary to anchor the enzyme to the membrane of the endoplasmic reticulum (Kinosaki, 

Masuko et al., 1993, Mackenzie, Owens et al., 1997). The UGT1 family includes enzymes 

involved in the detoxification of compounds of different nature: bilirubin, amines, phenols, 

drugs, sexual hormones and chemotherapy drugs (You, 2004). The UGT1A1 isoform is the 

only one able to conjugate bilirubin (Bosma et al., 1994) and it localizes mainly to the liver. 
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Fig. 10. The hUgt locus. (A) Organization of the hUGT1 locus. First alternative exons and four 
common ones are shown. (B) hUgt1a1gene. Adapted from (Clarke, Moghrabi et al., 1997). 

 

1.10.3 The Crigler-Najjar type I and type II syndromes 

 

According to the residual activity of the UGT1A1 enzyme (Seppen, Bosma et al., 1994), the 

Crigler-Najjar syndrome can be divided into: 1) type I (CNSI) with no bilirubin 

glucuronosylation activity (Sinaasappel & Jansen, 1991), 2) type II (CNSII) with residual 

bilirubin glucuronosylation activity (Arias, 1962). From the discovery of the first UGT1A 

gene mutations causing the disease (Bosma, Chowdhury et al., 1992a, Bosma et al., 1992b, 

Ritter et al., 1992a, Ritter et al., 1992b), different CN syndrome causing mutations have been 

reported (Aono et al., 1993, Labrune, Myara et al., 1994, Moghrabi, Clarke et al., 1993). 

CNSI is caused mainly by frameshift and non-sense mutations in the hUGT1a1 locus 

resulting in the complete absence of bilirubin glucuronosylation activity in the liver. UGT1 

mutations in CNSI patients have been found in the first exon A1, responsible of the complete 

lack of the bilirubin UGT1 activity, and in the four common ones (2, 3, 4, and 5), being the 

most frequent and responsible for the lack of all UGT1 isoforms. CNSII patients have 

residual bilirubin glucuronosylation activity. UGT1A1 gene expression can be induced by 

treatment with phenobarbital, thereby, resulting in an increase in the overall 

glucuronosylation capacity (Arias, 1962, Clarke et al., 1997). This treatment is usually used 

to clinically differentiate CNSI from CNSII patients. CNSII causing mutations, mainly 

missense ones, have been found in the first exon A1 and in four common ones (2, 3, 4, and 

5). The nature of the mutation influences the level of residual UGT1A1 activity and, thereby, 

the severity of the disease. 
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1.10.4 Therapeutic treatments to control Crigler-Najjar type I syndrome 

 

1.10.4.1 Phototherapy 

 

Phototherapy (PT) is the most common treatment used to control unconjugated 

hyperbilirubinemia (Maisels & McDonagh, 2008). Patients are exposed to light (emission 

range 400-525 nm, emission peak 450 nm), which is absorbed by skin capillaries and results 

in the conversion of water-insoluble unconjugated bilirubin into water-soluble photo-

isomers that can be eliminated by the bile and, in a smaller amount, through the urine 

(Maisels & McDonagh, 2008). Phototherapy treatment requires from 10 to 12 hours of 

exposure per day and it is very efficient to manage non-genetic neonatal hyperbilirubinemia, 

since the liver conjugation machinery gets activated a few days after birth. It is also very 

useful to treat CN patients during the early period of life, but its efficacy decreases with their 

growth. Indeed, the increased thickness and pigmentation of the skin and the reduction in 

surface/body mass ratio negatively influence the efficiency of the treatment	 (Strauss, 

Robinson et al., 2006, Yohannan, Terry et al., 1983), requiring longer PT exposure time 

(Hansen & Horslen, 2008), with important limitations in the quality of patient life. Thereby, 

CNSI patients can benefit from PT temporarily and their UCB levels rise until liver 

transplantation, the only curative and definitive therapy, is performed (Fagiuoli et al., 2013). 

 

1.10.4.2 Exchange transfusion 

 

Exchange transfusion (ET) consists in the replacement of the hyperbilirubinemic blood of 

the patient with fresh and compatible one. ET is performed in acute cases of 

hyperbilirubinemia, when PT is not able to avoid the sudden increase in UCB levels and 

patients are at risk of brain damage. When performed in neonates, it is a procedure with high 

associated morbidity, mortality and risks (American Academy of Pediatrics Subcommittee 

on, 2004, Bhutani, Zipursky et al., 2013). 

 

1.10.5 The curative treatment for Crigler-Najjar type I syndrome: the orthotopic 

liver transplantation 

 

The orthotopic liver transplantation (OLT) represents the only permanent and definitive cure 

for Crigler-Najjar patients (Pett & Mowat, 1987). However, at the same time, it is a very 

invasive procedure with several risks that induce clinicians to postpone it as much as possible 
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(Fagiuoli et al., 2013). In fact, survival of patients 5 years after transplantation is 92-95%, 

while that of the graft is about 76-79% (Adam et al., 2012). Considering also that LT should 

be performed before neurological damage occurred, which is not predictable, the surgical 

procedure should be done in young patients (Hansen & Horslen, 2008). But, at the same 

time, CNSI children are usually both physically and mentally entirely healthy, until they 

suddenly develop permanent brain damage and eventually kernicterus. Therefore, the 

decision to transplant a child, who is jaundiced but otherwise healthy, is often postponed, 

sometimes until it is too late (Fagiuoli et al., 2013). These considerations highlighted the 

importance of the best timing of OLT which, nowadays, results a challenge for CNS 

(Fagiuoli et al., 2013). 

 

1.10.6 The animal models of the Crigler-Najjar type I syndrome 

 

The first animal model of unconjugated hyperbilirubinemia, the Gunn rat, was reported in 

1938 as a spontaneously jaundiced mutated strain of the Wistar rat colony (Gunn, 1938). It 

was recognized as animal model for CNSI when it was understood the connection between 

its unconjugated hyperbilirubinemia and its inherited inability to conjugate bilirubin 

(Johnson, Sarmiento et al., 1959). Indeed, the Gunn rat carries a single base deletion in exon 

4 of the Ugt1 gene which generates a premature stop codon leading to a truncated and 

inactive form of the enzyme (Emi, Ikushiro et al., 1995, Iyanagi, Watanabe et al., 1989). As 

a consequence, homozygous mutant rats, lacking of bilirubin glucuronosylation activity, 

have serum bilirubin levels between 3 and 10 mg/dL which, thereby, cause cerebellar 

hypoplasia already at post-natal day 9, granule and Purkinjie cells loss and reduction in the 

cerebellar layer thickness (Conlee & Shapiro, 1997). Even if the Gunn rat can be a model of 

bilirubin encephalopathy, neonatal jaundice and CNSI, it does not represent all features of 

human genetic hyperbilirubinemia, such as neonatal lethality, since mutant animals reach 

adulthood. Looking at the limits of the Gunn rat, researchers tried to generate animal models 

that mimic closely the human diseased phenotype. Tukey and colleagues generated the first 

mouse model of hyperbilirubinemia by introducing a neomycin cassette in the exon 4 of the 

Ugt1 gene (Nguyen, Bonzo et al., 2008). Ugt1-/- mice have no glucuronosylation activity and 

die within 15 days after birth. Two years later, by breeding a transgenic animal having the 

human transgene with a polymorphism in the UGT1A1 promoter, corresponding to the 

human UGT1A1*28 allele, with mutant Ugt1-/- mice, Tukey’s group generated a mouse 

strain with a milder phenotype, partially rescuing lethality (Fujiwara, Nguyen et al., 2010). 

Three years later, in 2013, Chen et al. generated two conditional Ugt1-/- mice by Cre-
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mediated recombination in the liver or in the intestine, in order to study the role played by 

different organs in the bilirubin metabolism	(Chen, Yueh et al., 2013). 

 

1.10.7 The mouse model of the Crigler-Najjar type I syndrome 

 

A mouse model of the CNSI has been generated in the laboratory of “Mouse Molecular 

Genetics” (ICGEB, Trieste, Italy) by targeting a one-base deletion in the exon 4 of the Ugt1 

gene, which results in a premature stop codon and a truncated UGT1A1 protein, lacking the 

transmembrane domain (Fig. 11A, B) (Bortolussi, Zentilin et al., 2012). Since the UGT1A1 

enzyme is inactive and it cannot conjugate bilirubin, water-insoluble UCB accumulates in 

lipophilic tissues, preferentially in brain. Importantly, the mouse model reproduces the main 

features of the human disease: neonatal unconjugated hyperbilirubinemia and early lethality 

due to the neurological damage (Fig. 11C, D, E, F, G) (Bortolussi et al., 2012). The single 

point mutation was transferred to two different genetic backgrounds: C57BL/6 and FVB/NJ. 

The severity of the phenotype, as determined by 50% mortality and the extent of brain 

damage, depended on the genetic background of the animals: 50% survival of C57BL/6-

hUgt1-/- mice was at P5, whereas it was at P11 in FVB/NJ-hUgt1-/- pups (Fig. 11D) 

(Bortolussi et al., 2014b). Furthermore, in order to study more in detail the differences 

among these strains, mice were exposed to PT for different periods. A PT window of 15 

days resulted in the prevention of brain damage and in the derived rescue of all FVB/NJ 

mutant mice, whereas did not in C57BL/6-hUgt1-/- animals (Bortolussi et al., 2014b), 

confirming their more severe phenotype. 
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Fig. 11. The CNI mouse models. (A) Partial sequences of wild type (WT) and mutant (MUT) alleles 

of exon 4 of the hUgt1a1 gene showing the non-sense point mutation which generates a premature 

stop codon (Stop), (B) Southern blot analysis of genomic DNA of wild type (WT), heterozygous 
(HET) and mutant (MUT) mice, MWM: molecular weight marker, (C) Appearance of C57BL/6-

hUgt1
-/-

 pups, (D) Kaplan-Meier survival curves of mutant C57BL/6 and FVB/NJ mice (E) 

Appearance of FVB/NJ-hUgt1
-/-

 pups, (F) Total Bilirubin (TB) levels in mutant C57BL/6 and 

FVB/NJ mice at post-natal day 2 and 5, (G) Total Bilirubin (TB) levels in mutant and wild type 
FVB/NJ mice at post-natal day 2, 5, 8 and 10. Adapted from (Bortolussi et al., 2012, Bortolussi et 

al., 2014b). 

 

1.10.8 Gene therapy approaches in the Crigler-Najjar syndrome animal models 

 

CN syndrome is an attractive disease to be cured with liver directed gene therapy for many 

reasons (Miranda & Bosma, 2009). It is well characterized both at biochemical and 

molecular level, 5-10 % of UGT1A1 WT activity converts a very severe phenotype to a life-

compatible one (Bortolussi et al., 2014b, Fox et al., 1998, Sneitz et al., 2010), the therapeutic 

benefit of the treatment is evaluated by measuring plasma total bilirubin levels, it is a lethal 

monogenic disorder, it does not affect liver histology and animal models are available. Most 

developed gene therapy based approaches, including both non-viral and virus mediated 

methods have been applied in the Gunn rat. Non-viral approaches used receptor mediated 
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delivery of plasmids (Chowdhury, Hays et al., 1996, Danko, Jia et al., 2004, Jia & Danko, 

2005) or chimeric oligonucleotides (Kren et al., 1999) for gene correction. Viral strategies 

are based on retro- (Aubert, Menoret et al., 2002, Branchereau, Ferry et al., 1993, Tada, 

Chowdhury et al., 1998), adeno- (Askari, Hitomi et al., 1996, Li, Murphree et al., 1998, 

Montenegro-Miranda, Pichard et al., 2014), adeno-associated-	 (Montenegro-Miranda, 

Paneda et al., 2013, Seppen, Bakker et al., 2006) or lenti- (Nguyen, Aubert et al., 2007, 

Nguyen, Bellodi-Privato et al., 2005, van der Wegen, Louwen et al., 2006) viral vectors. 

Even if these strategies succeeded to rescue the animal models, their therapeutic efficacy, in 

the context of a growing organ such as the liver during neonatal period, is limited because 

of the loss of episomal DNA (Cunningham et al., 2009, Wang et al., 2012). Indeed, 

investigating the persistence of the transgene DNA after a neonatal AAV-based gene 

therapy, it has been demonstrated that the highest number of viral genome copies is in 2 days 

after the gene transfer and declines within 1 week (Fig. 12) (Bortolussi et al., 2014b). 

 

 
Fig. 12. The efficiency of AAV-based gene therapy decreases during time as a consequence of 

episomal DNA loss in a context of a growing organ. (A) (B) % of therapeutic efficiency decreases 

during time after AAV vector administration as a consequence of episomal DNA loss during 

hepatocytes proliferation (Bortolussi et al., 2014b). (C) Liver weight (g) increases during growth 
(Coppoletta & Wolbach, 1933, Garby, Lammert et al., 1993). 
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1.10.9 The GeneRide approach 

 

A gene editing strategy without the use of endonucleases, called GeneRide, was developed 

by Barzel and colleagues in Mark Kay’s Lab at Stanford, USA (Barzel et al., 2015) (Fig. 

13). GeneRide is based on the spontaneous integration of a promoterless therapeutic cDNA 

into albumin locus without its disruption. A rAAV8-donor DNA vector carries a therapeutic 

cDNA, preceded by the 2A peptide and flanked by two albumin homologous regions, and 

mediates its insertion downstream the albumin coding sequence, just upstream the albumin 

stop codon. After the integration event mediated by spontaneous homologous 

recombination, a hybrid mRNA is produced from the strong albumin promoter and two 

functionally proteins are produced by P2A-mediated ribosomal skipping: albumin and 

therapeutic one (Fig. 13A). Barzel et al. applied GeneRide to a mouse model of hemophilia 

B (Barzel et al., 2015). By the injection of a serotype 8 AAV vector encoding the hFIX, all 

neonatal and adult treated mice ameliorated the diseased phenotype. The low on-target 

integration rate (of about 0.5%) resulted in stable hFIX plasma levels, ranging from 7 to 20% 

of the levels found in the normal population, normalizing coagulation times in all treated 

mice (Fig. 13B). 

 

 

 

 

 

Fig. 13. GeneRide ameliorates hemophilia B in a mouse model. (A) The GeneRide construct, an 

rAAV8 vector, encodes a promoterless codon optimized human factor 9 (F9) whose coding cDNA 

is preceded by 2A-peptide coding sequence (2A) and flanked by albumin homologous regions (5’ 
and 3’ homology arms). After integration, mediated by spontaneous homologous recombination, into 

albumin locus (Wild-type and Targeted Alb locus), downstream albumin coding sequence and 

upstream albumin stop codon, a single fused mRNA is transcribed and two both functionally proteins 
are produced (Barzel et al., 2015). (B) Plasma hF9 values measured by ELISA in 2-days-old B6 

injected mice with 2.5E+11 vg/mouse of either rAAV8-F9 (n=6) or inverse control (n=3). PH, partial 

hepatectomy. Dashed lines denote 5% and 20% of normal F9 levels (Barzel et al., 2015). 
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In the Mouse Molecular Genetics laboratory (ICGEB, Trieste, Italy), the GeneRide strategy 

has been already applied to a Crigler-Najjar type I syndrome (CNSI) mouse model, by just 

replacing the promoterless hF9 cDNA with the hUGT1A1 one (Porro et al., 2017) (Fig. 14). 

Ugt1-/- mice were intraperitoneally (IP) transduced at post-natal day 4 with the donor DNA 

vector encoding the therapeutic cDNA (1.0E+12 vgp/mouse of rAAV8 pAlb-UGT1A1) and 

maintained under phototherapy treatment (PT) up to post-natal day 8 and sacrificed at 30 

days or 12 months of age, for a short and long term analysis, respectively (Fig. 14). 

 

 

 

 

 

Fig. 14. GeneRide application in the Crigler-Najjar type I syndrome mouse model (A) The 
GeneRide construct, an rAAV8 vector, contains a promoterless eGFP or WT hUGT1A1 cDNAs 

preceded by 2A-peptide coding sequence (2A) and flanked by albumin homologous regions (5’ and 

3’ homology arms). After integration, mediated by spontaneous homologous recombination into 
albumin locus (Wild-type and Targeted Alb locus), downstream albumin coding sequence and 

upstream albumin stop codon, a single fused mRNA is transcribed and two both functionally proteins 

are produced (Porro et al., 2017). (B) Experimental strategy. Ugt1
-/-

 mutant mice were injected at 

post-natal day 4 (P4) with rAAV8 pAlb-UGT1A1 (1.0E+12 vgp/mouse) and maintained under 
phototherapy (PT) up to post-natal day 8 (P8). Mice were sacrificed at 30 days or 12 months of age 

(Porro et al., 2017). 

 

 

GeneRide successfully rescued neonatal lethality. Indeed, all rAAV8-treated mice survived 

whereas untreated one died before postnatal day 19 (Fig. 15A). The treatment reduced toxic 

bilirubin levels to life-compatible ones up to 12 months after the vector administration (Fig. 

15B), completely avoiding cerebellar and behavioral anomalies (Fig. 15C). 
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Fig. 15. GeneRide rescued neonatal lethality in a Crigler-Najjar type I syndrome mouse model. 

