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Traditionally, a broad approach has been applied to the development of treatments for genetic 

diseases, in an attempt to benefit the greatest possible number of patients. In several cases, these 

treatments have led to significant amelioration of the disease phenotypes and of patients’ quality 

of life and lifespan. However, in many contexts major drawbacks still exist, such as the 

inaccessibility of specific tissues to the therapeutics, the short persistence in circulation of the 

infused drug and the difficulty in delivering large therapeutic transgenes. Moreover, the 

pathological and phenotypical heterogeneity found in patients often frustrate the attempts to 

apply a universal treatment. 

In this context, even though a mutation-specific therapeutic approach can target only a 

subset of patients, it could still offer substantial improvements by either i) being able to reach 

otherwise inaccessible tissues (e.g. readthrough-inducing compounds for central nervous 

system, see Chapter 2), or ii) exploiting small expression cassettes compatible with adeno-

associated virus (AAV)-mediated delivery (e.g. U1 snRNA-based approaches to correct splicing 

defects, see Chapter 4).  

An additional more general approach relies on the precise engineering of therapeutic 

molecules in order to improve their functional and/or pharmacokinetic properties (e.g. 

exploiting human serum albumin for half-life extension purposes, see Chapter 3). 

In this work, different approaches were explored for the treatment of three different X-linked 

disorders, chosen as paradigmatic models. 

The first part of this thesis will focus on Fabry disease, a lysosomal storage disorder currently 

treated with enzyme replacement therapy. Unfortunately, the infused recombinant enzyme is 

not able to cross the blood-brain barrier, thus leaving untreated the central nervous system, 

which is one of the mainly involved organs. Given the relevant portion of patients harbouring 

nonsense mutations, which are associated with the most severe phenotype, a nonsense-

suppression approach was investigated. This strategy relies on the ability of small compounds 

to induce the mechanism of ribosome readthrough over premature termination codons and, 

albeit already tested for several genetic diseases, it has never been attempted so far for Fabry 

disease.  

The second part of the thesis will focus on replacement therapy for Haemophilia B. Albeit 

widely diffused and effective, replacement therapy still suffers from the major drawback of short 

half-life of the infused factor (coagulation factor IX, FIX). Several products have been 

developed with enhanced persistence in circulation but the research is always ongoing. In this 

work a double approach has been applied to improve both functional and pharmacokinetic 

properties of FIX. In particular, a novel FIX-albumin fusion protein was produced in which 
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a well-known gain-of-function variant of FIX has been exploited to increase the pro-coagulant 

features, together with a rationally engineered albumin characterised by enhanced binding to its 

receptor (the neonatal Fc receptor) and thus endowed with extended half-life. 

Finally, in the third part of this thesis, gene therapy for Haemophilia A (HA) will be addressed. 

Recently, many progresses have been made in this field and significant results have been 

obtained, but the large cassette required for expression of the missing factor (coagulation factor 

VIII, FVIII), together with its very low expression levels, have hampered the establishment of 

gene therapy for HA. In this context, an alternative approach focused on mutations affecting 

splicing (estimated to affect 10-50% of patients) was explored, by taking advantage of modified 

U1 snRNAs. This strategy, already exploited to rescue aberrant splicing and functional protein 

synthesis in several diseases, can benefit from small expression cassettes compatible with adeno-

associated viral delivery, with the additional advantage of maintaining the physiological 

regulation of target gene expression.  

The aim of this work is to provide the proof-of-principle of the feasibility of each of these 

strategies for Fabry disease, Haemophilia B and Haemophilia A. Nevertheless, the approaches 

investigated here in three very specific contexts may be applied to other disease models as well. 
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2.1 Background and rationale 

 

2.1.1 Nonsense mutations 

Nonsense mutations account for ~11% of all disease-associated gene lesions and are defined as 

single nucleotide changes within a gene that result in the creation of an in-frame premature 

termination codon (PTC)1. A PTC reduces gene expression through two main mechanisms (Fig. 

2.1). Firstly, it causes the premature termination of mRNA translation, leading to the production 

of a truncated protein which generally shows altered function and/or stability. Second, a PTC-

bearing transcript may trigger a conserved surveillance pathway called nonsense-mediated 

mRNA decay (NMD), leading to the reduction in the steady-state level of cytoplasmic mRNA. 

Indeed, not all PTC-containing mRNAs undergo NMD as it has been demonstrated that 5-25% 

of transcripts normally escape degradation2 and that PTCs located less than 50 nucleotides 

upstream of an exon-exon junction or in the last exon of a gene generally fail to elicit the 

surveillance mechanism3. Additionally, in a minority of cases, nonsense mutations can lead to 

the production of truncated proteins that can interfere with the wild-type form, thus exerting a 

dominant negative effect4. 

Figure 2.1. Mechanisms of gene expression reduction mediated by premature termination of translation. 
ATG, translation initiation codon; PTC, premature termination codon; NTC, normal termination codon; 
NMD, nonsense-mediated mRNA decay. 
 

Nonsense mutations generally act by reducing the amount of full-length functional proteins, 

thus resulting in a loss-of-function effect, often associated to the so-called “null” phenotype. 

Given the relevant incidence of this type of genetic defect, in the past decades many efforts 

have been made to develop therapies specifically targeted to nonsense mutations suppression5–

7. One of them relies on the natural phenomenon of termination codon suppression mediated 

by the ribosome readthrough mechanism.  
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2.1.2 Translation termination and ribosome readthrough 

Eukaryotic translation comprises four major phases: initiation, elongation, termination and 

recycling. During translation elongation a process of aminoacyl-tRNA (aa-tRNA) sampling 

occurs and codons located in the acceptor (A) site of the ribosome are decoded by an aa-tRNA 

in a ternary complex with the elongation factor eEF1 and GTP. The accuracy of this process is 

strictly monitored by the ribosomal decoding centre at two steps separated by the irreversible 

hydrolysis of GTP5. Similarly, when a stop codon enters the ribosomal A site, the process of 

sampling still occurs. In particular, translation termination is mediated by the release factor eRF1 

in complex with eRF3: the first resembles the overall shape of a tRNA and directly recognizes 

all stop codons (UAA, UAG, UGA), while the latter is a GTPase that binds eRF1 and assists in 

the termination process8,9. 