(A) Kaplan-Meier survival curve. All rAAV8 treated Ugt1
-/-

 mice (n=5) survived, while all mutants 

treated only with PT up to P8 died in 19 days (n=6). (B) Plasma bilirubin levels. Untreated mice who 

received no PT died before 15 days (n=6). All rAAV8-treated Ugt1
-/-

 mice had total bilirubin values 

that were life-compatibles up to 12 months after vector administration (n=5). The gray area in the 
graph indicates the range of total bilirubin levels resulting in brain damage and death. (C) Rotarod 

test of WT mice (n=13) and WT treated with rAAV8-Alb-eGFP donor vector (1.0E+12 vgp/mouse) 

and Ugt1
-/-

 mice (n=5) treated with rAAV8-Alb-hUGT1a1 donor vector (1.0E+12 vgp/mouse). Ugt1
-

/-
 mice treated with PT from P8 to P20 (n=3) with cerebellar abnormalities were used as control 

(Bortolussi, Baj et al., 2014a). 
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AIM OF THE THESIS 

 

The aim of this thesis is to develop therapeutic strategies, based on AAV-mediated gene 

targeting, to cure liver inherited disorders with pediatric onset by the use of a relevant animal 

model of human diseases. 

We point to enhance the integration rate and the therapeutic efficiency of GeneRide, a 

strategy based on targeting the therapeutic cDNA into the albumin locus. To this purpose, 

we will evaluate different experimental strategies by determining: 

•  the ability of compounds to enhance HDR or to block NHEJ; 

• the potential increase of HDR by promoting AAV transduction, silencing genes critical 

for AAV infection; 

• the optimal AAV dose to generate DNA DSBs with engineered endonucleases; 

• the most efficient AAV administration route; 

• the best post-natal day for the delivery of AAV vectors. 

 

The clinical potential of the selected approach will be tested in a very severe animal model 

of a liver-inherited disease, presenting neonatal lethality: the Crigler-Najjar type I syndrome. 

The safety of the approach will be assessed in WT and diseased animals, in short- and long-

term experiments. 

We aim to generate a proof-of-concept demonstrating the therapeutic efficacy and safety of 

the combination of GeneRide technology with the SaCas9 platform. 
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2. MATERIALS AND METHODS 
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2.1 Chemicals and standard solutions 

 

2.1.1 Chemicals 

 

1 kb Plus molecular weight marker (Invitrogen) 

2-butanol (Sigma-Aldrich) 

2-propanol 

Acetic acid (Sigma-Aldrich) 

Bilirubin Calibrator (Dyazyme Laboratories) 

Blue bromo Phenol (Sigma-Aldrich) 

Boric acid 

Bovine Serum Albumin (Sigma-Aldrich) 

Brefeldin A (Santa Cruz Biotechnology) 

Bromo Cresol Green (Sigma-Aldrich) 

Citric acid 

Di-Thio-Treitol DTT (Invitrogen) 

DMSO (Sigma-Aldrich) 

dNTPs (Rovalab GmbH) 

DOC (Sigma-Aldrich) 

EDTA (Sigma-Aldrich) 

Ethanol (Sigma-Aldrich) 

EuroSafe nucleic acid stain (Euroclone) 

Glycine (Sigma-Aldrich) 

Heparin (Sigma-Aldrich) 

HEPES 

HPO4 (Sigma-Aldrich) 

H2SO4 

KCl (Sigma-Aldrich)  

KH2PO4 (Sigma-Aldrich) 

L755505 (Santa Cruz Biotechnology) 

Methanol (Sigma-Aldrich) 

MgCl2 

Mouse serum albumin (Sigma-Aldrich) 

NaCl (Sigma-Aldrich) 

Na2CO3 

Na2EDTA 
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NaF (Sigma-Aldrich) 

NaHCO3 

Na2HPO4 (Sigma-Aldrich) 

NaN3 (Sigma-Aldrich) 

NaOH 

NP-40 (Sigma-Aldrich) 

OPD (Sigma-Aldrich) 

PEG 4000 

PFA (Sigma-Aldrich) 

PhosphoSTOP (Roche) 

Proteinase K (Roche) 

Ponceau S staining (Sigma) 

RS-1 

SCR7 (Selleckchem) 

SDS (Sigma-Aldrich) 

Sharpmass VII Plus (Euroclone) 

SIGMAFAST protease inhibitors (Sigma-Aldrich) 

Sodium tetraborate (Sigma-Aldrich) 

Succinic acid (Sigma-Aldrich)  

TEMED (Sigma-Aldrich) 

Tris (Invitrogen) 

Triton-X 100 (Sigma-Aldrich)  

Tween 20 (Sigma-Aldrich) 

Xilene (Sigma-Aldrich) 

 

2.1.2 Standard solutions 

 

BCG solution: 26.2 mg of Bromo Cresol Green, 24.4 mg of NaN3, 2.214 g of Succinic Acid, 

1 mL of Triton X-100 dissolved in 250 mL of dH2O, pH 4.2; 

Blotting Solution 1: 200 mM Tris, 10 % v/v Met-OH; 

Blotting Solution 2: 25 mM Tris, 10 % v/v Met-OH; 

Blotting Solution 3: 25 mM Tris, 40 mM Glycine, 10 % v/v Met-OH; 

Coating Buffer: 1.59 g Na2CO3, 2.93 g NaHCO3 dissolved in 1 L of dH2O, pH 9.6; 

Electrophoresis sample buffer (ESB) 5x: 50 % w/v sucrose, 25 % w/v urea, 0.5 % v/v 

bromophenol blue, 5x TBE in dH2O; 
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Genomic DNA (gDNA) extraction buffer: 100 mM Tris pH 8.0, 5 mM EDTA pH 8.0, 0.2 

% SDS, 200 mM NaCl, 100 µg/mL proteinase K; 

Luria-Bertani (LB) medium: 10 g/L Bacto-tryptone, 5 g/L yeast extract, 10 g/L NaCl pH 

7.5 dissolved in dH2O; 

OPD Substrate: 5 mg OPD dissolved in 12 mL substrate buffer, 12 µl 30 % H2O; 

PBS 1x: 137 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 2 mM KH2PO4, pH 7.4; 

Protein buffer: 150 mM NaCl, 1 % NP-40, 0.5 % DOC, 0.1 % SDS, 50 mM TrisHCl pH 

8.0, 2x protease inhibitors, 1x phosphoSTOP; 

Protein loading buffer 10x: 20 % SDS, 1 M DTT, 0.63 M Tris pH 7.0, 20 % BBP dissolved 

in 60 % sucrose, 10 mM EDTA; 

Wash Buffer: 1.0 ml Tween-20 in 1 L of PBS; 

Sample Diluent: 5.95 HEPES, 1.46 g NaCl, 0.93 g Na2EDTA, 2.5 g BSA, 0.25 ml Tween-

20, pH 7.2 in 250 mL of dH2O; 

SDS page running buffer 5x: 30 g Tris, 147 g Glycine, 5 g SDS dissolved in 1 L of dH2O; 

Stopping solution: 2.5 M HSO4; 

Substrate Buffer: 2.6 g citric acid, 6.9 g Na2HPO4, dissolved in 500 mL of dH2O, pH 5.0; 

TBE buffer 5x: 1.1 M Tris, 900 mM Borate, 25 mM EDTA, pH 8.3; 

TE buffer: 10 mM Tris pH 8.0, 0.1 mM EDTA. 

 

2.2 Construction of SaCas9-sgRNAs and donor DNA vectors 

 

2.2.1 Construction of SaCas9-sgRNAs encoding vectors 

 

Single guide RNAs (sgRNAs) were designed based on the SaCas9 PAM sequences 

(NNGRRT) identified in the genomic region flanking the albumin stop codon, located in 

exon 14. sgRNA coding oligonucleotides, specified in Tab. 6, were cloned into pX601 and 

pX602 plasmids, obtained from Addgene (http://www.addgene.org/). Both plasmids encode 

for the SaCas9 nuclease and for an incomplete sgRNA sequence. In the pX601 and pX602 

plasmids the SaCas9 is under the transcriptional control of the Cytomegalovirus (CVM) or 

the thyroid-binding globulin (TBG) promoters, respectively. All identified sgRNAs were 

cloned into the pX601 plasmid for the in vitro assays, while sgRNA7 and sgRNA8 were 

further cloned into pX602 plasmid for the production of rAAV8 vectors for the in vivo 

experiments. 
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sgRNA Oligonucleotides 5'-3' Sequence 

sgRNA5 
sgRNA5_up CACCGCATCCATCATTTCTTTGTTTT 

sgRNA5_down AAACAAAACAAAGAAATGATGGATGC 

sgRNA6 

  

sgRNA6_up CACCGACCCTGAAAACAAAGAAATG 

sgRNA6_down AAACCATTTCTTTGTTTTCAGGGTC 

sgRNA7 

  

sgRNA7_up CACCGAAAAGTATTAGCAGGACTGT 

sgRNA7_down AAACACAGTCCTGCTAATACTTTTC 

sgRNA8 

  

sgRNA8_up CACCGATGACCATACGTGAAGACCT 

sgRNA8_down AAACAGGTCTTCACGTATGGTCATC 

sgRNA9 

  

sgRNA9_up CACCGAGATGTCAGAGAGCCTGCTTT 

sgRNA9_down AAACAAAGCAGGCTCTCTGACATCTC 

 
Tab. 6. Single guide RNAs coding oligonucleotides. Single guide RNAs (sgRNAs) coding 

oligonucleotides identified in the genomic region flanking the albumin stop codon, located in exon 
14. All sgRNAs were cloned into pX601 plasmid, while sgRNA7 and sgRNA8 were further cloned 

into pX602 plasmid. 

 

2.2.2 Construction of donor DNA encoding vectors 

 

The eGFP-, hFIX- and hUGT1A1- donor vectors were prepared as previously described 

(Porro et al., 2017). The sgRNA8 PAM sequence of each donor vector was mutated to avoid 

the targeting of the donor vector by the SaCas9 nuclease, before and after homology directed 

repair (HDR). In specific, the NcoI-PflMI fragment of the original donor vector (Porro et al., 

2017) was replaced with a synthetized fragment containing the modified PAM8 including 

the XhoI restriction site. 

 

2.3 Animals 

 

Animals were housed and handled according to institutional guidelines, and experimental 

procedures approved by International Centre for Genetic Engineering and Biotechnology 

(ICGEB, Trieste, Italy) review board, with full respect to the EU Directive 2010/63/EU for 

animal experimentation. The experimental procedures were approved by the Italian Ministry 

of Healt, authorization N. 996/2017-PR. Mice were maintained in the ICGEB animal house 

unit in a temperature-controlled environment with 12/12 hours of light/dark cycles and 

received a standard chow diet and water ad libitum. Wild type (WT) mice were used to test 

the efficiency of the compound vanillin and of the siRNAs RTBDN and WWC2 to enhance 

spontaneous homologous recombination. Furthermore, they were used to find the 

experimental conditions of the GeneRide and CRISPRII/SaCas9 coupling and as control. 

Ugt1-/- in FVB/NJ background was previously generated in Mouse Molecular Genetics group 

at ICGEB (Bortolussi et al., 2012). Ugt1-/- mice used in this study were at least 99.8% 
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FVB/NJ genetic background obtained after more than 10 backcrosses with FVB/NJ WT 

mice (Bortolussi et al., 2014a). Homozygous mutant animals (Ugt1-/-) were obtained from 

heterozygous (Ugt1+/-) mating and used to test the therapeutic efficiency of the GeneRide 

and CRISPRII/SaCas9 coupling. Males and females were used indistinctly for the 

experiments. 

 

2.4 Genomic DNA extraction from mice tissues 

 

Tail biopsies were approximately 0.5 cm long and stored at -20°C. Whole livers were 

extracted, reduced to powder in a mortar with liquid nitrogen and stored at -80°C. 

Mice tails and liver powders (from 25 to 50 mg) were digested overnight at 55°C in 500 µl 

of genomic DNA (gDNA) extraction buffer. The day after, they were dissolved and 

centrifuged for 15 min at 13200 rpm (Eppendorf 5145D, max speed). The supernatants were 

transferred into a new tube and precipitated with an equal volume of 2-propanol. Tubes were 

centrifuged for 10 min at 13200 rpm, pellets were washed with 70 % Et-OH for 5 min at 

13200 rpm and, then, re-suspended with an appropriate volume of TE buffer. The genomic 

DNA was stored at +4°C and warmed at +37°C before the use. 

 

2.5 The T7E1 assay 

 

The T7E1 assay was performed following the manufacturer’s instructions (M0302, New 

England Biolabs, MA, United States). The PCR reactions were conducted, using the 

oligonucleotides (Eurofins Genomics) listed in Tab. 7, according to the protocol of the Taq 

polymerase used (Roche). The PCR program was optimized with the following cycles: 1 

cycle of 2 minutes at 94°C; 30 cycles of 30 seconds at 94°C, 45 seconds at 60°C and 1 

minute at 68°C; 1 cycle of 7 minutes at 68°C. The PCR amplicons were purified with 

Sephacryl™ S-400 beads (Sigma-Aldrich, St. Louis, Missouri, United States), following the 

manufacturer’s instructions. Purified amplicons were denatured, self-annealed and treated 

with the T7E1 enzyme. After, digested and undigested mixes were visualized on a 2% 

agarose gel. Agarose powder was melted in 1x TBE buffer, used also as running buffer. 

Separated fragments were visualized using EuroSafe nucleic acid stain (EuroClone) at UV 

transilluminator. The fragment sizes were estimated running in parallel 1 kb Plus molecular 

weight marker (Invitrogen). The estimated gene modifications were calculated using the 

formula specified in the T7E1 protocol and described by Guschin et al (Guschin, Waite et 

al., 2010). 
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Gene Oligonucleotides 5'-3' Sequence bp 

Albumin 

 

FwStopmALB GCCACACTGCTGCCTATTAAATACC 
787 

RevStopmALB CTTACATGAACCACTATGTGGAGTCC 

 
Tab. 7. Oligonucleotides for the PCR of T7E1 assay. Oligonucleotides used for the PCR of the 
T7E1 assay. 

 

2.6 Ugt1 genotyping 

 

Polymerase chain reaction (PCR) was conducted in a volume of 20 µl: 

• 4 µl of polymerase reaction buffer 5x, 

• 3 µl of MgCl2 25mM, 

• 0.2 µl of dNTPs 100 nM (25 mM stock), 

• 0.1 µl of GoTaq® Flexi DNA Polymerase (Promega, 0.25 units), 

• 1 µl of primer forward (0.1 µg/µl), 

• 1 µl of primer reverse (0.1µg/µl), 

• dH20 to a volume of 20 µl. 

Oligonucleotides (Eurofins Genomics) used for Ugt1 genotyping are listed in Tab. 8. 

The PCR thermo-cycler protocol used is the follow: 1 cycle of 3 minutes at 94°C; 30 cycles 

of 30 seconds at 94°C, 30 seconds at 63°C and 30 seconds at 72°C; 1 cycle of 2 minutes at 

72°C. 

After the amplification reactions, the obtained products were visualized in an electrophoretic 

apparatus using a 2% agarose gel. Agarose powder was melted in 1x TBE buffer, used also 

as running buffer. Separated fragments were visualized using EuroSafe nucleic acid stain 

(EuroClone) at UV transilluminator. The fragment sizes were estimated running in parallel 

1 kb Plus molecular weight marker (Invitrogen). 

 

Gene Oligonucletides 5'-3' Sequence 

Product 

 

WT Ugt1
-/-

 

mUgt1 

EX4 SCREEN 
FOR TCACCAGAGTAGGCATCTCATC 303 473 

UGT 9934 REV GCTGTAAGACAATCTTCTCC 

 
Tab. 8. Oligonucleotides used for Ugt1

-/-
 genotyping. Oligonucleotides used for the Ugt1

-/- 

genotyping with the size of PCR products for WT and mutant mice. 

 



	 49	

2.7 Animals treatments 

 

2.7.1 Phototherapy treatment 

 

Phototherapy (PT) treatment was performed as previously described (Bortolussi et al., 

2014a). Ugt1-/- and WT littermates newborns were exposed to blue fluorescent light (450 nm 

wavelength, 20 µW/cm2/nm, Philips TL 20W/52 lamps; Philips, Amsterdam, The 

Netherlands) for 12 hours/day (synchronized with the light period of the light/dark cycle) 

from birth (P0) up to post-natal day 8 (P8) and then maintained under normal light 

conditions. This sole treatment results in increased survival of mice, with the death of all 

untreated mutant pups before P19 (Bortolussi et al., 2014a, Porro et al., 2017). The intensity 

of the emitted light was monitored monthly with an Olympic Mark II Bili-Meter (Olympic 

Medical, Port Angeles, WA, USA) (Bortolussi et al., 2012). 

 

2.7.2 rAAV8 treatments 

 

The rAAV vectors used in this study are based on AAV type 2 backbone, and infectious 

vectors were prepared by the AAV Vector Unit at ICGEB (Trieste, Italy, 

https://www.icgeb.org/AVU-facilities.html) in HEK293 cells by a cross-packing approach 

whereby the vector was packaged into AAV capsid 8, as described (Bortolussi et al., 2014b). 

 

2.7.2.1 rAAV8 treatments in wild type mice 

 

The efficiency of the natural compound vanillin and the siRNA RTBDN to enhance 

spontaneous homologous recombination in vivo was evaluated by injecting intraperitoneally 

WT mice at post-natal day 4 with the GeneRide vector encoding the hFIX [(rAAV8-r-hFIX, 

5.0E+11 vg/mouse, (Barzel et al., 2015)] alone or in combination with the 6 days-long 

vanillin treatment (200mg/kg/day, from P4 to P9) or with the administration of the siRNA 

RTBDN (2.6 µg, at P3). 