Therefore, when a stop codon enters the ribosome, a competition occurs between eRF1 and 

aa-tRNAs. Normally, eRF1 highly outcompetes aa-tRNAs for stop codon binding because there 

are no tRNAs that are cognate to one of the termination codons. However, translation 

termination is not a 100% efficient process and a stop codon on mRNA can be mis-recognised 

by an aa-tRNA, thus being suppressed by the physiological mechanism of ribosome 

readthrough (Fig. 2.2). During this process, eRF1 is superseded in binding the stop triplet by a 

near-cognate aa-tRNA (a tRNA whose anticodon is complementary to two of the three 

positions of a nonsense codon)10. As a result, instead of translation termination, an amino acid 

is added to the polypeptide chain and translation elongation continues until the next in-frame 

stop codon is reached. 

   

Figure 2.2. Schematic representation of the competition between termination and readthrough11. 

 

Ribosome readthrough was first identified as a way, for viruses, to expand their genetic 

information: it was observed that in Escherichia coli infected by RNA phage Qβ, the tRNATrp 
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stimulated readthrough over the UGA stop codon at the end of the coat protein cistron, 

resulting in a longer coat protein essential for the production of infective Qβ particles12. Since 

then, stop codon readthrough has been found to play important biological roles providing a 

mechanism to regulate gene expression through the production of different proteins from the 

same gene13,14. Nevertheless, translation termination is normally a highly efficient process and 

ribosome readthrough is thus a rare event. 

  

2.1.3 Ribosome readthrough determinants 

The overall frequency of readthrough can be influenced by several variables. First, the frequency 

of termination suppression at premature stop codons (~1%) is about 10-fold higher than at 

natural stop codons (<0.1%)5,15,16. This difference is likely due to the interaction between the 

termination complex and factors bound to the 3’ untranslated region (UTR) of the mRNA (Fig. 

2.3). Indeed, during translation, the mRNA is maintained in a closed-loop conformation whose 

function is both to protect the ends of the transcript from exonucleolytic degradation17, and to 

enhance recycling of translational components, thus increasing the frequency of translation 

initiation. This closed conformation is maintained by the association of three actors: the cap-

binding protein (eIF4E), which is bound to the 5’-cap structure of the mRNA, the poly(A)-

binding protein (PABP), attached to the poly(A) tail, and eIF4G, that binds both eIF4E and 

PABP resulting in circularization of the mRNA. 

 

 

 

 

 

 

 

 

 

Figure 2.3. Schematic representation of normal (left) and premature (right) termination codons5. 

 

Along with its role in the formation of the closed-loop complex, PABP also promotes 

translation termination by interacting with eRF3 and stimulating polypeptide chain release18. In 

the presence of a premature stop codon, which is usually not close to the poly(A) tail, the 

interaction between PABP and eRF3 will likely be less efficient, leading to prolonged ribosomal 
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pausing and increased aa-tRNA sampling, which in turn makes the PTC more susceptible to 

readthrough19. 

In addition to the differences between natural stop codons and PTCs, a major determinant of 

readthrough frequency is the sequence context, namely the identity of the stop codon and the 

surrounding sequence. A first evidence came from statistical analysis of the context adjacent to 

the stop codons at the end of genes in several organisms, which revealed that the actual 

termination signal may consist of a tetranucleotide sequence20. Further studies on the efficiency 

of translation termination in yeast21 and in mammalian translation systems16 indicated that both 

upstream and downstream sequences act together with the stop codon to determine the overall 

efficiency of translation termination. In particular, the UGA codon was identified as the most 

susceptible to suppression, followed by UAG and UAA.  Both studies further confirmed that 

also the fourth base plays a significant role in determining the occurrence of readthrough, 

although its effect appeared to be a function of the adjacent stop codon (Tab. 2.1). This is likely 

due to the network of hydrogen bonds that are formed between eRF1 and the different stop 

codons, together with the interaction of eRF1 with the downstream nucleotides22.  

 

Table 2.1. Basal readthrough levels with different stop codons and sequence contexts. Values are 
reported as percentage of full-length polypeptides on total protein translated in vitro16. 

 

However, the termination signals at the end of an open reading frame have been shown to 

usually promote efficient translation termination, especially among highly expressed transcripts. 

Moreover, the generation of carboxy(C)-terminally extended proteins following natural stop 

codon suppression is prevented by several cellular mechanisms. As an example, in case of stop 

codon readthrough, translation may proceed through the 3′ UTR into the poly(A) tail leading to 

stalling of the ribosome. This induces a mRNA surveillance pathway called nonstop decay, 

which is a Ski7-dependent exosome-mediated degradation of transcripts with stalling ribosomes 

bound to the poly(A) tail23. In addition, recent studies have shown that translation into 3′ UTRs 

may reduce C-terminally extended protein levels because 3′ UTR-encoded peptides mark their 

resulting products for destruction, either co- or post-translationally24. 