For the quality control of the siRNAs RTBDN and WWC2, WT mice were IP injected at 

post-natal day 4 with the episomal vector encoding the eGFP [rAAV8-pGG2-AAT-eGFP, 

1.0E+11 vg/mouse, (Bortolussi et al., 2014b)] alone or in combination with one siRNA (2.6 

µg). 

For the in vivo efficiency evaluation of single guide RNA7 and 8 (sgRNA7, sgRNA8), WT 

mice were intraperitoneally (IP) injected at post-natal day 4 (P4). The rAAV8-SaCas9-
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sgRNA7 was administered with a dose of 1.0E+12 vg/mouse. The rAAV8-SaCas9-sgRNA8 

was administered with the following doses: 2.5E+11, 5.0E+11, 7.5E+11, 1.0E+12 vg/mouse. 

For the comparison between intraperitoneal (IP) and intravenous (IV) administration routes, 

WT mice were IP- or IV- injected at post-natal day 4 (P4) with a dose of 1.0E+11 vg/mouse 

of the episomal rAAV8-pGG2-AAT-eGFP vector (Bortolussi et al., 2014b). 

For the eGFP cDNA targeting mediated by the CRISPRII/SaCas9 platform, WT mice were 

IV-injected at post-natal day 4 (P4). The rAAV8-donor-eGFP was administered with a dose 

of 8.0E11 vg/mouse alone or in combination with two different doses, 2.0E11 or 6.0E11 

vg/mouse, of the rAAV8-SaCas9-sgRNA8. 

For the evaluation of the spontaneous recombination efficiency at post-natal day 2 (P2) and 

at post-natal day 4 (P4), WT mice were IV-injected at P2 or P4 with a dose of 8.0E11 

vg/mouse of the rAAV8-donor-eGFP. 

For the hFIX cDNA targeting mediated by the CRISPRII/SaCas9 platform, WT mice were 

IV-injected at post-natal day 2. The rAAV8-donor-hFIX was administered with a dose of 

2.0E11 vg/mouse alone or in combination with two different doses, 6.0E10 or 2.0E11 

vg/mouse, of the rAAV8-SaCas9-sgRNA8. 

 

2.7.2.2 rAAV8 treatments in Ugt1
-/-

 mice 

 

For the rAAV8 treatment, Ugt1-/- mice were maintained under phototherapy (PT) from birth 

(P0) up to post-natal day 8 (P8). The rAAV8 vectors were administrated intravenously (IV) 

at post-natal day 2 (P2). The rAAV8-hUGT1A-donor was administered with a dose of 

2.0E11 vg/mouse alone or in combination with two different doses, 6.0E10 or 2.0E11 

vg/mouse, of the rAAV8-SaCas9-sgRNA8. 

 

2.8 Biochemical analyses of plasma samples 

 

Blood was obtained from anesthetized mice by retro-orbital or facial vein bleeding or by 

decapitation and collected in tubes containing 2 µl of 500 mM EDTA pH 8.0. Tubes were 

centrifuged at 2000 rpm (Eppendorf 5145D) for 15 min at room temperature (RT), plasma 

was transferred into new tubes and stored at -80°C. 

 

2.8.1 Plasma hFIX measurement 

 

Plasma hFIX concentration was determined by a sandwich-ELISA using the matched-paired 

antibody set (FIX-EIA, Enzyme Research Laboratories, USA), following the instructions of 
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the supplier (http://enzymeresearch.com/wp-content/uploads/2017/12/FIX-EIA1.pdf). For 

the construction of a reference curve, serial dilutions of human plasmas were used. A multi-

plate reader (Perkin Elmer Envision Plate Reader, Walthman, MA) was used to read 

absorbance at 560 nm. Briefly, 100 µl/well of diluted capture antibody in coating buffer were 

plated in 96 wells plate (NUNC™) and incubated for 2 hours at RT. After 3x plate washings 

with wash buffer, reference and sample plasmas were serially diluted in sample diluent and 

100 µl/well were transferred into the plate and incubated for 90 minutes at RT. After 3x plate 

washings, 100 µl/well of detecting antibody diluted in sample diluent were plated and 

incubated for 90 minutes at RT. After 3x plate washings, 100 µl/well of OPD substrate were 

applied. The colour reaction was stopped by applying 50 µl/well of 2.5 M H2SO4 and the 

plate read at wavelength of 490 nm. The hFIX concentrations were calculated by 

interpolating the samples absorbance with the reference curve, considering normal human 

levels around 5000 ng/mL. 

 

2.8.2 Plasma total bilirubin measurement 

 

Total bilirubin (TB) determination in plasma was performed using Direct and Total Bilirubin 

Reagent kit (BQ Kits, San Diego, CA), following the instructions of the supplier, as 

previously described (Bortolussi et al., 2014a). As quality control, three commercial 

bilirubin standards were used in each assay: Control Serum I, Control Serum II and Bilirubin 

Calibrator whose absorbance corresponds to 5 mg/dL (Dyazyme Laboratories, Poway, CA). 

A multi-plate reader (Perkin Elmer Envision Plate Reader, Walthman, MA) was used to read 

absorbance at 560 nm. Briefly, samples were transferred into a 96 wells plate (NUNC™) in 

duplicates. Then, 140 µl of Buffer Reagent were added to each sample duplicate. 2.5 µl of 

nitrate reagent were added only in one well of each sample duplicates, while the other one 

was used for background evaluation. Then, 150 µl of methanol were added to start the 

reaction. The bilirubin levels were calculated using the follow equation: 

C (mg/dL) = (Asample-Ablank)/(Acalibrator-Ablank)*5 

 

2.8.3 Plasma albumin measurement 

 

Plasma albumin levels were determined by modified Bromo Cresol Green (BCG) 

colorimetric method (Rodkey, 1965), as previously described (Vodret, Bortolussi et al., 

2015). For the construction of a reference curve, mouse serum albumin (10 mg/mL, Sigma-

Aldrich) was used. Briefly, 2 µl of plasma samples were diluted in a volume of 300 µl of 

dH2O. Then, 200 µl of BCG solution were added to each sample. 10 min after, absorbance 
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values at 630 nm were evaluated by a multi-plate reader (Perkin Elmer Envision Plate 

Reader, Walthman, MA). Interpolating the samples absorbance with the MSA standard 

curve, plasma albumin levels were determined. 

 

2.9 Preparation of total RNA from mouse liver 

 

Whole livers were extracted, reduced to powder in a mortar with liquid nitrogen and stored 

at -80°C. Total RNA from mouse liver powder was prepared using TRI reagent solution 

(Invitrogen, Carlsbad, CA, United States), according to the manufacturer’s instructions. The 

integrity of the extracted RNAs was controlled by running the samples on 1 % agarose gel. 

 

2.9.1 Quantification and quality control of extracted RNA 

 

RNA concentrations were measured by NanoDrop™ 1000 spectrophotometer (Thermo 

Scientific) at 260 nm. Absorbance ratios 260/280 and 260/230 nm indicated the quality of 

extracted RNA. 

 

2.9.2 Reverse transcription (RT) 

 

About 1 µg of total RNA was reverse-transcribed using M-MLV reverse transcriptase 

(Invitrogen, Carlsbad, CA, United States) following the manufacturer’s instructions. The 

RT-reactions were conducted in a volume of 12 µl: 

• 1 µg of total RNA, 

• 1 µl of 10 mM dNTPs mix (10 mM of each dNTP), 

• 5 µl of oligo dT (0.1 µg/µl) 

• dH2O to a volume of 12 µl. 

Mixes were heated at 65°C for 5 min and then chilled on ice. Thereafter, 6 µl volume of a 

mix of 4 µl of 5x First-Strand buffer and 2 µl of 0.1 M DTT were added. After an incubation 

of 2 min at 37°C, 1 µl of M-MLV RT (200 units) was added and a second 1 hour long-

incubation at 37 °C was did. The enzyme was heat-inactivated for 15 min at 70 °C. cDNA 

was kept at -20°C. 
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2.10 Quantitative real time RT-PCR (qRT-PCR) 

 

Quantitative real time RT-PCR (qRT-PCR) was performed on a 96-well real time PCR plate 

using the iQ SYBER Green Supermix (Bio-Rad) and a C1000 Thermal Cycler CFX96 Real 

Time System (Bio-Rad) in a volume of 15 µl: 

• 7.5 µl iQ SYBER Green Supermix 

• 0.5 µl of primer forward (0.1 µg/µl) 

• 0.5 µl of primer reverse (0.1 µg/µl) 

• 5.5 µl of dH2O 

• 1.0 µl of cDNA diluited 1:10 

Specific primers used to amplify the hybrid Alb-eGFP, the endogenous mouse Albumin, the 

inflammatory markers TNFa, CD8, CD4 and INFγ cDNAs, the SaCas9 or the Gapdh 

housekeeping gene are listed in Tab. 9. Expression of the gene of interest was normalized to 

albumin to estimate the relative expression of the Alb-eGFP and SaCas9 cDNA, while 

normalization to GAPDH was performed for inflammatory markers and albumin expression. 

The qRT-PCR protocol used consists in an amplification reaction and in a generation of a 

melting curve. Amplification reactions were conducted as follow: 1 cycle of 30 seconds at 

98°C; 40 cycles of 5 seconds at 95°C, 25 seconds at 62°C. Melting curves were generated 

as follow: 10 seconds at 95°C and increasing the temperature from 65°C to 95°C at 0.5°C 

increment per second. The PCR products were verified running them on a 2.5 % agarose gel. 

Data were analyzed using the ∆∆Ct method. 
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Gene Primer 5'-3' Sequence 

Alb-Egfp 

 

GFP For TGCCCGACAACCACTACCTG 

Alb11R TGAGTCCTGAGTCTTCATGTCTT 

Albumin 

 

Alb10F CTGACAAGGACACCTGCTTC  

Alb11R TGAGTCCTGAGTCTTCATGTCTT 

TNFa 

 

mTNFa_DIR TTCGAGTGACAAGCCTGTAG 

mTNFa_REV AGACAAGGTACAACCCATCG 

CD8 

 

mCD8aDIR TCAGTTCTGTCGTGCCAGTC 

mCD8_ex2_rev GCACTGGCTTGGTAGTAGTA 

CD4 

 

mCD4DIR GCAGCATGGCAAAGGTGTAT 

mCD4REV AAACGATCAAACTGCGAAGG 

IFNγ 

 

mIFNg For CACGGCACAGTCATTGAAAG 

mIFNg Rev TTGCTGATGGCCTGATTGTC 

Albumin 

 

mALB For GCATGAAGTTGCCAGAAGAC 

mALB Rev TCTGCATACTGGAGCACTTC 

Gapdh 

 

RT-mGAPDH dir ATGGTGAAGGTCGGTGTGAA 

RT-mGAPDH rev GTTGATGGCAACAATCTCCA 

Cas9 

 

2F-CAS9 (1164 
dir) CACAACGTGAACGAGGTGGAA 

Cas9_1234 rev TTTCTCTTCCAGGGCCTTGC  

 
Tab. 9. Oligonucleotides used for qRT-PCR 

 

2.11 Quantitative real time PCR (qPCR) 

 

Quantitative real time PCR (qPCR) was performed on a 96-well real time PCR plate using 

the iQ SYBER Green Supermix (Bio-Rad) and a C1000 Thermal Cycler CFX96 Real Time 

System (Bio-Rad) in a volume of 15 µl: 

• 7.5 µl iQ SYBER Green Supermix 

• 0.5 µl of primer forward (0.1 µg/µl) 

• 0.5 µl of primer reverse (0.1 µg/µl) 

• 5.5 µl of dH2O 

• 1.0 µl of gDNA 

Specific primers used to determine the number of viral genome particles per cells of the 

rAAV8-SaCas9-sgRNA8 are listed in Tab. 10. For the construction of a reference curve, 

serial dilutions of pX602-SaCas9-sgRNA8 were used. 

The qPCR protocol used consists in an amplification reaction and in a generation of a melting 

curve. Amplification reactions were conducted as follow: 1 cycle of 30 seconds at 98°C; 40 

cycles of 5 seconds at 95°C, 25 seconds at 62°C. Melting curves were generated as follow: 
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10 seconds at 95°C and increasing the temperature from 65°C to 95°C at 0.5°C increment 

per second. 

 

Oligonucleotides 5'-3' Sequence bp 

pX602TBGdir aaggatcacccagcctctgc 
151 

pX602TBGrev tggcaagagtgtcttcagcagg 

 
Tab. 10. Oligonucleotides used for the determination of viral genome particles of rAAV8-

SaCas9-sgRNA8. 

 

2.12 Preparation of total protein extracts from liver 

 

Whole livers were extracted, reduced to powder in a mortar with liquid nitrogen and stored 

at -80°C. Liver total protein extracts were obtained as previously described (Bortolussi et 

al., 2012). Briefly, liver powder was homogenized, using a mechanical homogenizer (IKA 

ULTRA-TURRAX T25), in protein buffer, centrifuged twice at maximum speed (Eppendorf 

5145D) for 10 min at 4°C. Supernatants were transferred into a fresh tube and stored at -

80°C. Bradford (Bio-Rad) method was used to determine total protein concentration. 

Samples were analysed by Western blot (WB). 

 

2.13 SDS-PAGE and Western blot 

 

SDS-PAGE was used for proteins separation. Polyacrylamide gels were cast with Protogel 

(30 % w/v acrylamide/methylene biacrylamide solution, National diagnostics). Depending 

on the size, running gels from 8% to 12% were used, as specified in Tab. 11. Vertical 

electrophoresis chambers were used. Proteins samples were added with an appropriate 

volume of 10x protein loading buffer and dH2O, denatured for 5 min at 95°C and loaded 

onto gels. Protein marker Sharpmass VII Plus (Euroclone) was run in parallel with protein 

samples to estimate protein size. Gels were run in 1x running buffer at 25 mA. Then, proteins 

were transferred onto a nitrocellulose membrane using Lightning Blot™ System (Perkin 

Elmer). In specific, three 3mm papers were soaked in Blotting Solution 1, the nitrocellulose 

membrane after its activation in Blotting Solution 2 was added and other three 3mm paper 

soaked in Blotting Solution 3 were used to cover the membrane. Blotting was run for 15 min 

at 27 V. Ponceau S staining (Sigma) was used to control the correct run and transfer. 

Membranes were then blocked and incubated with the primary antibodies (specific 

conditions are summarized in Tab. 12). After washings, secondary antibodies were added 
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and after washings, blots were developed using the enhanced chemiluminescence procedure 

(Thermo Fisher Scientific, Waltham, MA, United States). 

 

 
Stacking (mL) 

 

 

Running (mL) 

 

 8% 10% 12% 

Protogel 1.6 2.6 3.3 4.0 

1.5 M Tris pH 8.0 0 2.5 2.5 2.5 

0.5 M Tris pH 6.8 1.5 0 0 0 

dH2O 6.0 4.9 4.1 3.4 

10 % SDS 0.1 0.1 0.1 0.1 

10 % APS 0.1 0.1 0.1 0.1 

TEMED 10 20 20 20 

 
Tab. 11. Running gels from 8% to 12%used for SDS-PAGE. 

 

Specific experimental conditions were used for each WB anaylsis. 

For the eGFP Western blot analysis, 20 µg of total protein extracts from WT untreated and 

treated mice were analyzed. Membranes were saturated by incubation with 5 % w/v non-fat 

dry milk in PBS-0.1 % w/v Tween-20 at RT for 2 hours. Then, blots were incubated with 

the anti-eGFP rabbit polyclonal antibody (1:1000; sc-8334, Santa Cruz Biotechnology) or 

anti-actin rabbit polyclonal antibody (1:2000, A-2066, Sigma-Aldrich) at 4°C overnight, 

washed and incubated with the secondary antibody for 1 hour. 

For the Ugt Western blot analysis 40 µg of total protein extracts from mutant treated, 

untreated and WT mice were analyzed. For Ugt1 detection, membranes were stripped with 

500 mM Tris-HCl pH 6.8, 10 ml 10 % SDS and 350 µl ß-Mercaptoethanol at 65°C for 1 

hour. Membranes were then saturated by incubation with Chemiluminescent Blocker 

(Millipore, Burlington, MA, United States) at RT for 2 hours. Then, blots were incubated 

with the anti-human UGT1 rabbit polyclonal antibody (1:600; H-300, Santa Cruz 

Biotechnology) or anti-actin rabbit polyclonal antibody (1:200, A-2066, Sigma Aldrich) at 

4°C overnight, washed and incubated with the secondary antibody for 1 hour. 

For the SaCas9 Western blot analysis, 40 µg of total protein extracts from untreated and 

treated WT mice were analyzed. Membranes were saturated by incubation with 

Chemiluminescent Blocker (Millipore, Burlington, MA, United States) at RT for 2 hours. 

Then, blots were incubated with the anti-SaCas9 (1:5000) at 4°C overnight or anti-hsp 

(1:8000) at RT for 1 hour. Anti-SaCas9 blot was then incubated with anti-rabbit (1:3000), 

while anti-hsp blot with anti-rat (1:3000) at RT for 1 hour. 
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Protein 

name 
Supplier #code Source Application Dilution 

eGFP Santa Cruz sc-8334 
rabbit 
polyclonal 

WB 1:1000 

Actin Sigma-Aldrich A-2066 
rabbit 
polyclonal 

WB 1:2000 

Ugt1a Santa Cruz H-300 
rabbit 
polyclonal 

WB 1:600 

SaCas9 abcam EPR19795 
rabbit 
monoclonal 

WB 1:5000 

Hsp70 Sigma-Aldrich H-5147 rat polyclonal WB 1:8000 

 
Tab. 12. Antibodies used for WB analysis. 

 

2.14 Histological analysis 

 

After sacrifice, livers and brains were extracted and fixed with 4% PFA in PBS overnight at 

4°C and kept in 20% sucrose in PBS and 0.02% sodium azide at 4°C. 

Paraffin-embedded liver sections (5 µm) were stained with hematoxylin-eosin (H&E) and 

Masson’s trichrome as previously described (Bortolussi et al., 2014a, Bortolussi et al., 2012). 

For eGFP experiments liver specimens were frozen in optimal cutting temperature 

compound (BioOptica, Milano, Italy), 14 µm slices were obtained in a cryostat, washed 

twice with PBS and mounted with Vectashield (Vector Laboratories, CA, United States). 

 

2.14.1 Immunofluorescence analysis 

 

For immunofluorescence (IF) analysis, specimens were frozen in optimal cutting 

temperature compound (BioOptica, Milano, Italy) and 14 µm slices were obtained in a 

cryostat. 

For hUgt1a1 immunofluorescence (IF), liver specimens were incubated with sodium citrate 

pH 9.0 prior to blocking step. Next, they were blocked with 10% NGS (Dako) and then 

incubated with the anti-hUgt1a1 antibody (Sigma, St. Louis, MO) for 2 hours at RT in 2% 

NGS blocking solution (Tab. 13). After 3 x 5 min washes with PBS, specimens were 

incubated with the secondary antibody (Alexa Fluor 488, Invitrogen Carlbad, CA) for 2h at 

RT. Nuclei were visualized by addition of Hoechst (10 µg /ml, Invitrogen) for 5 min. 

For calbindin immunofluorescence (IF), brain specimens were incubated with sodium citrate 

prior to blocking step. Next, specimens were blocked with 10% NGS (Dako) and then 

incubated with the anti-Calbindin antibody for 2h at RT in 2% NGS blocking solution 

(Synaptic Systems, Göttingen, Germany) (Tab. 13). After 3 x 5 min washes with PBS, 
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specimens were incubated with the secondary antibody (Alexa Fluor 568, Invitrogen 

Carlbad, CA) for 2h at RT. Nuclei were visualized by addition of Hoechst (10 µg /ml, 

Invitrogen) for 5 min. 

 

Protein 

name 
Supplier #code Source Application Dilution 

hUgt1a1 Sigma-Aldrich SAB2701158 rabbit polyclonal IF 1:200 

Calbindin 
Synaptic 
Systems 

214002 rabbit polyclonal IF 1:400 

 
Tab. 13. Antibodies used for IF analysis 

 

2.14.2 Quantification analysis 

 

Quantification of eGFP-positive cells was performed as follows. Each animal was imaged 

(20X) in two liver sections. Five imaged for section were analyzed per animal. The ratio 

between the number of the total eGFP positive cells and the nuclei per mice was calculated.  

Quantification of hUgt1a1 positive cells was performed as follows. Each animal was imaged 

in (10X) four liver sections. The ratio of the total number of hUgt1a1 positive cells/total 

number of nuclei counted in all acquired images per animal was calculated. Measurements 

were averaged for each animal and the results were expressed as mean ± SD for each 

treatment. 

Cerebellar layer thickness was performed on Hoechst-stained sections by measuring the 

layer depth (µm) as previously described (Bortolussi et al., 2012). PC density analyses were 

performed as previously described (Bortolussi et al., 2014a, Bortolussi et al., 2012). 

Images were acquired on a fluorescence microscopy. Digital images were collected using 

Leica software and analyzed using ImageJ (U.S. National Institutes of Health, Bethesda, 

MD, USA). 

 

2.15 Illumina sequencing on- and off-targets 

 

Off-target loci were predicted using the CasOffinder software (http://www.rgenome.net/cas-

offinder/) (Bae, Park et al., 2014). Genomic DNA from the predicted off-target regions and 

that of the albumin on-target site were PCR amplified and sent to BMR Genomics (Padova, 

Italy) for Illumina sequencing. The primers used for the PCR amplifications are listed in 

Tab. 14 and contained the complementary regions and a tail on the 5’ and 3’ end, which was 

necessary for the sequencing reaction. 
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Sequenced libraries were first split into locus-specific bins based on the best match to a 

corresponding source locus using the BBSplit tool [BBtools, https://jgi.doe.gov/data-and-

tools/bbtools/] and reads in each bin were counted to verify that they were sufficient to 

provide deep coverage. Sequencing runs for the Gm29874 locus were subsequently repeated 

as they were not originally represented in quantities comparable to the other two off-target 

and an on-target locus. Each read bin was then separately mapped to its corresponding locus 

target with bwa (Li & Durbin, 2009). All unmapped reads and reads without both pairs 

mapping to the target sequence were filtered out with samtools (Li, Haurigot et al., 2011). 

Indels were left-aligned using the GATK LeftAlignIndels function (McKenna, Hanna et al., 

2010). All reads below the mapping quality of Q30 ad positions below the base calling 

quality of Q20 were removed from subsequent analysis. Base and INDELs frequencies were 

called at each target position from the aligned and post-processed BAM files by using the 

custom R script based on the Bioconductor's Rsamtools package [Rsamtools, 

http://bioconductor.org/packages/release/bioc/html/Rsamtools.html]. Samples and targets 

without the SaCas9 treatment were used as a control and alternative base and INDELs 

frequencies (thereinafter jointly termed as alternative variants) were used to model the 

experimental error with the beta-binomial distribution with the R ebbr package. Parameters 

for the beta-binomial function were estimated from all depth/alternative variant count ratios 

in non-treated samples. The 99.9th percentile of the distribution was taken as the error 

likelihood threshold and then each sample was statistically evaluated at each position to 

estimate whether the depth/alternative variant at a specific site within the sample was above 

or below the likelihood threshold for error. The estimates were done separately for SNPs 

and INDELs. Subsequently, each sample's IINDEL and SNP frequency profiles were 

separated into 'signal' and 'noise' parts, based on whether they exceed the error likelihood. 

From these profiles, the overall statistics was compiled on the magnitude and overall event 

count (event = alternative variant in the significant signal range). 
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Gene Oligonucleotides 5'-3' Sequence bp 

Gm29874 

Gm29874_for2_tail 
TCGTCGGCAGCGTCAGATGTGTATAA

GAGACAGATCTTATGGACTGAGCCA
CC 

491 

Gm29874_rev2_tail 
GTCTCGTGGGCTCGGAGATGTGTATA

AGAGACAGTAGAGGTGGACTTCAGC
ATG 

Kif21a 

Kif21a_FOR1_tail 
TCGTCGGCAGCGTCAGATGTGTATAA

GAGACAGCAAGGACCTTTAGCCTCT
GA 

478 

Kif21a_REV2_tail 
GTCTCGTGGGCTCGGAGATGTGTATA

AGAGACAGTGTCAGGCTACCAAGGA
TAC 

Tubgcp2 

Tubgcp2_FOR2_tail 
TCGTCGGCAGCGTCAGATGTGTATAA

GAGACAGAAGGCAGAGACCTTCAGT
TG 

522 

Tubgcp2_REV2_tail 
GTCTCGTGGGCTCGGAGATGTGTATA

AGAGACAGTGGAGAAACACTTGAGG
CAG 

Alb 

pAB1403dir_tail 
TCGTCGGCAGCGTCAGATGTGTATAA

GAGACAGGCCTATGGCTATGAAGTG
CAAATCCTA 

517 

Revstop_malb_tail 
GTCTCGTGGGCTCGGAGATGTGTATA

AGAGACAGGGACTCCACATAGTGGT
TCATGTAAG 

 
Tab. 14. Oligonucleotides used for Illumina sequencing. 

 

2.16 Statistics 

 

The Prism package (GraphPad Software, La Jolla, CA) was used to analyzed the data. 

Results are expressed as means ± SD. Values of P < 0.05 were considered statistically 

significant. Depending on the experimental design, Student’s t-test or one-way or two-way 

ANOVA, with Bonferroni’s post hoc comparison tests, was used, as indicated in the legends 

to the figures and text. 
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3. RESULTS 
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3.1 The GeneRide approach 

 

AVV-mediated gene therapy to the liver successfully corrected hyperbilirubinemia in a 

lethal mouse model of the Crigler-Najjar Syndrome (CNS) (Bortolussi et al., 2014b), but its 

therapeutic efficacy decreased as a consequence of the reduction of transgene expression 

due to episomal DNA loss during hepatocyte proliferation. Since re-administration of the 

therapeutic gene in the clinical setting is not possible because of the presence of neutralizing 

antibodies generated against the AAV-capsid antigens after the first vector infusion, we 

investigated alternative strategies. 

Gene editing is a promising approach that overcomes AAV-mediated gene therapy 

limitations in neonatal/pediatric settings by the permanent modification of the genome. 

Barzel and colleagues, in Mark Kay’s Lab at Stanford, developed a gene editing strategy 

without nucleases, called GeneRide, showing ameliorated coagulation parameters in a 

hemophilia B mouse model (Barzel et al., 2015). The GeneRide approach takes advantage 

of a rAAV donor vector carrying a promoterless therapeutic cDNA flanked by albumin 

homology regions that can mediate its site-specific integration by homologous 

recombination into the albumin locus. The therapeutic cDNA is inserted after the albumin 

coding sequence, just upstream its stop codon, resulting in the transcription of a chimeric 

mRNA that is then translated into two both functionally proteins, albumin and the 

therapeutic one. GeneRide was already applied to the CNS mouse model in the Mouse 

Molecular Genetics Lab (ICGEB, Trieste, Italy) rescuing neonatal lethality by inserting a 

promoterless human uridine glucuronosyl transferase A1 (UGT1A1) cDNA into the albumin 

locus (Porro et al., 2017). Even if the approach was able to convert a very severe phenotype 

to a mild one with life-long therapeutic efficiency, the targeting rate represented by the 

spontaneous homologous recombination was too low for a potential clinical application. 

 

3.2 The potential of the vanillin compound to promote spontaneous homologous 

recombination 

 

Aiming to a potential application of the approach into the clinic, we looked for experimental 

strategies able to increase the low integration rate obtained with the GeneRide in the absence 

of nucleases (Porro et al., 2017) and we reasoned that promoting HDR or blocking NHEJ 

could boost transgene precise integration. Since Paulk et al. showed that the natural product 

vanillin can reduce NHEJ rate by inhibiting the DNA-dependent protein kinase (DNA-PK) 

(Paulk et al., 2012), we decided to test vanillin in combination with the GeneRide construct 

encoding the promoterless hFIX cDNA in vivo. 
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3.2.1 Experimental plan 

 

In order to test the potential of the natural compound vanillin to enhance HDR, 4-days-old 

WT mice were intraperitoneally (IP) injected with a dose of 5.0E11 vg/mouse of the 

GeneRide construct encoding the hFIX [rAAV8-donor-hFIX; (Barzel et al., 2015)] alone or 

in combination with a 6-days-long treatment with vanillin (200 mg/kg/day). Retro-orbital 

bleeding was performed in 1-month-old mice and the plasma hFIX concentration was 

evaluated performing an ELISA-test based on the use of an antibody able to detect only the 

human FIX protein (Fig. 16). 

 

Fig. 16. The evaluation of the potential of vanillin in vivo. WT newborn mice (3 mice per 

experimental group) were intraperitoneally (IP) injected at post-natal day 4 (P4) with the rAAV8-

donor-hFIX [5.0E11 vg/mouse, (Barzel et al., 2015)] alone (without vanillin) or in combination with 
6-days-long vanillin treatment (200 mg/kg/day, + vanillin). Blood samples were collected by retro-

orbital bleeding at 1 month of age. A very specific ELISA assay was performed and plasma hFIX 

concentrations were evaluated. 

 

3.2.2 Vanillin does not increase the spontaneous homologous recombination rate 

 

The analysis of plasma hFIX values, obtained in the ELISA assay, did not show any 

significant difference between AAV and vanillin coupled treatments over the AAV 

administration alone (Fig. 17). Additionally, no effects had been previously obtained in vivo 

with Scr7 (data not shown). Since I had already tested vanillin (Paulk et al., 2012) and other 

compounds in vitro, such as RS-1 (Jayathilaka et al., 2008), Scr7 (Chu et al., 2015, 

Srivastava et al., 2012, Vartak & Raghavan, 2015), Brefeldin-A, L755507, and no one was 

able to increase homologous recombination (data not shown), we decided to interrupt the 

investigation of the potential use the compounds to increase HDR and we looked for other 

strategies. 
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Fig. 17. Vanillin does not enhance spontaneous homologous recombination in vivo. Plasma hFIX 

concentrations (ng/mL) of mice treated with the donor-hFIX AAV8 vector (rAAV8-donor-hFIX, 

5.0E11 vg/mouse) alone (- vanillin) or in combination with the natural compound vanillin (200 
mg/kg/day, + vanillin). The 6-days-long vanillin treatment did not enhance spontaneous homologous 

recombination of the donor-hFIX AAV8 vector in WT newborn mice. Student t-test, unpaired t test, 

ns, P = 0.5785. N = 3 per experimental group. 

 

3.3 The potential of siRNAs to promote spontaneous homologous recombination by 

enhancing AAV transduction 
 

Since recombination rate is also related to the levels of DNA present in the nucleus, 

enhancing AAV transduction could increase the amounts of donor template used by the cells 

for repairing DNA DSBs, improving the overall efficiency. Mano et al. identified, by a high-

throughput whole genome siRNA screening, 1483 genes interfering viral infection, which 

significantly affected AAV transduction in vivo (Mano, Ippodrino et al., 2015). We selected 

RTBDN among the genes having the higher effect in increasing AAV transduction after their 

siRNA-mediated knock-down. Thus, we in vivo tested the siRNA against the RTBDN 

mRNA in combination with the GeneRide donor construct encoding the promoterless hFIX 

cDNA in vivo. 

 

3.3.1 Experimental plan 

 

I tested the siRNA RTBDN by intraperitoneally injecting 4-days-old WT mice with the 

rAAV8-donor-hFIX (5.0E11 vg/mouse) alone or in combination with the siRNA RTBDN 

(2.6 µg/mouse). Plasma hFIX concentration (ng/mL) in 1-month-old mice was evaluated 

with a human-specific ELISA assay (Fig. 18). 
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Fig. 18. The evaluation of the potential of siRNA RTBDN in vivo. WT newborn mice (3 mice per 
experimental group) were intraperitoneally (IP) injected at post-natal day 4 (P4) with the rAAV8-

donor-hFIX [5.0E11 vg/mouse, (Barzel et al., 2015)] alone (- RTBDN) or in combination with a 

post-natal day 3 (P3) treatment with the siRNA RTBDN (2.6 µg/mouse, + RTBDN). Blood samples 
were collected by retro-orbital bleeding at 1 month of age. A human-specific ELISA assay was 

performed and plasma hFIX concentrations were evaluated. 

 

3.3.2 The RTBDN treatment does not result in the increase of spontaneous 

homologous recombination rate 

 

The results of the ELISA assay did not show any significant difference in plasma hFIX 

concentration levels between mice treated with the coupled AAV-siRNA treatments over 

those with the AAV one alone (Fig. 19). 

 

Fig. 19. The siRNA RTBDN does not enhance spontaneous homologous recombination in vivo. 

Plasma hFIX concentrations (ng/mL) of mice treated with the donor-hFIX AAV8 vector (rAAV8-

donor-hFIX, 5.0E11 vg/mouse) alone (- RTBDN) or in combination with the siRNA RTBDN (2.6 

µg/mouse, + RTBDN). The post-natal day 3 treatment with the siRNA RTBDN did not enhance 
spontaneous homologous recombination of the donor-hFIX AAV8 vector in WT newborn mice. 

Student t-test, unpaired t test, ns, P = 0.7895. N = 3 per experimental group. 
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3.4 The ability of siRNAs to induce AAV transduction 

 

3.4.1 Experimental plan 

 

Since in our first experimental approach we did not observe any effect in HDR rate, we 

specifically looked at viral transduction trying to reproduce the results obtained by Mano et 

al. (Mano et al., 2015). We evaluated the efficiency of two siRNAs with the highest activity 

and lowest toxicity, RTBDN and WWC2, to enhance viral transduction of an episomal 

rAAV8 vector encoding the eGFP cDNA under the transcriptional control of the a1-

antitrypsin (AAT) promoter. I injected 4-days-old WT mice with the episomal rAAV8-

pAAT-eGFP (1.0E+11vgp/mouse) alone or in combination with one of the two siRNAs, 

RTBDN or WWC2. I sacrificed the animals and collected the liver two weeks after the 

injections and evaluated the number of eGFP-positive cells in liver sections (Fig. 20). 

 

Fig. 20. The evaluation of the quality of the siRNAs RTBDN and WWC2 in vivo. WT newborn 

mice were intraperitoneally (IP) injected at post-natal day 4 (P4) with the rAAV8-pGG2-AAT-eGFP 

episomal vector (1.0E11 vg/mouse) alone (- siRNA) or in combination with the siRNA (2.6 

µg/mouse, + siRNA). Liver was collected at P19 and the number of eGFP-positive cells was 

determined. 
 

3.4.2 The siRNAs treatment does not increase viral transduction 

 

To evaluate the efficiency of the siRNA treatment in AAV transduction, I determined the 

number of eGFP-positive hepatocytes in liver sections of 2-weeks-old treated mice. I 

observed no significant differences in the number of eGFP-positive cells with any of the two 

treatments (Fig. 21), suggesting that these siRNAs had no effect in increasing AAV 

transduction in the experimental conditions tested. Since many differences were present 

between the experimental strategy and conditions we used and those by Mano and 

colleagues, such as the age and strain of the injected mice and the administration routes, that 

could explain the discrepancies between ours and theirs results, we decided to not investigate 
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further the siRNA effect in enhancing viral transduction and we looked for a more promising 

strategy. 