UAA A 0.2 UAG A 0.9 UGA A 1

UAA C 0.5 UAG C 1.1 UGA C 3.8

UAA G 0.4 UAG G 0.8 UGA G 0.6

UAA U 0.2 UAG U 1.6 UGA U 0.7

Termination 

Signal

Percent 

Readthrough

Termination 

Signal

Percent 

Readthrough

Termination 

Signal

Percent 

Readthrough
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Notably, while factors affecting readthrough occurrence have yet to be completely elucidated, 

several studies have identified the amino acids that are incorporated during stop codon 

suppression in yeast and mammalian cells10,25,26. The main determinant of the amino acid 

incorporated is the stop codon present, whereas the flanking sequences or a possible inducer 

have no effect on the identity of the suppressor. It has been demonstrated that UAA and UAG 

stop codons can be suppressed by the insertion of glutamine, tyrosine and lysine, whereas UGA 

codons can be suppressed by tryptophan, cysteine and arginine10,25. 

As already mentioned, the misreading of a stop codon during readthrough is mediated by a near-

cognate tRNA (i.e. a tRNA with a single nonstandard Watson-Crick codon/anticodon base 

pair). Thus, the ability of a tRNA to decode a stop codon depends on its extent of base pairing 

and on the detection of that base pairing by the decoding centre of the ribosome. Recent 

crystallographic studies have revealed that the ribosomal A-site can tolerate nonstandard 

Watson-Crick base pairs and that it is the shape of the base pairs to be crucial, rather than the 

number or type of hydrogen bonds that are formed27. In addition, it has been suggested that a 

mechanism of “geometrical mimicry” by nonstandard pairing may be favourable for tRNA 

incorporation27. In particular, insertion of near-cognate tRNAs occurs by mispairing at either 

position 1 or 3 of the codon, whereas the second position is under tight selection by the 

ribosome and does not tolerate mismatches10,25. More specifically, readthrough of UAA leads to 

an equal distribution of position 1 and 3 mispairing, whereas UAG favours mispairings at 

position 1 and UGA at position 328. In the first position, the nonstandard Watson-Crick U-G 

mispairing is predominant, due to its geometrical mimicry of a standard base pairing event. 

Likewise, nonstandard base pairings are allowed at the third position, with A-C favoured over 

G-G and A-G28.   

Interestingly, comparison of several studies indicated that, while the subset of amino acids 

inserted by readthrough remains the same regardless of the experimental system, their relative 

ratio changes when different conditions are used10,25,26. Indeed, readthrough occurrence is 

strongly influenced by pharmacological agents that bind to the ribosomal decoding centre thus 

altering translation termination fidelity29. 

 

2.1.4 Drug-induced readthrough as a nonsense suppression therapy 

The first demonstration that certain low-molecular-mass drugs could stimulate ribosome 

readthrough of PTCs associated to genetic diseases opened the way to new therapeutic 

approaches based on nonsense mutations suppression. In 1996, a pioneer study showed that 

nonsense mutations in the CFTR gene could be suppressed by the aminoglycosides geneticin 
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and gentamicin, as measured by the appearance of full-length functional proteins in a cystic 

fibrosis model system30. Since then, readthrough induction has been explored as a therapeutic 

approach in more than one hundred publications for over fifty different genetic diseases31. 

The most studied readthrough-inducing compounds are aminoglycosides, a class of antibiotics 

characterised by a common 2-deoxystreptamine ring linked to one or more amino sugars. 

Aminoglycosides are clinically useful antibiotics because they inhibit prokaryotic protein 

synthesis at significantly lower concentrations than eukaryotic protein synthesis. In particular, it 

has been shown that aminoglycosides bind to specific nucleotides in the decoding site of the 

bacterial ribosome inducing A1492 and A1493 to flip out of the internal loop of helix 44, a 

conformational change similar to the transition that occurs upon cognate tRNA binding29 (Fig. 

2.4). As a result, aminoglycosides interfere with bacterial protein synthesis by facilitating amino 

acid misincorporation. 

 

Figure 2.4. Bacterial ribosomal decoding site in different conditions. The tRNA anticodon stem-loop 
(yellow), the A-site mRNA codon (purple), protein S12 (brown) and important bases (red) involved in 
conformational changes are shown. ASL, anticodon stem-loop; PAR, paromomycin. Adapted from 
Ref.29. 
 

The major determinants of the differential aminoglycoside sensitivity observed between 

prokaryotes and eukaryotes are the eukaryotic 18S rRNA residues G1645 and A1754 

(corresponding to E. coli 16S rRNA residues A1408 and G1491). The difference in these two 

residues cause the aminoglycoside-binding pocket to be shallower and less stable in eukaryotes, 

thus preventing strong binding29,32. Nevertheless, aminoglycosides have been shown to induce 

very low levels of misreading in mammalian cells, with the primary effect of increasing PTC 

suppression33, thus leading to the extensive evaluation of these compounds as readthrough-

inducing agents in several disease models6,34–36. 
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Unfortunately, the use of aminoglycosides for lifelong nonsense suppression therapy is not 

feasible because they are associated with irreversible oto- and nephro-toxicity37,38. This damage 

is not directly related to the interaction of aminoglycosides with cytoplasmic ribosomes, but is 

rather caused by their interaction with membrane phospholipids and to their ability to alter 

mitochondrial ribosomes function38–40. To address this issue, several strategies to reduce toxicity 

have been tested, such as co-administration with antioxidants or liposome encapsulation41,42, 

together with the rational development of aminoglycoside derivatives with enhanced nonsense 

suppression efficiency and reduced toxicity43. 

Extensive screening of small molecular weight compounds libraries has also led to the 

identification of non-aminoglycosidic molecules with readthrough-induction activity. One 

paradigmatic example is PTC124 (also known as ataluren or Translarna®), an orally bioavailable 

oxadiazole compound with PTC-suppression activity and shown to be safe, with minimal off-

target side-effects and no antibacterial activity44. Although PTC124 mechanism of action has yet 

to be clarified, encouraging results have been obtained. Different diseases are currently being 

evaluated in clinical trials, but results are conflicting. Indeed, ataluren has been recently 

approved by the European Medicines Agency (EMA) for Duchenne muscular dystrophy 

patients with nonsense mutations45,46, whereas the lack of conclusive results obtained in pre-

clinical and clinical trials led to discontinuation of the development of ataluren for Cystic 

fibrosis47. 

Altogether, readthrough-inducing compounds have been tested in several models of disease. In 

particular, lysosomal storage disorders (LSDs) represent ideal candidates for a nonsense 

suppression therapeutic approach, because of the relatively low threshold of protein rescue 

necessary for phenotypic amelioration31. Among LSDs, Fabry disease has never been extensively 

challenged with this correction strategy. 

 

2.1.5 Fabry disease  

Anderson-Fabry disease (FD, OMIM number 301500) is an X-linked lysosomal storage disorder 

caused by deficiency of the lysosomal hydrolase α-galactosidase A (AGAL), which causes 

accumulation of undegraded substrates, mostly globotriaosylceramide (Gb3), in cells and 

extracellular matrix48. The incidence of FD has historically been estimated at one in 40,000-

117,00049, but clinical variability of different mutations, as well as variable disease severity and 

symptoms onset, make the disease notoriously difficult to be diagnosed. Indeed, more recent 

newborn screenings performed in several countries have shown a prevalence ranging from 

1:1368 to 1:888250–52. 
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FD can develop into a severe classic phenotype, most often observed in patients with null or 

very low residual enzyme activity (1-3%), or in a generally milder nonclassical phenotype. Classic 

FD usually present in childhood and characteristic symptoms include neuropathic pain, 

hypohydrosis, angiokeratomas as well as learning and growth delay. Subsequently, ocular 

involvement and autonomic dysfunction appear, followed by kidney and heart failure and 

cerebrovascular diseases in the third decade of life. Nonclassical FD, also referred to as late-

onset or atypical FD, is characterised by a more variable disease course, in which patients are 

generally less severely affected and disease manifestations may be limited to a single organ48,53. 

Moreover, despite the X–linked inheritance pattern of FD, most heterozygous females result 

clinically affected, even though the phenotype variability is higher than in males and symptoms 

usually occur later in life and progress more gradually54,55. FD diagnosis can be made by AGAL 

activity screening in men, whereas only GLA gene sequencing is reliable for confirming the 

diagnosis in women48. 

FD is caused by mutations in the GLA gene (chromosome Xq22.1), which consists of a 1290-

bp coding sequence divided in 7 exons56. To date, over 800 different mutations have been 

described, the majority of which (75%) being point mutations followed by short-length 

rearrangements. Notably, around 10% of FD-causing variants reported to date are nonsense 

mutations (http://www.hgmd.cf.ac.uk/ac/index.php; http://fabry-database.org/; accessed on 

16 January 2020). There is not an obvious mutation “hot spot” and most of the patients/families 

with FD carry unique GLA mutations that occurred independently57.  

The GLA gene encodes a polypeptide of 429 amino acids, with the first 31 residues representing 

a signal sequence. In particular, AGAL (EC 3.2.1.22) is a homodimeric glycoprotein with each 

monomer composed of two domains, a N-terminal (β/α)8 domain (amino acids 32-330), 

containing the active site, and a C-terminal domain (amino acids 331-429), containing eight 

antiparallel β-strands on two sheets in a β-sandwich. Each monomer of AGAL contains five 

disulphide bonds (C52–C94, C56–C63, C142–C172, C202–C223, and C378–C382) and three 

N-linked carbohydrate sites, two of which (N192 and N215, containing mannose 6-phospate) 

are responsible for lysosomal sorting through the mannose 6-phospate receptor (M6PR) 

pathway and for the re-captation of secreted AGAL through endocytosis58. The active site, 

which operates through a double displacement mechanism, is formed by two catalytic residues 

(D170 and D231) and by the side chains of other twelve residues (W47, D92, D93, Y134, C142, 

K168, E203, L206, Y207, R227, D266, and M267). In the dimer, thirty residues from each 

monomer contribute to the interface and, to date, there is no evidence for cooperativity between 

http://www.hgmd.cf.ac.uk/ac/index.php
http://fabry-database.org/


  Chapter 2 

17 
 

the two active sites. Consistently with its lysosomal localization, AGAL operates most efficiently 

at low pH59. 

Deficiency of this enzyme leads to progressive storage of undegraded glycosphingolipids 

(mainly Gb3) in many tissues and cell types, thus resulting in cellular dysfunction, inflammation 

and/or fibrosis. These processes subsequently induce organ dysfunction, with the mechanism 

of tissue damage that is partly attributed to poor perfusion caused by storage in the vascular 

endothelium48. 

The gold standard for FD treatment is represented by enzyme replacement therapy (ERT), 

which involves administration of a recombinant form of the human α-galactosidase A and aim 

at reducing Gb3 accumulation. Two preparations of the enzyme are currently available: 

agalsidase α (Replagal®, Shire, authorized in Europe), which is produced in a modified human 

cell line, and agalsidase β (Fabrazyme®, Genzyme, authorized in Europe and United States), 

which is produced in Chinese hamster ovary cells. Endocytosis of recombinant AGAL involves 

a combination of multiple receptors and, besides the M6PR and mannose receptor, megalin and 

sortilin have also been proposed60. Studies with both recombinant enzymes have reported 

decreased cardiac mass, decreased frequency of pain crisis and clearance of Gb3 storage in skin 

and kidneys. In particular, the greatest benefits are observed when treatment is started at an 

early stage of the disease, before irreversible tissue damage takes place. Nevertheless, ERT does 

not completely resolve all symptoms and additional treatments are often needed. Moreover, 

antibodies against enzyme preparations are frequently found in serum of treated patients, but 

this issue has not been fully addressed to date and it is not clear if neutralising antibodies have 

an impact on clinical outcomes50. Another major drawback of ERT is the limited bioavailability 

of intravenously injected recombinant enzymes. Indeed, recombinant enzymes are large 

molecules that do not freely diffuse across membranes and are thus unable to reach therapeutic 

concentrations in some target tissues, particularly the brain61. 