 

 

Fig. 21. The siRNAs RTBDN and WWC2 do not enhance AAV viral transduction in vivo. (A) 

The treatment with the siRNA RTBDN did not enhance transduction of the rAAV8-pGG2-AAT-

eGFP vector in WT newborn mice. Left panel: Histological analysis of liver sections of mice treated 

with the rAAV8-pGG2-AAT-eGFP vector alone (-RTBDN) or in combination with the siRNA (+ 
RTBDN). Right panel: The % of eGFP-positive cells per total nuclei. Student t-test, unpaired t test, 

ns, P = 0.2391. N = 4 per experimental group. (B) The siRNA WWC2 did not enhance transduction 

of the rAAV8-pGG2-AAT-eGFP vector in WT newborn mice. Left panel: Histological analysis of 

liver sections of mice treated with the rAAV8-pGG2-AAT-eGFP vector alone (-WWC2) or in 
combination with the siRNA (+ WWC2). Right panel: The % of eGFP-positive cells per total nuclei. 

Student t-test, unpaired t test, *, P = 0.0285. N = 5 per experimental group. 
 

3.5 Coupling GeneRide to CRISPR/SaCas9 platform 

 

3.5.1 The rationale 

 

It is well known that the presence of double strand breaks (DSBs) enhances homology 

directed repair rate (Rouet et al., 1994) and it is also possible to generate them site-

specifically with engineered endonucleases (Carroll & Beumer, 2014). Therefore, in order 

to increase recombination rate and efficiency of the GeneRide approach, I combined it with 

the CRISPR/SaCas9 system (Ran et al., 2015) (Fig. 22). We expect that the SaCas9 nuclease 

will induce a DNA double strand break (DSB) into albumin sequence that flanks its stop 
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codon. In the presence of a donor template carrying a therapeutic cDNA, the DSB will be 

repaired by the homology directed repair (HDR) mechanism, leading to the site-specific 

insertion of the therapeutic sequence into the albumin locus. As a consequence of the 

integration event, a hybrid mRNA should be produced and translated into two functionally 

proteins, the albumin and the therapeutic one. 

 

 

Fig. 22. Coupling GeneRide to CRISPR/SaCas9 platform. Recombination of the donor vector 

(Donor DNA; containing the therapeutic cDNA preceded by the 2A-peptide (P2A), and flanked by 

the albumin homologous regions, with modified PAM8 sequence), enhanced by DNA DSBs 

generated by the SaCas9 nuclease, results in the HDR-targeted albumin allele, in the chimeric mRNA 
and in the translation of two both separate and functionally proteins. Rectangles represent exons; thin 

black lines, introns; AAV inverted terminal repeats (ITR), wavy lines. Albumin exons 12 to 15 are 

indicated; STOP, Albumin stop codon; PAM, protospacer adjacent motif. 

 

3.5.2 Experimental strategy 

 

In order to target specifically and efficiently the liver, I selected serotype 8 AAV capsid for 

its preferential liver transduction (Asokan, Schaffer et al., 2012). The strategy that I 

developed in this study is based on the use of two rAAV8 vectors: one encodes the donor 

DNA template containing the promoterless therapeutic cDNA flanked by the albumin 

homology regions, and the other one encodes both the SaCas9 and the sgRNA targeting the 

albumin locus (Fig. 23). Neonatal mice are intravenously injected with both rAAV8 vectors, 

resulting in the integration of the therapeutic cDNA into the albumin locus and production 

of the therapeutic protein, leading to the permanent restoration of the defective liver 

function. The strategy can be applied to cure different disease-causing mutations using the 

same rAAV8 vectors, and several liver metabolic diseases by just replacing the therapeutic 

cDNA in the donor rAAV. 
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Fig. 23. GeneRide-CRISPR/SaCas9 coupled strategies can correct different liver metabolic 

diseases. Neonatal mice with a liver dysfunction are intravenously injected with two rAAV8 vectors: 

one encoding the SaCas9 and the sgRNA and one the donor DNA template. The therapeutic cDNA, 
once integrated, produces the defective or missing protein, such as secreted factors or endogenous 

enzymes, with the permanent restoration of the liver function. The therapeutic strategy can be applied 

to cure different disease-causing mutations and liver metabolic disorders, by just replacing the 
therapeutic cDNA. 

 

3.6 The efficiency of the CRISPR/SaCas9 platform 

 

3.6.1 Design of the single guide RNAs and their in vitro testing 

 

In order to efficiently induce DNA DSBs in the albumin locus, I first looked for SaCas9 

PAM sequences (NNGRRT) (Ran et al., 2015) in the genomic region flanking the exon 14 

of the albumin gene, where the stop codon is located (Fig. 24). I identified 5 PAM sequences 

(PAM9, PAM7, PAM6, PAM5 and PAM8) and designed the corresponding sgRNAs 

(sgRNA9, sgRNA7, sgRNA6 and sgRNA8, respectively). My colleagues cloned all selected 

sgRNAs into the pX601 plasmid, which expresses the SaCas9 and the sgRNA under the 

transcriptional control of the CMV and U6 promoters, respectively (Fig. 25), and tested them 

in vitro in tissue culture cells (F. Porro and R. Sola, data not shown). The sgRNA7 and 

sgRNA8, whose target sequences were located in introns 13 and 14, respectively, resulted 

the most active ones to target the albumin endogenous locus and, thereby, were selected for 

in vivo experiments. 
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Fig. 24. Design of sgRNAs targeting the albumin locus. The 500 bp-long albumin sequence is 

shown. Albumin exon 14 (capital letters), albumin stop codon (STOP), flanking introns (small caps), 

the identified PAMs and correspondent designed sgRNAs are shown. 
 

Fig. 25. In vitro testing of sgRNAs. The pX601-SaCas9 vector was used for the in vitro testing of 

all designed sgRNAs. ITR, inverted terminal repeat; CMV, Cytomegalovirus promoter; SaCas9, 
Staphylococcus aureus CAS9; bGHpA, bovine growth hormone polyadenylation signal; sgRNA, 

single guide RNA; Guide, incomplete sgRNA-coding sequence; U6, RNA pol III promoter. 

 

3.6.2 In vivo testing of the single guide RNAs 7 and 8 

 

In order to test the efficacy of the CRISPR/SaCas9 platform in vivo, my colleagues cloned 

the most active sgRNAs, the sgRNA7 and sgRNA8, into the pX602 plasmid, which differs 

from the previous one used for in vitro testing (pX601 plasmid) for expressing the SaCas9 

nuclease under the control of the liver-specific thyroid-binding globulin (TBG) (Fig. 26). 

Fig. 26. The pX602-SaCas9 plasmid. The pX602-SaCas9 vector was used for the in vivo testing of 
sgRNA7 and sgRNA8. ITR, inverted terminal repeat; TBG, thyroid-binding globulin promoter; 

SaCas9, Staphylococcus aureus CAS9; bGHpA, bovine growth hormone polyadenylation signal; 

sgRNA, single guide RNA; Guide, incomplete sgRNA-coding sequence; U6, RNA pol III promoter. 

 

 

After the cloning of the guides, single rAAV8 vectors for each sgRNA were produced by 

the AAV Vector Unit at ICGEB (Trieste, Italy). 
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3.6.2.1 Experimental plan 

 

To evaluate the in vivo efficacy of both sgRNAs to target the endogenous albumin locus, I 

intraperitoneally (IP) injected 4-days-old WT mice with a dose of 1.0E12 vg/mouse of the 

single rAAV8 vectors encoding the sgRNA7 (rAAV8-SaCas9-sgRNA7) or the sgRNA8 

(rAAV8-SaCas9-sgRNA8). Two weeks after vector administration, I collected the livers, 

extracted genomic DNA and performed the T7 endonuclease 1 (T7E1) assay (Fig. 27). 

 

Fig. 27. SaCas9-sgRNA7 and -sgRNA8 in vivo testing. WT newborn mice were intraperitoneally 
(IP) injected at post-natal day 4 (P4) with rAAV8-SaCas9-sgRNA7 or rAAV8-SaCas9-sgRNA8 

(1.0E12 vg/mouse) and the liver was collected at P19. Genomic DNA was extracted, the target region 

PCR amplified and the T7E1 assay was performed. 
 

3.6.2.2 The T7E1 assay 

 

Since genome editing can target preferentially some loci than others, it is relevant to evaluate 

the specific targeting rate for each locus. The T7E1 assay is an enzyme mismatch cleavage 

method useful for this purpose and is adopted to estimate the mutation hit-rate at a given 

locus (Vouillot, Thelie et al., 2015). It is based on the amplification, mediated by PCR, of 

target genomic regions of samples treated with the nuclease, on the denaturation and self-

annealing of derived amplicons and on their treatment with the T7E1 enzyme. This 

endonuclease can recognize and cut mismatches in hetero-duplexes generated by INDELs 

introduced by NHEJ mechanism used by cells to repair induced DNA DSBs. Cleavage 

products are detected by standard agarose gel electrophoresis and the estimated gene 

modification is calculated using a formula described by Gushin et al. (Guschin et al., 2010). 

The determination of targeting efficacy by the T7E1 cleavage assay confirmed the in vitro 

results. Both sgRNAs were able to induce DNA DSBs in the target region next to the albumin 

stop codon and, furthermore, the sgRNA8 was the most active one, with an overall efficiency 

of 24 % (Fig. 28). Considering its higher activity and the fact that the target site is located 

more than 100 bp downstream the 5’ of intron 14, far from the splice site and, thereby, with 

low probabilities to affect albumin pre-mRNA splicing of targeted alleles because of error-

prone NHEJ mechanism, I selected the sgRNA8 for the next in vivo experiments. 
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Fig. 28. SaCas9-sgRNA7 and -sgRNA8 in vivo efficiency. The T7E1 assay results and the derived 

percentage of INDELs (% INDELs) for the sgRNA7 and sgRNA8 are shown. Three mice for each 

sgRNA were treated and analyzed; ctrl + cells, cells treated with the corresponding pX602-SaCas9 
vector, ctrl - mouse, untransduced mice. In the lower panel the expected bands of T7E1 assay for 

both sgRNA7 and sgRNA8 treated samples; F and R, forward and reverse PCR primers. 

 

3.6.3 The SaCas9-sgRNA8 dose-finding experiment 

 

3.6.3.1 Experimental plan 

 

Since for the in vivo testing (Fig. 28) I transduced mice with a single high amount of rAAV8-

SaCas9-sgRNA8 (1.0E12 vg/mouse), a dose-finding experiment was planned to determine 

the lowest one having the maximum possible effect. Then, 4-days-old WT mice were IP 

injected with different doses of rAAV8-SaCas9-sgRNA8: 2.5E+11, 5.0E+11 and 7.5E+11 

vg/mouse (Fig. 29). Two weeks after the rAAV8 administration, I collected liver, extracted 

the genomic DNA and performed the T7E1 assay. 
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Fig. 29. SaCas9-sgRNA8 dose-finding experiment. WT newborn mice were intraperitoneally (IP) 

injected at post-natal day 4 (P4) with rAAV8-SaCas9-sgRNA8 (2.5E+11, 5.0E+11 and 7.5E+11 

vg/mouse) and the liver was collected at P19. Genomic DNA was extracted, the target region PCR 
amplified and the T7E1 assay was performed. 
 

3.6.3.2 The T7E1 assay 

 

Estimation of INDELs percentage (% INDELs) for each dose obtained with the T7E1 assay 

(Fig. 30) resulted in low activity for the 2.5E11 and 5.0E11 vg/mouse (~5-6%), with an 

important increase for the 7.5E11 and 1.0E12 vg/mouse doses (25.5 and 31.6%, 

respectively). Since the increase in activity between the two higher doses was minor, I 

selected 7.5E11 vg/mouse of rAAV8-SaCas9-sgRNA8 as the lowest dose having the 

maximum effect, and it was, thereby, employed for next set of experiments. 

 

Fig. 30. Determination of the lowest and most effective dose of rAAV8-SaCas9-sgRNA8. 4-days-

old WT mice were intraperitoneally transduced with different doses of rAAV8-SaCas9-sgRNA8: 

2.5E+11 (#7, #8), 5.0E+11 (#9, #10), 7.5E+11 (#11, #12) and 1.0E+12 (#4, #5, #6) vg/mouse. The 

T7E1 assay results and the derived percentage of INDELs (% INDELs) for each rAAV8 dose are 

indicated. ctrl + cells, cells treated with the corresponding pX601-SaCas9 vector, ctrl - cells, 

untreated cells, ctrl - mouse, untransduced mice. 
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3.7 Comparison between intraperitoneal and intravenous administration routes 

 

3.7.1 Experimental plan 

 

Since one important concern of gene therapy is the potential genotoxicity of the rAAV 

vector, with the aim of reducing this important risk, I investigated the use of a more efficient 

administration route (Daly, Ohlemiller et al., 2001, Gombash Lampe, Kaspar et al., 2014, 

Kienstra, Freysdottir et al., 2007). Thereby, I compared intraperitoneal (IP) and intravenous 

(IV) injections using an episomal rAAV8 vector encoding the eGFP reporter gene under the 

transcriptional control of the liver-specific alpha1 anti-trypsin promoter (Fig. 31). I 

intraperitoneally or intravenously transduced WT newborn mice at post-natal day 4 with the 

same dose of 1.0E+11 vg/mouse of the rAAV8-pGG2-AAT-eGFP vector. I sacrificed and 

collected the liver two weeks after vector administration and evaluated the number of eGFP-

positive cells in liver sections. 

 

 

 

 

 

Fig. 31. IP versus IV administration routes comparison. WT newborn mice were intraperitoneally 

(IP) or intravenously (IV) transduced at post-natal day 4 with the same dose (1.0E+11 vg/mouse) of 

the rAAV8-pGG2-AAT-eGFP episomal vector. The liver was collected at post-natal day 19 and the 
number of eGFP positive cells in liver sections was evaluated. 
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3.7.2 Intravenous delivery results in higher efficiency of transduction 

	

Quantification analysis of liver sections indicated that intravenous delivery was ~9 fold more 

efficient than intraperitoneal one (6.2 vs 0.7 %, respectively; Fig. 32) and, therefore, it was 

selected for the next experiments. 

Fig. 32. The intravenous route of administration is more efficient than the intraperitoneal one. 

Histological analysis of liver sections of IP- or IV-transduced mice. Nuclei were counterstained with 

Hoechst. Representative images are shown. Scale bar 500 µm. Lower panel, quantification of the 
number of eGFP-positive hepatocytes. Student’s t-test, **, P = 0.0088, n = 3 per experimental group, 

10 images per animal were analyzed. 

 

3.8 Coupling GeneRide and CRISPR/SaCas9 strategies to increase eGFP targeting 

rate 

 

3.8.1 Experimental scheme 

 

In order to find the best experimental conditions of the strategy to apply to the Crigler-Najjar 

type I syndrome mouse model, after the selection of the most efficient sgRNA, AAV dose 

and administration route, I coupled GeneRide with the CRISPR/SaCas9 platform using the 

eGFP reporter cDNA, which encodes for a cytoplasmic protein, to target the albumin locus 

(Fig. 33). To avoid potential cleavage of the donor DNA by the SaCas9 nuclease, before and 

after the homology directed repair mechanism, I modified its sgRNA8 PAM sequence. I 
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transduced WT mice at post-natal day 4 with the donor DNA encoding the eGFP (rAAV8-

donor-eGFP, 8.0E11 vg/mouse) alone, or in combination with the SaCas9-sgRNA8 

encoding vector using two different doses (rAAV8-SaCas9-sgRNA8, 2.0E11 or 6.0E11 

vg/mouse for the low (HDR L) and high (HDR H) SaCas9 dose, respectively). Two weeks 

after the administration, I collected the liver and evaluated the number of eGFP positive cells 

in liver sections of rAAV8-treated mice. 

Fig. 33. Targeting of the eGFP cDNA by coupling GeneRide with CRISPR/SaCas9 platform. 

WT newborn mice were IV transduced with the donor-eGFP vector alone (rAAV8-donor-eGFP, 

8.0E11 vg/mouse) or in combination with the SaCas9-sgRNA8 encoding vector (rAAV8-SaCas9-

sgRNA8), using two different doses (2.0E11 or 6.0E11 vg/mouse). Livers were collected at P19 and 
analyzed. 

 

3.8.2 Coupling GeneRide to SaCas9 results in increased number of recombinant 

hepatocytes 

 

Quantification analysis of the liver sections showed that the percentage of recombinant 

hepatocytes were ~6% and ~13% in the low (HDR L) and high (HDR H) SaCas9 dose, 

respectively, reaching up to 24% in some mice in the higher dose group, with an overall 

increase of ~26-fold respect to spontaneous HR (Fig. 34). 

 

Fig. 34. Efficient targeting of the eGFP cDNA by coupling GeneRide with CRISPR/SaCas9 

platform in WT newborn mice. Histological analysis of liver sections of mice treated with the 
rAAV8-donor-eGFP alone (HR) or in combination with rAAV8-SaCas9-sgRNA8, with two different 

SaCas9 doses (low, HDR L; or high, HDR H). Nuclei were counterstained with Hoechst. n=5 per 

group. Scale bar 500 µm. One-way ANOVA: *, P = 0.0141; Bonferroni’s Comparison Test: HR 
versus HDR L, t = 1.447, ns; HR versus HDR H, t = 3.506, P < 0.005; HDR L versus HDR H, t = 

2.059, ns. 



	 77	

I also evaluated the levels of eGFP protein in transduced mice by Western blot analysis. 

Mice treated with both rAAV8 vectors (rAAV8-donor-eGFP and rAAV8-SaCas9-sgRNA8, 

at low and high SaCas9 dose, HDRL and HDR H, respectively) produced an amount of the 

reporter protein that was up to ~30 fold higher than in mice treated with the eGFP donor 

vector alone (HR) (Fig. 35). 

 

 

Fig. 35. eGFP protein levels in rAAV8-transduced mice. WB analysis of liver protein extracts. 

Short and long expositions are shown. One-way ANOVA: ***, P = 0.0010; Bonferroni’s Multiple 

Test: HR versus HDR L, t = 4.914, P < 0.01; HR versus HDR H, t = 7.256, P < 0.01; HDR L versus 

HDR H, t= 2.342, ns; n = 3 per treatment. 

 

Additionally, I determined the eGFP mRNA levels by quantitative RT-PCR and observed a 

significant correlation with protein expression levels (Fig. 36). 

 

Fig. 36. Correlation between eGFP and hybrid Alb-eGFP mRNA levels. Correlation, **, P = 

0.0084, r
2
 = 0.4257; n = 5 per treatment; 10 images per animal were analyzed. 
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3.9 Comparison of recombination efficacy between post-natal day 2 and 4 vector 

administration 

 

3.9.1 Experimental plan 

 

Since the overall strategy developed in this study is based on homologous recombination, 

which is more efficient in highly proliferative cells (Cunningham, Dane et al., 2008), I 

speculated that an earlier rAAV8 administration could result in a higher integration rate. 

Therefore, I compared the spontaneous recombination efficiency at post-natal day 2 and at 

post-natal day 4 by intravenously injecting WT mice with the donor-eGFP vector (rAAV8-

donor-eGFP, 8.0E11 vg/mouse). I collected the liver two weeks after the administration and 

evaluated the number of eGFP-positive cells in liver sections (Fig. 37). 

 

 

Fig. 37. Post-natal day 2 versus post-natal day 4 administration. WT newborn mice were IV 

transduced with rAAV8-donor-eGFP (8.0E11 vg/mouse) at post-natal day 2 or post-natal day 4. 

Liver was collected at P19 and the number of eGFP-positive cells was determined. 

 

 

3.9.2 P2 viral transduction resulted in increased homologous recombination rate 

 

Quantification analysis of liver sections from P2 and P4 treated mice showed that P2 

transduction resulted in up to 4-fold higher number of recombinant hepatocytes than in P4-

treated mice, reaching ~2% of spontaneous recombination. Thereafter, I selected post-natal 

day 2 administration for the next experiments (Fig. 38). 
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Fig. 38. Spontaneous homologous recombination is more efficient at P2 administration than at 

P4 one. Histological analysis of liver sections. Nuclei were counterstained with Hoechst. Scale bar 

500 µm. Lower panel, quantification of the number of eGFP positive hepatocytes. Student’s t-test, 
***, P = 0.0008. n=3 and 5 for the animals transduced at P2 and P4, respectively; 10 images per 

animal were analyzed. 

 

3.10 Efficient targeting and long-lasting gene expression of the hFIX reporter 

cDNA by coupling GeneRide with CRISPR/SaCas9 platform 

 

3.10.1 Experimental plan 

 

In order to evaluate the life-long efficiency by coupling GeneRide and CRISPR/SaCas9 

strategies, I took advantage of the hFIX reporter cDNA, which encodes for a secreted 

protein. I transduced 2-days-old WT newborns with the donor DNA containing the hFIX 

cDNA (rAAV8-donor-hFIX, 2.0E11 vg/mouse) alone, or in combination with the SaCas9-

sgRNA8 encoding vector using two different doses [rAAV8-SaCas9-sgRNA8, 6.0E10 or 

2.0E11 vg/mouse, for the low (HDR L) and high (HDR H) SaCas9 dose, respectively]. I 

collected blood from rAAV8-treated and untreated mice by retro-orbital bleeding at 1, 2, 3, 
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6 and 10 months, which was the last analyzed time-point, when I performed the sacrifice of 

the animals (Fig. 39). 

 

Fig. 39. Targeting of the hFIX cDNA by coupling GeneRide with CRISPR/SaCas9 platform. 2-

days-old WT newborn mice were intravenously (IV) transduced with rAAV8-donor-hFIX alone 

(2.0E11 vg/mouse, HR) or in combination with rAAV8-SaCas9-sgRNA8, using two different 

SaCas9 doses (6.0E10 vg/mouse, HDR L; or 2.0E11 vg/mouse, HDR H). Blood was collected at 1, 
2, 3 6 and 10 months of age and mice were sacrificed at 10 months. Liver was extracted. 

 

3.10.2 Increased hFIX targeting rate by coupling GeneRide with CRISPR/SaCas9 

platform 

 

To evaluate the hFIX concentration in plasma of all rAAV8-transduced animals, I used a 

very specific ELISA-test that is based on the use of an antibody able to discriminate the 

human protein version from the mouse one. ELISA analysis showed that all mice treated 

with both donor-hFIX and SaCas9-sgRNA8 rAAV8 vectors (HDR L and HDR H) had 

significantly higher levels of plasma hFIX concentration than those obtained in mice 

transduced with the donor- hFIX alone (HR). The overall increase was roughly up to 100-

fold and the corresponding hFIX values ranged from 100 to 200 % of those found in the 

normal human population. Importantly, these increased levels of hFIX were stable even 10 

months after the administration (Fig. 40). 
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Fig. 40. Efficient targeting of the hFIX cDNA by coupling GeneRide with CRISPR/ SaCas9 in 

WT newborn mice. hFIX concentration (ng/mL) in plasma of rAAV8-treated WT mice. 100 ng/mL 

corresponds to 2% of normal values in human population. hFIX plasma concentration increased more 
than100-fold in mice treated with both donor and SaCas9 encoding vectors (HDR L and HDR H) 

respect to once treated with the donor alone (HR) and those levels were stable even 10 months after 

vectors administration. n = 3 for each experimental group. 

 

3.11 Efficient, long-lasting and safe coupling of GeneRide to CRISPR/SaCas9 in 

CNSI mice 

 

3.11.1 Experimental plan 

 

In order to determine the therapeutic potential, I tested the approach in a very severe mouse 

model of the Crigler-Najjar syndrome type I (Bortolussi et al., 2012), a paradigmatic liver 

disease caused by mutations in the Ugt1 gene, selecting the best experimental conditions 

determined in the previous sections. I transduced Crigler-Najjar type I syndrome (CNSI) 

mice at post-natal day 2 by intravenously injection with the donor DNA vector encoding the 

hUGT1A1 alone (rAAV8-donor-hUGT1A1, 2.0E11 vg/mouse) or in combination with the 

SaCas9-sgRNA8 encoding vector using two different doses [rAAV8-SaCas9-sgRNA8, 
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6.0E10 or 2.0E11 vg/mouse for the low (HDR L) and high (HDR H) SaCas9 dose, 

respectively] (Fig. 41). I maintained rAAV8-treated and -untreated mice under phototherapy 

(PT) treatment from birth (P0) up to post-natal day 8 (P8) to allow the expression of the 

therapeutic protein and to avoid the risk of bilirubin-induced brain damage. This short PT 

treatment is not sufficient to rescue lethality of the mouse model and results in death of all 

mice at a later time-point [at P19 instead of P11 in untreated mice, {Bortolussi, 2014 #13)]. 

To monitor the therapeutic efficacy of the strategy during time, I collected blood at 1, 4, 5 

and 10 months of age. I sacrificed all mice for analysis at 10 months of age. 

 

 

 

Fig. 41. Coupling GeneRide to CRISPR/SaCas9 platform in Crigler-Najjar mice. Ugt1
-/-

 

newborns were intravenously (IV) transduced with rAAV8-donor-hUGT1a1 alone (2.0E11 
vg/mouse, HR) or in combination with rAAV8-SaCas9-sgRNA8 using two different SaCas9 doses 

(6.0E10 vg/mouse for the low (HDR L) or 2.0E11 vg/mouse for the high one (HDR H)). Mice were 

maintained under phototherapy (PT) from birth to post-natal day 8 (P0-P8 PT). Blood was collected 
at 1, 4, 5 and 10 months and mice were sacrificed at 10 months. Liver and brain were extracted. 

 

 

3.11.2 GeneRide and CRISPR/SaCas9 coupling results in complete rescue from 

neonatal lethality with life-long normal plasma bilirubin levels 

 

All the rAAV8 treatments, consisting in the donor vector alone (HR) or in two different 

combinations of donor and nuclease-encoding vectors (HDR L and HDR H), resulted in the 

rescue from neonatal lethality. Indeed, newborns who received only phototherapy from birth 

to post-natal day 8 died before day 19 because of the very severe brain damage induced by 

unconjugated hyperbilirubinemia (Fig. 42), as previously observed {Bortolussi, 2014 #13}. 
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Fig. 42. The rescue of neonatal lethality of CNSI mice. Kaplan-Meier survival curve. All rAAV8-

treated mice survived, while all mutant mice treated only with PT up to P8 died before P19. Long-
rank (Mantel-Cox) Test, **, P = 0.0020. n =3 per rAAV8-untreated, n = 8 per rAAV8 treated. 
 

 

I determined the overall efficacy of the treatment by measuring the levels of total bilirubin 

(TB) in the plasma of the animals. All mice treated with both donor-hUGT1A1 and SaCas9-

sgRNA8 rAAV8 vectors (HDR L and HDR H) had plasma bilirubin levels significantly 

lower than those of mice treated with only donor-hUGT1A1 (HR). Furthermore, these values 

were similar to those of WT littermates for all the duration of the experiment, up to 10 

months after the rAAV8 administration (Fig. 43), suggesting the life-long therapeutic 

efficacy of the developed strategy. 

 

 

 

Fig. 43. GeneRide coupled to CRISPR/SaCas9 platform converted a lethal phenotype with a 

normal one with life-long efficacy. Total bilirubin (TB) levels were determined in plasma at 1, 4, 5 

and 10 months. TB levels of all rAAV8-treated mice were similar to WT littermates up to 10 months 

after the administration. Two-way ANOVA, Treatment, ***, Time, **, Interaction, ***, HR versus 
HDR L/H, ***, n =3 per HR, HDR H; n = 2 per HDR L. 
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3.11.3 The therapeutic protein is produced at supra-physiological levels by 3-4% of 

hepatocytes 

 

I determined hUGT1A1 protein levels by Western blot using an antibody that can recognize 

both mouse and human versions (Fig. 44). WB analysis showed that mice transduced with 

both rAAV8 vectors (HDR L and HDR H) produced supra-physiological amounts of the 

therapeutic protein reaching levels that were up to 6-fold higher than those detected in the 

same amount of WT liver protein extracts. I was not able to detect any signal in the mice 

treated with the donor-hUGT1A1 alone (HR), suggesting that the protein levels could be 

below the WB detection limit reached with the utilized antibody. 

 

 

Fig. 44. GeneRide- and SaCas9- treated mice produced a supra-physiological amount of UGT1. 

WB analysis of liver protein extracts using an anti-Ugt1 antibody with human and mouse specificity. 

Treated animals with both donor-hUGT1A1and SaCas9-sgRNA8 encoding vectors (HDR L and 

HDR H) had UGT1A1 protein levels that were 4/6-fold higher than those present in the same amount 
of WT liver protein extracts. Short and long expositions are shown. Right panel: Quantification of 

the WB. One-way ANOVA, P = 0.0088, **; Bonferroni’s multiple comparison test, UNTR/HR 

versus HDR H, *; n = 3 per WT, HR, HDR H; n = 2 per Untr, n = 2 per HDR L. 

 

In order to estimate the percentage of recombinant hepatocytes, I performed the 

immunofluorescence analysis of liver sections with a human-specific anti-UGT1A1 

antibody. Quantification analysis showed that 3.0 to 3.6 % of hUGT1A1-positive 

hepatocytes were present in HDR L and HDR H experimental groups, which produced a 

supra-physiological amount of the therapeutic enzyme. The number of recombinant cells 

increased up to 90 times in mice treated with both donor-hUGT1A1 and SaCas9-sgRNA8 

vectors respect to those present in mice treated with the donor vector alone. Furthermore, 

edited cells were organized in clusters, suggesting the presence of early recombination 

events and clonal proliferation (Fig. 45). 
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Fig. 45. GeneRide and CRISPR/SaCas9 combined strategies enhanced the percentage of 

recombinant hepatocytes up to 90 times in CNSI mice. Immunofluorescence analysis of liver 

sections of Ugt1
-/- 

mice treated with rAAV8-donor-hUGT1a1 alone (HR) or in combination with two 

different doses of rAAV8-SaCas9-sgRNA8 (HDR L and HDR H). About 3.0-3.6% of hepatocytes 
were hUGT1A1-positive, with cluster localization, consistent with early recombination events and 

clonal proliferation of the targeted cells. Sections were stained with a human-specific anti-UGT1A1 

antibody. Nuclei were counterstained with Hoechst. Lower panel: Quantification of hUgt1a1 positive 

hepatocytes of liver sections. Student’s t-test, HR versus HDR, *, P = 0.0129; n = 3 per HR, n = 5 
per HDR. HDR L and HDR H are joined together for the statistical analysis. 
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3.11.4 Treated mice have normal brain architecture and dendritic arborisation 

 

As previously discussed, neonatal lethality of CNSI mice is due to neurological damage 

induced by prolonged unconjugated hyperbilirubinemia. Since all rAAV8-treated mice had 

plasma TB levels that were life-compatible and, moreover, those of mice treated with 

coupled GeneRide and CRISPR/SaCas9 platforms were comparable to WT littermate ones, 

even 10 months after the vector administration, I expected normal cerebellar and brain 

architecture, without neurological damage. In order to verify this hypothesis, I evaluated 

cerebellar layer thickness in WT untreated and Ugt1-/- rAAV8-treated mice. The analysis of 

brain sections confirmed the hypothesis, showing no significant differences in brain 

architecture between rAAV8-treated and -untreated mice (Fig. 46). 

 

 

Fig. 46. Ugt1
-/-

 rAVV8-treated mice showed normal cerebellar layer thickness. Cerebellar layer 

thickness was determined in WT untreated (Untr) and Ugt1
-/- 

rAAV8-treated mice at 10 months of 

age with the hUGT-donor DNA alone (HR) or in combination with two different SaCas9 doses (low, 

HDR L; or high, HDR H), using Hoechst-stained brain sections. Representative images are shown. 

ML, molecular layer; GL, granular layer; WM, white matter. Scale bar = 480 µm. Two-way 
ANOVA: interaction, ns, P = 0.9721; treatment, ns, P = 0.6803; layer, ns, P = 0.3966; n = 3 per WT, 

HR and HDR H, n = 2 per HDR L. 

 

In addition, to more finely determine potential bilirubin-induced damage in the cerebellum, 

I performed immunofluorescence analysis of brain sections with an anti-calbindin antibody 

to count the number of Purkinje cells and measure their arborisation. I counted about 6 to 8 

Purkinje cells per mm, finding no variations between rAAV8-treated and -untreated WT 

mice (Fig. 47). The normal tissue architecture and dendritic arborisation confirmed the 
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absence of damage in the cerebellum of treated mice, and the life-long therapeutic efficiency 

of the developed strategy. 

 

 

Fig. 47. Ugt1
-/-

 rAVV8-treated mice showed normal Purkinje cells numbers. Purkinje cells 

immunofluorescence analysis of cerebellar sections using an anti-Calbindin specific antibody. Nuclei 

were counterstained with Hoechst. Scale bar 50 µm. ML, molecular layer; PCs, Purkinje cells. 
Quantification of PCs density. One-way ANOVA, ns, P = 0.0368. N = 3 per WT, HR and HDR H; 

N = 2 per HDR L. 

 

3.11.5 Treated mice presented normal liver histology with no inflammatory response 

 

Since the supra-physiological levels of the therapeutic protein produced by the hepatocytes 

of CNSI mice treated could have adverse effects and undesired consequences in the health 

of the animals, I evaluated liver histology by performing Hematoxylin and Eosin (H&E) and 

Masson’s trichrome stainings (Fig. 48). No abnormalities such as fibrosis and leukocyte 

infiltration were found in all rAAV8-treated mice, whose liver sections were comparable to 

age-matched WT ones. 
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Fig. 48. Ugt1
-/-

 rAVV8-treated mice showed normal liver histology. (A) (B) Haematoxylin-Eosin 

(H&E) (A) and Masson’s trichrome (B) stainings of liver sections from WT untreated (Untr) and 
Ugt1

-/- 
rAAV8-treated mice (M10) with the donor-hUGT alone (HR) or in combination with two 

different SaCas9 doses (low, HDR L; or high, HDR H). 10 x and 20 x magnifications are shown. 