For this reason, novel therapeutic approaches have been recently developed, namely 

pharmacological chaperones, substrate reduction therapy and gene therapy50. A recently 

commercialized compound is migalastat (Galafold®, Amicus Therapeutics), a small-molecule 

chaperone which facilitates enzyme trafficking to lysosomes by favouring native conformation 

and stability and thus allowing for correct trafficking. The advantage for patients is oral 

administration, but migalastat can only be administered to patients with amenable missense 

mutations, which represent around 30% of FD patients50,62. Another compound currently in 

later stages of clinical trial development is lucerastat. It is a direct inhibitor of glucosylceramide 

synthase, which catalyses the first step of glycosphingolipid synthesis. Therefore, by direct 



  Chapter 2 

18 
 

inhibition of this enzyme, a lower Gb3 load is achieved63. Lastly, the first gene therapy clinical 

trials are ongoing (https://clinicaltrials.gov/; identifiers numbers: NCT02800070, 

NCT04040049, NCT04046224, NCT03454893). This approach is extremely promising, 

although several limitations remain to be addressed, such as vector neutralising antibodies, lack 

of long-term effects data and ethical issues of administering genome-modifying treatment to 

children50,64. 

In this context, drug-induced readthrough may represent a further option for the most severe 

patients with nonsense mutations, currently lacking alternative interventions other than 

replacement therapy.  

 

2.1.6 Aim of the present work 

Treatment for FD still presents many unmet needs, such as the inability of recombinant enzyme 

to reach the central nervous system, one of the majorly affected organs. Moreover, the only 

available alternative treatment, i.e. pharmacological chaperones, is not suitable for the relevant 

portion of severe FD patients harbouring nonsense mutations.  

The aim of this work was to investigate for the first time a readthrough-mediated nonsense-

suppression approach in the context of Fabry disease, for which a unique attempt on a single 

GLA nonsense variant (p.R227X) has been made to date65. In particular, the purpose of this 

project was to extensively evaluate the responsiveness of 14 rationally selected nonsense 

mutations to drug-induced readthrough, as well as to characterise the observed output in terms 

of protein stability and function. Indeed, clinically-relevant accumulation of Gb3 could be 

prevented by AGAL activity levels around 5-10%66, an amount compatible with readthrough-

mediated rescue. 

 

 

  

https://clinicaltrials.gov/
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2.2 Materials and methods 
 
2.2.1 Nomenclature 

All residues are reported according to the Human Genome Variation Society (HGVS) 

nomenclature67, with numbering starting at the A (+1) nucleotide of the AUG (codon 1) 

translation initiation codon.  

 

2.2.2 Mutations selection 

The rational selection of the panel of nonsense mutations in the GLA gene (see Table 2.3) was 

performed using two online databases (http://www.hgmd.cf.ac.uk/ac/; http://fabry-

database.org/) and on the basis of: 

i. association with the classic form of FD48; 

ii. predicted responsiveness of sequence contexts to readthrough-inducing drugs16; 

iii. predicted readthrough-mediated production of full-length AGAL with relevant re-

insertion of the original amino acid25,28 and production of the wild-type enzyme. 

 

2.2.3 Creation of expression vectors for recombinant AGAL variants 

The human GLA cDNA (reference sequence NM_000169.3) was cloned into the pCMV6-XL4 

expression plasmid through EcoRI-SacII restriction sites. The 5ʹ-CATTAAAAGA 

CTTACTTGGATCCAAAAAAAAAAAAAAAAC-3ʹ oligonucleotide was used to delete the 

natural GLA stop codon and to insert the BamHI restriction site (underlined) through site-

directed mutagenesis (QuickChange® II XL Site-Directed Mutagenesis Kit, Agilent 

Technologies, Santa Clara, CA, USA). The Myc-tag sequence, obtained by annealing of the 

forward 5ʹ gatccGAGCAGAAACTCATCTCAGAAGAGGATCTGTAAg 3ʹ and reverse 5ʹ 

gatccTTACAGATCCTCTTCTGAGATGAGTTTCTGCTCg 3ʹ oligonucleotides (BamHI 

compatible ends in italic), was inserted downstream of the GLA coding sequence through 

cloning with BamHI to obtain the pCMV6-XL4-GLA-Myc plasmid expressing the carboxy(C)-

terminal Myc-tagged recombinant AGAL protein (abbreviated as rGal). Expression vectors for 

rGal variants were created by site-directed mutagenesis of the human GLA cDNA with the 

oligonucleotides listed in Table 2.2. 

 

 
 
 

http://www.hgmd.cf.ac.uk/ac/
http://fabry-database.org/
http://fabry-database.org/
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Table 2.2. List of the primers used to introduce nonsense and missense variants. The modified 
nucleotide (bold) and codon (underlined) are reported. 

    

Primer Sequence (5'→3') 

GLA C52X F GAGCGCTTCATGTGAAACCTTGACTGCC 

GLA C56X F GTGCAACCTTGACTGACAGGAAGAGCCAG 

GLA Q119X F CCTCATGGGATTCGCTAGCTAGCTAATTATG 

GLA W204X F GTACTCCTGTGAGTGACCTCTTTATATG 

GLA W209X F CCTCTTTATATGTGACCCTTTCAAAAGC 

GLA Q321X F GTAATTGCCATCAATTAGGACCCCTTGGGC 

GLA Q330X F GCAAGCAAGGGTACTAGCTTAGACAGGGAG 

GLA Q333X F GGTACCAGCTTAGATAGGGAGACAACTTTG 

GLA W340X F CTTTGAAGTGTGAGAACGACCTCTCTC 

GLA R342X F GAAGTGTGGGAATGACCTCTCTCAGGCTTAG 

GLA Q357X F GCTATGATAAACCGGTAGGAGATTGGTGGAC 

GLA Q386X F CCTGCTTCATCACATAGCTCCTCCCTGTG 

GLA Y397X F GAAGCTAGGGTTCTAGGAATGGACTTCAAG 

GLA Q416X F GGCACTGTTTTGCTTTAGCTAGAAAATACAA 

GLA C56C F GTGCAACCTTGACCGCCAGGAAGAGCCAG 

GLA C56W F GTGCAACCTTGACTGGCAGGAAGAGCCAG 

GLA Q119K F CATGGGATTCGCAAGCTAGCTAATTATG 

GLA Q119Y F CATGGGATTCGCTACCTAGCTAATTATG 

GLA W209C F GCCTCTTTATATGTGTCCCTTTCAAAAGCCC 

GLA W209R F GGCCTCTTTATATGCGGCCCTTTCAAAAG 

GLA Q321K F GCCATCAATAAGGACCCCTTG 

GLA Q321Y F GCCATCAATTACGACCCCTTGG 

 

 

2.2.4 Cell culture and transient expression of rGal variants 

All experiments were conducted in human embryonic kidney (HEK) 293 cells maintained in 

DMEM medium (Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with 10% foetal 

bovine serum (FBS; Gibco, Life Technologies) and 1% penicillin/streptomycin (Gibco, Life 

Technologies). Cells were maintained at 37°C under 5% CO2 controlled atmosphere. 

The day before transfection, 2.5x105 cells/well were seeded in 12-well culture plates. 

Transfection was performed in serum-free medium (Opti-MEM, Gibco, Life Technologies) 

with the Lipofectamine 2000 reagent (Life Technologies), according to the manufacturer’s 

protocol. Briefly, a mixture of plasmid DNA (2 μg) and Lipofectamine 2000 (2 μL) in 150 μL 

Opti-MEM medium was incubated at room temperature for 20 minutes and then added to cells. 

For co-transfection studies, cells were transfected with a mixture of 1 μg of wild-type plasmid 

and 1 μg of plasmid either empty or encoding missense variants. Wild-type alone (2 μg) was 

used as reference. Transfection medium was removed 4–6 hours after transfection and 1 mL of 
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fresh DMEM was added, with or without an optimized concentration (100 μg/mL) of geneticin 

(G418, Sigma-Aldrich, St. Louis, MO, USA)68, depending on the experimental set-up. 

Cell lysates were prepared 48 hours post-transfection as previously described69. Briefly, cell 

pellets obtained from 12-well cell culture plates were homogenised in 200 μL of water added 

with protease inhibitors (Halt™ Protease Inhibitor Cocktail, ThermoFisher Scientific, Waltham, 

MA, USA) and subjected to five freeze-thaw cycles in dry ice. The supernatant was collected 

after centrifugation of the homogenate at 16000 x g for 10 minutes at 4°C and stored at -20°C. 

 

2.2.5 Evaluation of rGal protein levels 

The total protein amount for each lysate was measured by BCA (Pierce BCA Protein Assay Kit; 

ThermoFisher Scientific), according to manufacturer’s protocol. 

Cell lysates, normalized for total protein amount, were separated by SDS-PAGE on Bolt 4–

12% Bis-Tris Plus gels with Bolt MES SDS Running Buffer (Invitrogen, ThermoFisher 

Scientific) and transferred onto 0,45 μm nitrocellulose membrane. Blocking of membranes was 

carried out by incubation with 5% milk (w/v) in PBS buffer for 2 hours at room temperature 

(RT). Full-length rGal was detected by polyclonal goat anti-Myc (1:5000 in PBS-2.5% milk, 

incubation over-night at 4°C) and donkey anti-goat HRP-conjugated (1:8000, incubation at RT 

for 45 minutes) antibodies (Bethyl Laboratories, Montgomery, TX, USA). Blotting images were 

acquired and analysed through the Image Laboratory Software version 4.0 (Bio-Rad, Hercules, 

CA, USA). 

Analysis of rGal dimers was performed through native PAGE and Western blot. Briefly, cell 

lysates were diluted in either native or SDS-containing sample buffer and separated by native 

PAGE on a home-made 10% PAA gel using a Tris-glycine buffer pH 8.3 as running buffer. 

Before transfer, gels were pre-incubated with 0.1% SDS for 15 minutes with gentle shaking. 

Transfer onto 0,45 μm nitrocellulose membrane was performed in ice using Tris-glycine buffer 

pH 8.3. Wester blotting was carried out as described above. 

A double ELISA was performed with coated polyclonal goat anti-Myc antibodies (1:500, A190-

104A, Bethyl Laboratories, Montgomery, Texas) followed by detection with polyclonal rabbit 

anti-AGAL (1:500, SAB1410536, Sigma-Aldrich) and goat anti-rabbit HRP-conjugated (1:2000, 

DAKO, Agilent Technologies) antibodies. Serial dilutions of cell lysates containing wild-type 

rGal were used as reference. 
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2.2.6 Evaluation of rGal activity with fluorogenic functional assays 

Activity levels were evaluated according to a previously described protocol69. Briefly, 20 μL of 

cell lysates at a concentration of 50 μg/mL were incubated for 30 minutes at 37°C with 40 μL 

of 4-Methylumbelliferyl α-D-galactopyranoside (1 mM, Sigma-Aldrich) in 0.05 M phosphate 

citrate buffer (pH 5). Reactions were terminated by the addition of 200 μL of 1.0 M glycine 

buffer (pH 10.5). The released 4-Methylumbelliferone was determined by fluorescence 

measurement at 360 and 465 nm as the excitation and emission wavelengths, respectively, on a 

microplate fluorometer (TECAN, Salzburg, Austria). Cell lysates from HEK293 cells expressing 

wild-type rGal were used as reference. 