 

In order to investigate the safety of the strategy, I evaluated the expression of some of the 

most important inflammatory markers: TNFa, CD8, CD4 and INFg. The mRNA levels of 

all mentioned genes were determined by quantitative RT-PCR analysis, showing no 

significantly change between untreated and treated animals (Fig. 49). These results 

confirmed the normal liver conditions of treated mice, already suggested by liver histology 

(Fig. 48). 
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Fig. 49. Ugt1
-/-

 rAVV8-treated mice showed no evidence of inflammation. (A-D) Evaluation of 

the mRNA levels by qRT-PCR of TNFa (A), CD8 (B), CD4 (C) and INFg (D) of WT untreated and 
Ugt1

-/- 
rAAV8-treated mice with the hUGT-donor DNA alone (HR) or in combination with two 

different SaCas9 doses (low, HDR L; or high, HDR H), at 10 months of age. Gapdh was used to 

normalize all inflammatory markers levels. One-way ANOVA: TNFa, ns, P = 0.4394; CD8, ns, P = 

0.1054; CD4, ns, P = 0.1688; INFg, ns, P = 0.0575. n = 2 per HDR L, n = 3 per WT, HR and HDR 

H. 

 

3.12 Coupling GeneRide to CRISPR/SaCas9 results in a reassuring safety profile 

 

3.12.1 Albumin expression was not affected by gene targeting 

 

With the aim of verifying whether targeting the albumin locus after its coding sequence 

could affect gene expression, I determined plasma albumin levels of all experimental groups 

in the eGFP-, hFIX-, and UGT1A1-editing experiments. I observed that neither at 3 weeks 

nor at 10 months after rAAV8 vector administrations, plasma albumin levels were affected 

(Fig. 50). 

 



	 90	

 

 

Fig. 50. Normal protein levels of albumin after SaCas9 administration. (A) Plasma albumin 

evaluation of WT mice untreated and treated at P4 with the eGFP-donor DNA vector (HR) alone or 
in combination with the SaCas9-sgRNA8 vector, at low (HDR L) or high SaCas9 dose (HDR H). N 

= 5 per experimental group. (B) Plasma albumin evaluation of WT mice untreated and treated at P2 

with the hFIX-donor DNA vector (HR) alone or in combination with the SaCas9-sgRNA8 AAV8 
vector, at low (HDR L) or high SaCas9 dose (HDR H). N = 3 per experimental group One way 

ANOVA, *, P = 0.0149. Bonferroni’s Multiple Comparison Test, HR versus HDR L, *. (C) Plasma 

albumin evaluation of WT untreated and Ugt1
-/-

 treated mice at P2 with hUGT-donor DNA (HR) 

alone or in combination with SaCas9-sgRNA vector, at low (HDR L) or high SaCas9 dose (HDR H). 
N = 3 per Untr, HR and HDR; N = 2 per HDR L. One way ANOVA, ns. Bonferroni’s Multiple 

Comparison Test, ns. 

 

I also evaluated albumin mRNA levels in WT mice treated only with SaCas9-sgRNA8 

encoding vector whose liver was collected at different post-natal days after rAAV8 

administration and in Ugt1-/- treated mice. qRT-PCR analysis did not highlight any 

significant difference between untreated and treated animals (Fig. 51), demonstrating that 

albumin expression, neither at protein nor at mRNA levels, was affected. 
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Fig. 51. Normal mRNA levels of albumin after SaCas9 administration. (A) Albumin mRNA 
levels of WT mice untreated (UNTR) and treated with only rAAV8-SaCas9-sgRNA8 (2.0E+11 

vg/mouse) at P2. Mice were sacrificed at different post-natal days (P7, P13, P19, and P30) and the 

livers analyzed. One-way ANOVA, ns, P = 0.0979. N = 2 per UNTR; N = 3 per P7, P13, P19 and 
P30. (B) Albumin mRNA levels of WT mice untreated (Untr) and Ugt1

-/-
 rAAV8-treated mice with 

hUGT-donor DNA (HR), or with hUGT1-donor DNA and SaCas9 encoding AAV8 vectors, at low 

(HDR L) or high SaCas9 dose (HDR H). One-way ANOVA, ns, P = 0.4923. Bonferroni’s Multiple 

Comparison Test, ns, N = 3 per Untr, HR and HDR H, N = 2 per HDR L. 

 

3.12.2 Analysis of time-persistence of SaCas9 in the transduced liver 

 

3.12.2.1 Experimental plan 

 

Since one of the most important concerns of the use of the CRISPR/Cas9 platform is 

represented by its potential unspecific activity, which may be further increased as a 

consequence of its long-term persistence in the target tissue, I evaluated SaCas9 expression 

at different post-natal days in WT mice that were treated at P2. I intravenously injected WT 

mice at post-natal day 2 (P2) with a dose of 2.0E+11 vg/mouse of rAAV8-SaCas9-sgRNA8 

and collected the livers at P7, P13, P19 and P30 (Fig. 52). 

 

 

Fig. 52. SaCas9 time-long persistence. WT newborn mice were intravenously transduced with 

rAAV8-SaCas9-sgRNA8 (2.0E+11 vg/mouse) at post-natal day 2. Livers were collected at post-natal 
days 7, 13, 19 and 30 and analyzed by WB. IV, intravenous; SaCas9, rAAV8-SaCas9-sgRNA8. 
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3.12.2.2 The SaCas9 protein levels decrease shortly after vector administration 

 

WB analysis of liver protein extracts showed that SaCas9 protein levels decreased after 

rAAV-administration, reaching undetectable levels at post-natal day 30 (Fig. 53). 

 

 

Fig. 53. SaCas9 protein levels decreased to undetectable ones 30 days after its administration. 

WB analysis of liver protein extracts of WT untreated and treated with rAAV8-SaCas9-sgRNA8 
collected at different post-natal days. Hsp70 was used as loading control. The quantification of the 

WB is shown in the lower panel. One-way ANOVA, ns, P = 0.0847, n = 3 per group. 

 

I also evaluated SaCas9 expression at mRNA level, by performing qRT-PCR analysis. I 

observed that mRNA levels increased soon after the vector infusion, reached a maximum at 

post-natal day 30 and significantly decreased at 10 months of age, the longest analyzed time 

point (Fig. 54). 
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Fig. 54. SaCas9 mRNA levels. SaCas9 mRNA levels of WT mice treated with only rAAV8-SaCas9-

sgRNA8 (2.0E+11 vg/mouse) at P2. Mice were sacrificed at different post-natal days, (P7, P13, P19, 

and P30) and the livers analyzed. 

 

Then, I evaluated the number of viral genome particles per cell (vgp/cell) by qPCR of the 

liver genomic DNA. Quantitative analysis showed an important decrease in viral genome 

particles over time, probably consequent to episomal vector degradation and dilution during 

hepatocyte duplication in the context of a growing organ, since vector administration was 

performed at P2 (Cunningham et al., 2009) (Fig. 55). At 10 months of age I detected 1.5 

vgp/cell, justifying the detected mRNA expression levels. 

 

 

Fig. 55. Vector loss of SaCas9-sgRNA8 encoding rAAV8 vector. Viral genome particle (vgp) 

determination of SaCas9-sgRNA8 encoding rAAV8 vector at different post-natal days of age. 

 

3.12.3 No changes were detected in predicted SaCas9-sgRNA8 off-target sites 

 

3.12.3.1 In silico prediction analysis 

 

The unspecific activity of the Cas9 nuclease can result in off-targets activity with undesired 

consequences such as deregulation of genes involved in the cell cycle regulation, with the 

potential risk of generating tumors. In order to assess the specificity of the SaCas9-sgRNA8, 
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I performed an in silico prediction analysis of potential off-target sites using the 

bioinformatics software Cas-Offinder (http://www.rgenome.net/cas-offinder/) Previous 

studies of the SaCas9 nuclease reported the absence of INDELs in target sequences 

containing 5 or more nucleotide mismatches with the corresponding sgRNA (Ran et al., 

2015). Therefore, I focused the attention to off-target sites having a maximum of 4 

mismatches in the target sequence. Based on genome location within actively transcribed 

regions and their functional importance, we selected TUBGCP2, KIF21A and Gm29874 

genes as possible off-targets loci. While TUBGCP2 and KIF21A are protein-coding genes, 

Gm29874 is, instead, a long non-coding RNA gene. TUBGCP2 and KIF21A are protein-

coding genes, whereas Gm29874 is a long non-coding RNA gene. I excluded from the 

analysis the fourth possible off-target site (Nmf420) as it corresponds to an intergenic, non-

coding region, with an unknown function. 

 

3.12.3.2 Sequencing analysis of on- and off-target sites 

 

In order to evaluate the presence of INDELs in on-target and off-target sites, I amplified the 

on-target and potential off-target sites from liver DNA of mice treated with the highest dose 

of rAAV8-SaCas9-sgRNA8 (1.0E+12 vg/mouse; Fig. 28). The amplified PCR products 

were deep sequenced with an Illumina platform. Positional sequencing mutation analysis 

showed the precise location of INDELs in the expected albumin target site (Fig. 56), and 

gap-length frequency analysis highlighted a median length of the deletions, longer or equal 

to 2 bases, between 5 and 7 nucleotides (Tab. 15). Furthermore, positional frequency 

analysis showed that the median number of reads with gaps in each nucleotide position was 

3 to 4.5%, up to 15% at the albumin target site, with no signal above noise levels (Fig. 57; 

Tab. 16). 
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Fig. 56. Positional sequencing mutation analysis at the albumin on-target site after sgRNA8-

SaCas9 transduction. Representative nucleotide sequences of the targeted albumin locus of one 

treated mice with sgRNA8-SaCas9 presented in Fig. 28. Sequences shown represent gap length 

diversity rather than the actual frequency distribution. The analysis showed the precise location of 
INDELs in the expected target site. 

 

 

 

 

 

Tab. 15. Gap-length frequency analysis at the albumin on-target site after sgRNA8-SaCas9 

transduction. The genomic DNA of the albumin on-target site of mice treated with sgRNA8-SaCas9 

presented in Fig. 28 was PCR amplified and sequenced by NGS approach. The obtained reads were 

aligned and noise filtered. The % of reads containing gaps ³ 2 bases was determined. Lines 5 and 6 
show the data of independent duplicate PCR reaction of Lines 1 and 4. The analysis highlighted a 

median length of the deletions, longer or equal to 2 bases, between 5 and 7 nucleotides. 
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Fig. 57. sgRNA8 efficiently targets the albumin locus in neonatal treated mice. (A) Mutation 

frequency analysis at the albumin target site by sgRNA8. The dots represent the percentage of reads 
with bases different from the original sequence at each base position. The colored dots indicate 

variants above noise levels; the grey dots represent levels predicted as sequencing noise. The SaCas9-

sgRNA8 on-target site is indicated by green arrowheads. The analysis was performed in the same 
animals analyzed in Fig. 28. The analysis showed that the median number of reads with gaps in each 

nucleotide position was 3 to 4.5%, up to 15% at the target site, with no signal above noise levels. (B) 

Box plots of the distributions of the data shown in (A), with indicated median values. Signal and 

noise distributions are plotted separately. Indels are represented in red and snps in blue. The analysis 
was performed in the same animals analyzed in Fig. 28. 
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Tab. 16. Positional-frequency analysis at the albumin on-target site after sgRNA8-SaCas9 

transduction. The genomic DNA of the albumin on-target site of mice treated with sgRNA8-SaCas9 
presented in Fig. 28 was PCR amplified and sequenced by NGS approach. The median values were 

plotted in Fig. 57B. ND, not detected 

 

By applying conservative filters in order to keep as many false positives as possible, no 

INDELs or SNPs were detected above background levels at any of the predicted off-target 

sites in the samples from treated animals (Fig. 58; Tab. 17, 18). 
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Fig. 58. Analysis of SaCas9 off-target activity. (A) Mutation frequency analysis of the predicted 

potential off-target sites by sgRNA8. The dots represent the percentage of reads with bases different 
from the original sequence at each base position. The red and blue dots indicate variants above noise 

levels. Grey dots indicate variants below threshold levels (noise). The location of the predicted 

SaCas9 off-target sites is indicated by a red arrow. The analysis was performed in the same animals 
used in Fig. 28. (B) Box plots of the distributions of the data shown in (A), with indicated median 

values. Signal and noise distributions are plotted separately. Indels are represented in red and snp in 

blue. The analysis was performed in the same animals used in Fig. 28. 
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Tab. 17. Positional-frequency analysis of predicted off-target sites after sgRNA8-SaCas9 

transduction. The genomic DNA of the predicted off-target site of mice treated with sgRNA8-

SaCas9 presented in Fig. 28. was PCR amplified and sequenced by NGS approach. The median 

values were plotted in Fig. 58B. ND, not detected. 
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Tab. 18. Gap-length frequency analysis at predicted off-target sites after sgRNA8-SaCas9 

transduction. The genomic DNA of the predicted off-target site of mice treated with sgRNA8-
SaCas9 presented in Fig. 28 was PCR amplified and sequenced by NGS approach. The obtained 

reads were aligned and noise filtered. The % of reads containing gaps ³ 2 bases was determined. 
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4. DISCUSSION 

	 	



	 102	

4.1 The liver directed gene transfer mediated by AAV vectors 

 

AAV-mediated gene transfer to the liver has shown efficacy and safety in adult patients 

and several clinical trials in subjects with hemophilia A and B are ongoing 

[ClinicalTrials.gov number, NCT02484092,	 (George et al., 2017); ClinicalTrials.gov 

number, NCT02576795, (Rangarajan et al., 2017); ClinicalTrials.gov number, 

NCT00979238, (Nathwani et al., 2014)]. The potential of liver directed gene therapy in 

the clinic is under evaluation also for Crigler-Najjar type I syndrome. Indeed, a European 

network (CureCN), to which our group participates, is evaluating the safety and efficacy 

of an intravenous injection of an AAV vector expressing the UGT1A1 transgene in CNSI 

patients requiring phototherapy aged ³ 10 years by an open label, escalating-dose phase 

I/II study (ClinicalTrials.gov number, NCT03466463). Furthermore, in the United 

States, Audentes Therapeutics has been recruiting patients to evaluate the safety and 

preliminary efficacy of an AAV8-delivered gene transfer therapy in CNSI subjects aged 

1 year and older (ClinicalTrials.gov number, NCT03223194). However, the potential of 

liver directed gene transfer in neonatal/pediatric settings, where liver is immature and the 

hepatocytes proliferation triggers episomal DNA loss (Cunningham et al., 2009), is still 

a challenge, suggesting that more effective therapeutic strategies should be developed to 

cure many monogenic liver diseases that require treatment early in life. 

Liver-directed gene therapy mediated by rAAV vectors has already been applied to 

correct very severe neonatal hyperbilirubinemia in a lethal mouse model of Crigler-

Najjar type I syndrome (CNSI) (Bortolussi et al., 2012). These animals mimic the main 

features of the human disorder, such as neonatal lethality. rAAV8-mediated liver 

delivery of the therapeutic hUGT1A1 cDNA, whose expression was controlled by a 

strong liver-specific promoter (Mingozzi, Liu et al., 2003), resulted in the rescue of 

neonatal lethality with a therapeutic efficacy that lasted up to 17-months post-injection 

(Bortolussi et al., 2014b). Even if gene therapy succeeded in rescuing CNSI mice from 

neonatal lethality, a very high dose of the therapeutic AAV8 vector was required 

(Bockor, Bortolussi et al., 2017, Bortolussi et al., 2014b), raising important concerns 

regarding the safety of the procedure, since rAAV vectors can be genotoxic. 

Furthermore, transgene expression and, thereby, therapeutic efficacy decreased over 

time, as a consequence of the progressive loss of episomal AAV viral genomes during 

hepatocyte proliferation (Bortolussi et al., 2014b, Cunningham et al., 2009), and a second 

re-administration of the therapeutic gene was necessary (Bockor et al., 2017). However, 

while re-infusion of the beneficial AAV vector in mice is effective, it is not possible in 
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a clinical setting due to the presence of neutralizing antibodies against the AAV-capsid 

antigens, presenting potential cross-reaction among the genotypes, generated after the 

first vector infusion (Calcedo & Wilson, 2016). Two of the most important limits of 

AAV-mediated gene therapy observed in the CNSI treatment, the episomal vector loss 

in actively dividing cells and the development of an immune response against the gene 

therapy tools used, represent major obstacles for the success of AAV-mediated gene 

transfer to cure liver-based monogenic diseases with neonatal/pediatric onset. The 

concerns and limitations of non-integrative AAV-mediated gene therapy approaches 

stimulated researchers to find alternative therapies to cure liver inherited pediatric 

disorders. 

 

4.2 The potential of AAV-mediated liver gene editing 

 

Gene editing is a promising approach to treat rare monogenic diseases by the permanent 

modification of the genome, overcoming non-integrative AAV-mediated gene therapy 

limitations. Indeed, the possibility to permanently modify a genomic sequence and the 

ability of the targeted cells to transmit the introduced modification to daughter one result 

in long-term therapeutic efficacy of the gene transfer treatment. Two main strategies can 

be selected for a genome editing therapeutic approach: 1) correct the specific mutation 

responsible of the diseased phenotype, or 2) insert a functional copy of the therapeutic 

gene into a “safe harbour locus” (Sadelain, Papapetrou et al., 2011). Even if several 

studies demonstrated the efficacy of targeting and repairing in vivo the specific sequence 

of the genomic locus involved in the pathogenesis of the disorder (Li et al., 2011, Paulk 

et al., 2010, Yang et al., 2016, Yin et al., 2014), the clinical potential of the approach is 

limited by the existence of multiple disease causing mutations (Canu et al., 2013, 

Kadakol et al., 2000) and by the gene editing rate, which may not be sufficient to reach 

therapeutic levels of the involved protein. Many liver monogenic diseases, indeed, result 

from mutations that could be located in different regions of the gene, requiring the 

development of specific experimental strategies for each of the disease-causing 

mutations, with time-consuming and expensive procedures. This limit is highlighted by 

the 130 reported mutations of the UGT1A1 gene responsible of both Gilbert syndrome 

(GS) and Crigler-Najjar syndrome (CNS) (Canu et al., 2013) and the 417 disease-causing 

mutations counted leading to ornithine transacarbamylase deficiency (OCTD) (Caldovic, 

Abdikarim et al., 2015) On the contrary, targeting a functional copy of the therapeutic 

gene into a “safe-harbour” locus corrects most existing mutations, avoiding the need of 
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setting up specific approaches for each specific disease-causing mutation. Furthermore, 

the selection of a highly-transcribed locus whose modification does not affect the 

phenotype may result in high levels of therapeutic gene expression, even with low 

targeting rate, leading to the permanent correction of the dysfunction. Various studies 

selected the endogenous albumin gene to target the therapeutic cDNA due to its high 

transcription rate, ensuring high levels of transgene expression to correct the mutated 

phenotype (Barzel et al., 2015, Porro et al., 2017, Sharma, Anguela et al., 2015). 