The endogenous AGAL activity measured in lysates from cells transfected with the empty 

vector was subtracted from the activity measured in lysates from cells expressing mutant or 

wild-type rGal. 

Specific activity was calculated as the ratio between activity and protein levels. 

 

2.2.7 Lysosomal localization studies by immunofluorescence 

Immunofluorescence studies on cells expressing the rGal variants were performed following a 

previously described protocol70. Briefly, transiently transfected cells, seeded on 12 mm glass 

coverslips, were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. 

Non-specific binding sites were blocked with PBS-5% milk (w/v)-0.1% Triton X-100 (Blocking 

buffer). Polyclonal goat anti-Myc (Bethyl Laboratories) and monoclonal mouse anti-lysosomal-

associated membrane protein 1 (LAMP-1, clone eBioH4A3, ThermoFisher Scientific) 

antibodies were diluted in Blocking buffer (1:200 and 1:100, respectively) and incubated 

overnight at 4°C. Detection was performed by Alexa Fluor-conjugated donkey anti-goat (594 

nm; Myc tag) and donkey anti-mouse (647 nm; LAMP-1) antibodies (ThermoFisher Scientific) 

incubated for 1 hour at RT. Images were acquired on the Zeiss LSM510 confocal microscope. 

 

2.2.8 Statistical analysis 

Data were analysed with GraphPad Prism 5 software (San Diego, CA, USA) and statistical 

differences were analysed by t-test. 
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2.3 Results and discussion 
 
A total of 14 GLA nonsense mutations were rationally selected according to the features 

described above (Tab. 2.3), covering around 20% of all GLA nonsense mutations reported to 

date (http://www.hgmd.cf.ac.uk/ac/; http://fabry-database.org/; accessed on 16 January 

2020). Two types of PTCs were included, namely those predicted to result in a high degree of 

suppression (TGA), as well as those predicted to display intermediate frequency of readthrough 

(TAG). In addition, all these contexts predict the insertion of the original residue.  

 

Table 2.3. FD-associated nonsense mutations selected for the study. 

          

Protein 
Variant 

Nucleotide 
changea 

Exon 
Patients 

(n) 
Sequence 
context 

Cys52X c.156C>A 1 2 TGA A 

Cys56X c.168C>A 1 2 TGA C 

Gln119X c.355C>T 2 5 TAG C 

Trp204X c.612G>A 4 8 TGA C 

Trp209X c.627G>A 4 2 TGA C 

Gln321X c.961C>T 6 3 TAG G 

Gln330X c.988C>T 6 3 TAG C 

Gln333X c.997C>T 6 2 TAG G 

Trp340X c.1020G>A 7 4 TGA G 

Arg342X c.1024C>T 7 13 TGA C 

Gln357X c.1069C>T 7 5 TAG G 

Gln386X c.1156C>T 7 2 TAG C 

Tyr397X c.1191T>G 7 1 TAG G 

Gln416X c.1246C>T 7 2 TAG C 

aNCBI Reference Sequence: NM_000169.3. 

 

All nonsense variants were introduced in the pCMV6-XL4-GLA-Myc plasmid and readthrough 

was evaluated both in basal and treated conditions. G418 (geneticin) was selected as the most 

potent readthrough-inducing aminoglycoside16. The presence of the Myc-tag at the C-terminal 

end of recombinant AGAL (rGal) allowed for the sole detection of recombinant full-length 

proteins in antibodies-based assays, excluding the confounding effect of both truncated forms 

of the recombinant enzyme and of the endogenous AGAL expressed by cells. A preliminary 

evaluation of the recombinant construct showed that the Myc-tag was compatible with AGAL 

enzymatic activity, as already reported by others71.  

http://www.hgmd.cf.ac.uk/ac/
http://fabry-database.org/
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Figure 2.5. Functional evaluation of serial dilutions of recombinant untagged and Myc-tagged AGAL. 
RFU, relative fluorescence units. 
 

 

2.3.1 Readthrough induction resulted in detectable full-length rGal proteins 

Preliminary evaluation of the responsiveness of all nonsense variants to readthrough was 

performed by Western blotting analysis. In basal conditions (i.e. transfected cells not treated 

with G418) no bands corresponding to full-length rGal were detected (data not shown), an 

observation compatible with the very low levels of spontaneous readthrough expected. 

Conversely, as shown in Figure 2.6, all treated nonsense variants resulted in detectable full-

length rGal and the differential intensity of bands suggested a variable degree of PTC 

suppression. 

 

Figure 2.6. Representative western blots on full-length rGal variants resulting from treatment of 
transiently transfected HEK293 cells with G418. For rGal detection, wild-type lysate was further diluted 
(1:20) and used as reference. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as 
control. Mock, cells transfected with the empty vector; WT, wild-type rGal. 
 

The amount of full-length rGal produced by readthrough was subsequently quantified by an 

optimized double ELISA (Fig. 2.7). This assay took advantage of an anti-Myc capture antibody 

and of an anti-AGAL detection antibody, thus providing an increased specificity for the 

recombinant full-length rGal proteins potentially arising from readthrough.  
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Figure 2.7. Evaluation of drug-induced readthrough over GLA nonsense mutations by ELISA. Results, 
indicated as % of wild-type rGal, are reported as mean ± standard deviation (SD) from three independent 
experiments. The full-length rGal arising from nonsense variants was not observed in untreated 
conditions. 