Furthermore, the albumin gene was selected as a genomic “safe harbour locus” for many 

additional reasons: it is highly expressed in the liver, an organ in which gene delivery 

and gene editing can be easily determined; it is possible to target the first intron since its 

first exon codes for the secretory peptide that is cleaved from the mature protein; the 

normal levels of albumin in plasma present a wide range, assuring that the potential 

inactivation of a low proportion of albumin alleles by the targeting approach may not 

result in undesired side effects. Consequently, the albumin gene can be considered as a 

targeting locus of choice for liver-directed gene replacement therapies. 

 

4.3 The limited therapeutic efficacy of GeneRide 

 

The GeneRide approach is a genome editing strategy without nucleases (Barzel et al., 

2015) which exploits the recombination capacity of rAAV vectors (Russell & Hirata, 

1998). It was developed by Barzel and colleagues and it ameliorated disease in a mouse 

model of hemophilia B (Barzel et al., 2015). When we applied GeneRide to a mouse 

model of the Crigler-Najjar type I syndrome (Porro et al., 2017) by inserting the 

promoterless hUGT1A1 cDNA into albumin locus, we rescued neonatal lethality and all 

biochemical and functional abnormalities in CNI mice with a therapeutic efficacy that 

lasted up to 12 months after the administration (Porro et al., 2017). The observed 

targeting rate, around 0.033 % (Porro et al., 2017), was lower than the one determined 

by Barzel et al, which was about 0.5% (Barzel et al., 2015), however, it can be explained 

by important differences related to the specific construct used, albumin zonal expression 

(Poliard, Bernuau et al., 1986) and AAV8 transduction patterns (Bell, Wang et al., 2011). 

Considering vector differences, the length of the hUGT1A1 cDNA was larger than that 

of the hFIX, and, as a consequence, the hUGT1A1 donor construct was in the upper limit 

of the normal AAV cargo capacity, probably resulting in a lower quality of the virus 

preparation. Importantly, while the FIX experiment was performed in P2 mice, the 

UGT1A1 delivery was done at P4. The different post-natal delivery could contribute to 
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explain the observed lower targeting rate, since I have seen that spontaneous homologous 

recombination at P2 is about 5-fold higher than at P4. These considerations may explain, 

at least partially, the targeting rate differences between the two GeneRide applications 

(Barzel et al., 2015, Porro et al., 2017). The few edited hepatocytes were, however, able 

to produce functional UGT1A1 enzyme in levels that were sufficient to convert a very 

severe phenotype into a mild one, with life-long therapeutic efficacy. These results 

support the potential of GeneRide, since 5-10 % of WT activity reduces plasma bilirubin 

to safe levels in human and mice (Bortolussi et al., 2014b, Fox et al., 1998, Sneitz et al., 

2010) and 12-22 % of functional total liver mass solves completely the metabolic defect 

in Gunn rat	(Asonuma, Gilbert et al., 1992). The long-lasting efficiency of the approach 

resulted from the site-specific and permanent integration of the therapeutic cDNA into 

the highly-transcribed albumin locus, avoiding the episomal DNA loss observed in gene 

replacement strategies (Bortolussi et al., 2014b, Cunningham et al., 2009, Wang et al., 

2012), which limits their potential for diseases with an early onset. Since GeneRide 

adopts a promoterless AAV vector, the risk to develop hepatocellular carcinoma (HCC) 

is limited, since unspecific integration will not result in the transactivation of nearby 

genes, as observed with some potent liver-specific and viral promoters (Chandler, 

LaFave et al., 2015, Donsante et al., 2007). Even if total plasma bilirubin levels of all 

mice treated with GeneRide were below the toxic range and avoided the otherwise 

derived brain damage, they were still too high for a potential clinical application. In 

addition, a high dose of AAV vector was administrated to the animals, which was much 

higher than the one used in hemophilia B clinical trials (Nathwani, Cochrane et al., 2009, 

Nathwani et al., 2014, Nathwani et al., 2011b) while no selective advantage was present 

in recombinant or WT hepatocytes. 

 

4.4 Compounds and siRNAs based strategies failed to enhance homologous 

recombination rate 

 

Aiming to a potential application of the approach into clinic, we looked for experimental 

strategies able to enhance the low integration rate obtained with GeneRide (Porro et al., 

2017). One possible approach relies on the use of more efficient vectors and/or 

transgenes, by using AAV serotypes that more efficiently transduce the liver and/or by 

adopting a codon-optimized cDNA of the therapeutic gene, increasing mRNA 

translatability and, thus, the overall levels of enzyme (Ronzitti, Bortolussi et al., 2016). 

Conferring a selective advantage of gene-modified hepatocytes could be another key 

strategy. Nygaard et al. co-expressed the therapeutic gene and a short hairpin RNA 



	 106	

(shRNA) that confers edited hepatocytes with resistance to drug-induced toxicity. Using 

this approach, they were able to select gene-targeted cells and to increase transgene 

expression 10- to 100-fold in mice (Nygaard, Barzel et al., 2016). However, since the 

drug used by the authors is hepatotoxic, its potential clinical application raises many 

safety concerns, together with the log time necessary to obtain FDA approval, limiting 

the translation of the approach into a clinical setting. Other strategies to increase 

therapeutic efficacy could be interfering with mechanisms that cells normally use to 

repair DNA DSBs. Since GeneRide takes advantage of HR to target the insertion of the 

therapeutic cDNA into albumin locus, blocking NHEJ or enhancing HDR could boost 

transgene precise integration. In spite that several compounds have been reported to 

interfere with DNA DSBs repair pathways in vitro (Chu et al., 2015, Jayathilaka et al., 

2008, Vartak & Raghavan, 2015) and in vivo (Maruyama et al., 2015, Paulk et al., 2012, 

Srivastava et al., 2012), we did not observe any increase in recombination rate after 

testing most of them in vitro and in vivo. Another promising strategy aimed to increase 

the efficiency of site-specific integration could be enhancing AAV transduction, since 

increasing amounts of donor template used by the cells to repair DNA DSBs result in 

higher HDR rate. Thereafter, we tested two siRNAs identified by Mano et al. that 

significantly increased viral transduction in vivo (Mano et al., 2015) by coupling them 

to GeneRide but we did not observe the expected increase in recombination rate. The 

differences between the two experimental strategies, such as the age and strain of mice, 

and the administration routes, could explain, at least, partially, the discrepancies of data. 

Consequently to these negative results and to the fact that silencing genes could result in 

undesired and unpredictable effects, we analyzed other alternative strategies to increase 

the recombination rate and therapeutic efficacy. 

 

4.5 Promising genome editing tools: the engineered endonucleases 

 

The use of genome editing approaches has been increasing very fast since researchers 

discovered that, by inducing specific DNA double strand breaks (DSBs), it is possible to 

enhance gene targeting rate by several orders of magnitude (Jasin, 1996)	(Rouet et al., 

1994). Many engineered endonucleases, such as ZFNs and TALENs, have been 

developed to generate DNA DSBs in a site-specific manner. ZFNs have been 

successfully adopted to correct hemophilia A and B in mouse models using AAV vectors 

(Sharma et al., 2015). The approach used by Sharma et al. is based in the targeted 

integration of the therapeutic cDNA (hFVIII and hFIV cDNAs for hemophilia A and B, 
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respectively) into the albumin locus, resulting in long-term expression of both secreted 

factors. Thus, we considered the use of nucleases to enhance targeting rate. However, 

the potential of genome editing tools such as ZFNs is limited by their time-consuming 

and expensive design and production. Nowadays many genome-editing strategies rely 

on the use of the CRISPRII/Cas9 platform, which is promising in targeting any genomic 

locus of choice. Indeed, the sgRNA can be easily designed to guide the Cas9 nuclease to 

almost any desired sequence of the genome (Jinek et al., 2012). Among different 

engineered endonucleases, the CRISPRII/Cas9 platform has demonstrated high efficacy 

in editing genes both in vitro and in vivo (Pankowicz, Barzi et al., 2016, Xue, Chen et 

al., 2014, Yang et al., 2016, Yin et al., 2014). Gene editing mediated by CRISPRII/Cas9 

system has been successfully adopted in vivo to correct OTC and HTI mouse models 

(Yang et al., 2016, Yin et al., 2014). From the discovery of the bacterial CRISPRII/Cas9 

subtype as a powerful genome editing tool, many nucleases variants have been identified, 

such as Staphylococcus pyogenes (Sp) and Staphylococcus aureus (Sa) Cas9 (Esvelt et 

al., 2013, Ran et al., 2015). However, the SaCas9 nuclease represents a safer variant for 

in vivo genome editing since its longer and more complex PAM sequence could result in 

higher cleavage specificity and lower off-target activity (Ran et al., 2015). 

 

4.6 The enhanced GeneRide efficiency by CRISPRII/SaCas9 coupling in neonatal 

mice 

 

Therefore, we reasoned that the combination of GeneRide with the CRISPRII/SaCas9 

platform could result in enhanced gene targeting rate. In fact, when we tested the strategy 

in neonatal WT mice using the eGFP reporter cDNA we were able to enhance gene 

targeting rate up to 26-fold, reaching in some mice up to 24 % of recombinant 

hepatocytes. When we adopted the hFIX cDNA in neonatal WT mice, we increased the 

targeting efficiency more than 100-fold compared to the group without nucleases. This 

high integration rate resulted in plasma hFIX values that corresponded to 100-200 % of 

normal human ones, even 10 months after the vector administration. Combining 

GeneRide to CRISPRII/SaCas9 in Ugt1-/- mice resulted in the rescue from neonatal 

lethality of all treated animals with total plasma bilirubin levels that were comparable to 

WT littermates even 10 month after AAV-vector infusion. The edited hepatocytes, up to 

3.6 %, produced an amount of UGT1 protein that was up to 6-fold higher than that 

produced by the same amount of liver extract from WT mice. Metabolic disorders are a 

heterogeneous class of monogenic diseases in which the level of therapeutic protein 

necessary to convert the diseased phenotype with a life-compatible one varies among 
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them. Hemophilia and Crigler-Najjar type I syndrome are excellent examples of liver 

inherited diseases that can successfully be treated with gene editing approaches since 

low levels of enzyme or factor activity are enough to guarantee a normal life in the 

treated patients. In fact, just 2-5 % or 5-10 % of normal activity of the involved protein, 

respectively, are needed to convert a severe phenotype into a mild one (Bortolussi et al., 

2014b, White, Rosendaal et al., 2001). Other metabolic diseases, such as OTC deficiency 

(Briand, Francois et al., 1982), are more severe and higher levels of WT activity are 

necessary to correct the diseased phenotype (Cunningham, Kok et al., 2013). 

Considering that edited hepatocytes with this approach produced an amount of 

therapeutic protein that was much higher than WT one, GeneRide coupled to 

CRISPRII/SaCas9 could be potentially applied to correct more sever liver diseases. 

Furthermore, for diseases in which a lower functional activity is needed, it could be 

possible to further decrease the dose of rAAV vectors, which is a major concern of gene 

therapy and editing strategies due to potential genotoxicity of the viral DNA. The 

successful targeting into the albumin locus of three cDNAs, encoding for three different 

proteins forms with different cellular/extracellular localization, cytoplasmatic, secreted 

and ER transmembrane, for the eGFP, the hFIX and the hUGT1A1, respectively, 

supports the therapeutic potential of the strategy to treat different liver-inherited 

disorders in which the involved proteins may have different localization and function. 

One important advantage of the approach is represented by the possibility to treat 

different liver inherited disorders by just replacing the therapeutic cDNA in the donor 

AAV vector and using the same SaCas9 and sgRNA encoding AAV vector. Furthermore, 

the same genome editing tools can be used to treat different disease-causing mutations. 

 

4.7 The efficiency of genome editing approaches in adults 

 

In this study, we coupled GeneRide to CRISPRII/SaCas9 platform to develop a 

therapeutic strategy useful to treat diseases with early onset and looking at this aim, only 

neonatal mice were transduced. Considering that highly proliferative cells use 

preferentially HDR mechanism to repair DNA DSBs (Ceccaldi, Rondinelli et al., 2016), 

whereas quiescent ones adopt NHEJ, which is error-prone, we speculated that if applied 

to adult mice, the proposed approach result in lower correction rate than the one obtained 

in newborns. Yang et al. supported our hypothesis demonstrating that the correction of 

the single point mutation in OTC mice differs if they are treated during the neonatal 

period or in adulthood (Yang et al., 2016). Contrary to those results, Barzel et al. applied 
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GeneRide to adult mice obtaining the same correction rate achieved with neonatal 

administration (Barzel et al., 2015). Further experiments should be performed to 

determine the gene targeting efficiency with the proposed approach in adult CNSI mice. 

 

4.8 The safe profile of GeneRide coupled to CRISPRII/SaCas9 platform 

 

With this study, we demonstrated how GeneRide coupled to CRISPRII/SaCas9 platform 

can lead to increased targeting rates, resulting, thereby, in higher levels of transgene 

expression with life-long therapeutic efficacy. As previously mentioned, the potential 

off-target activity of the nucleases is a major concern in the gene-editing field. The 

selection of SaCas9 nuclease, instead of SpCas9, should result in the reduction of the 

potential off-target sites since the required PAM sequence, NNGRRT, is more complex 

than the one of SpCas9 (Ran et al., 2015). In order to confirm the safety of SaCas9, we 

first predicted potential off-target sites using the bioinformatics software Cas-Offinder. 

No off-target activity was detected by deep-sequencing with Illumina-seq technology in 

the selected sites, which had 4 mismatches, and no sites with less than 4 mismatches 

were detected, supporting the concept that the more complex SaCas9 PAM may result 

in reduced off-target sites. 

To further evaluate the specificity of the approach, we analyzed in detail the SaCas9 on-

target activity. The SaCas9 nuclease, guided by the sgRNA8, targets a sequence located 

100 bp downstream the albumin stop codon. The induced DNA DSBs may be repaired 

by HDR in the presence of a donor template. However, we could not rule out the 

possibility that cells use the NHEJ mechanism to repair the DNA damage, leading to 

INDELs and, if they are large enough, to the consequent inactivation of a high number 

of targeted alleles. To assess this risk, we evaluated albumin expression, both at mRNA 

and protein levels, and we did not find any significant difference between rAAV8-treated 

and -untreated mice, supporting the hypothesis that the developed approach does not 

disrupt albumin gene expression. These results are supported by the bioinformatics 

analysis of the Illumina data obtained from the targeted albumin sequence, showing that 

the great majority of deletions were shorter than seven nucleotides, with a very low 

proportion of longer gaps. 

As already mentioned before, the choice to target a therapeutic transgene into albumin 

locus is also shared by Sharma et al. (Sharma et al., 2015). Contrary to our strategy, they 

targeted a promoterless therapeutic cassette containing a splice acceptor site into the first 

intron of the albumin gene, thereby, inactivating the targeted allele (Sharma et al., 2015). 
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Our approach differs from the one of Sharma et al. also in terms of efficiency of 

targeting, which can be related to differences in the adopted strategies. Indeed, they used 

ZFNs in adult mice, and a different donor template (Sharma et al., 2015). 

Additionally, since the long-term persistence of the nuclease in the target tissue could 

result in adverse effects, we evaluated SaCas9 expression at different days after rAAV 

administration in WT mice. We could appreciate that SaCas9 levels decreased over time, 

being undetectable 30 days after the vector infusion. However, we found a relevant 

number of AAV-SaCas9 genomes per cell at 10 months of age, which was in line with 

evaluated mRNA expression, suggesting that the sensitivity of the anti-SaCas9 antibody 

was not high enough to detect the nuclease when present at lower levels. Therefore, in 

order to further improve the safety profile of the approach, we may limit the time-

window in which the nuclease is active by using a self-inactivating system (Merienne, 

Vachey et al., 2017, Petris, Casini et al., 2017) or by delivering the nuclease as mRNA 

or protein, taking advantage of lipid nanoparticles (Kim, Kim et al., 2014, Liang, Potter 

et al., 2015). 
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CONCLUSIONS 

 

In this study, we aimed at enhancing gene targeting rate of GeneRide by combining it with 

the CRISPRII/SaCas9 platform, and testing the therapeutic efficacy in a relevant and severe 

animal model of a liver inherited disease. 

We provided the proof-of-concept that shows the enhanced efficacy and normal safety 

parameters of the proposed approach to cure severe liver diseases with neonatal onset. The 

developed platform can be applied to different liver monogenic disorders and be considered 

for a potential application into the clinic. However, further pre-clinical studies will be 

required to fully assess long-term safety of the nuclease-based approach for the treatment 

for CNSI and other inherited liver diseases. 
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