 

Full-length proteins were undetectable in lysates from untreated cells, as well as in lysates from 

cells transfected with the empty vector (data not shown). In contrast, Figure 2.7 highlights the 

broad variability of responsiveness to G418-induced readthrough and allows to identify three 

groups of variants: the high-responders (protein levels ≥10% of wild-type rGal, n=2), the 

intermediate-responders (5-10%, n=8) and the low-responders (<5%, n=4). Considering the 

sequence context of the mutants tested, it appears that TGA PTCs are equally distributed among 

the three groups and that, notably, the only two variants in the high-responders group (C56X, 

10.0±1.7% of wild-type rGal; W209X, 17.4±2.1%) harbour a TGA-C PTC, which has been 

identified as the sequence context most favourable to readthrough16. In comparison, variants 

harbouring a TAG were mainly in the intermediate-responders group (n=6), with two mutants 

(Q333X and Y397X) that, showing protein levels ≤1% of wild-type rGal, could be classified as 

very low-responders. These results are in agreement with previous knowledge on the influence 

of the sequence context on readthrough frequency. Moreover, they highlight the presence of 

other determinants in addition to the tetranucleotide stop signal, such as more distant sequence 

determinants72 and the stability of the missense variants arising from readthrough. Overall, these 

first data showed that all nonsense variants tested in our experimental system were susceptible 

to G418-induced readthrough, albeit with variable efficiency, and identified 10 out of 14 variants 

that reached the arbitrary full-length protein threshold of 5%66.  
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2.3.2 Activity of rGal variants was partially restored upon drug-induced readthrough 

In the context of Fabry disease, the major goal of a correction approach such as drug-induced 

readthrough is represented by the rescue of enzyme activity, rather than responsiveness at the 

protein level. Indeed, recovery of full-length protein does not necessarily correspond to a rescue 

in terms of enzymatic activity, due to the readthrough-mediated synthesis of wild-type as well 

as missense variants with unknown features10. To address this issue and evaluate the functional 

rescue mediated by readthrough, activity assays were performed (Fig. 2.8, upper panel). Since 

no protein levels were detectable in the absence of induction, the functional impact of 

readthrough was assessed only on cell lysates collected after treatment of cells with the 

readthrough-inducing agent G418. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. Functional evaluation of rGal variants after drug-induced translational readthrough. Activity 
of full-length rGal variants, produced by readthrough induction (upper panel). Specific activity, referred 
as the ratio between enzyme activity and protein amount (lower panel). Results, indicated as % of wild-
type rGal for the activity levels, are reported as mean ± SD from three independent experiments. nd, 
not detectable. 
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As expected, evaluation of the rGal functional levels resulted in a generally lower response 

compared to the full-length protein levels. As shown in the upper panel of Figure 2.8, only three 

variants reached the relevant activity threshold of 5% (Q119X, 7.0±0.2% of wild-type rGal; 

W209X, 6.4±1.5%; Q321X 4.9±0.1%), whereas seven showed levels between 2-4% and activity 

levels were undetectable for the remaining variants. Indeed, the functional output of 

readthrough is not exclusively dependent on its occurrence, but rather on the identity of the 

amino acid inserted at the PTC. 

The same considerations are further highlighted by evaluating the resulting specific activity, 

referred as the ratio between activity and protein levels. The lower panel of Figure 2.8 clearly 

shows that for only two variants (Q119X, 0.94±0.03; Q321X, 0.84±0.01) readthrough induction 

resulted in a specific activity similar to that of the wild-type rGal, whereas the majority of 

variants showed strongly reduced specific activity between 0.24 and 0.42. No specific activity 

was calculable for those nonsense variants with undetectable enzyme activity. It is worth to note 

that specific activities near 1 may derive from the production of stable and functional missense 

variants or from the main reinsertion of the wild-type residue thus producing mostly wild-type 

molecules. 

These results can be interpreted in light of the different features of each residue reported in 

Table 2.4, namely: i) its role in AGAL structure and function, ii) evolutionary conservation, and 

iii) predicted impact of missense changes at a specific position. In this context, natural missense 

variants associated to FD are extremely informative upon the impact of amino acid changes on 

AGAL protein. In addition, bioinformatic tools such as SIFT (https://sift.bii.a-star.edu.sg/)73 

and PolyPhen (http://genetics.bwh.harvard.edu/pph2/)74 may help predicting the effects of 

missense changes introduced by readthrough, although experimental validation is often 

desirable.  

 
2.3.3 Amino acid substitutions predicted from readthrough showed differential 

impact on rGal protein and activity  

As shown in Table 2.4, some positions are predicted to be more tolerant than others in regards 

of amino acid changes introduced by readthrough. For example, C52 residue is involved in 

formation of a disulphide bond crucial for AGAL structure and function and is completely 

conserved among different species. It is therefore unlikely that missense changes at this position 

would be tolerated in terms of protein stability and activity. Indeed, naturally occurring missense 

variants at this position are associated with classic FD, including two reported variants 

corresponding to the predicted changes introduced by readthrough (C56R and C56W). On the 



 

 
 

Table 2.4. Specific features of the examined AGAL residues. 

2
6
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contrary, Q119 residue is less conserved among different species and no FD-associated variants 

have been reported to date at this position. This suggests that position 119 may be more tolerant 

in terms of amino acid changes, as also predicted by SIFT and PolyPhen algorithms.  

Nevertheless, to provide experimental evidence for the mechanism at the basis of PTC 

suppression output, missense changes predicted to arise from readthrough were characterised 

(Fig. 2.9). In particular, prediction of readthrough-deriving amino acid insertions, based on the 

type of PTC10,25, prompted the expression and characterisation of the following variants as 

paradigmatic examples: 

▪ C56R and C56W: the position is predicted to be not tolerant against amino acid changes 

and a reduced specific activity was observed upon readthrough induction; 

▪ Q321K and Q321Y: the position is predicted to be not tolerant but specific activity was 

near 1;  

▪ Q119K and Q119Y: the position is predicted to be highly tolerant and the observed specific 

activity upon readthrough was near 1; 

▪ W209C and W209R: the position is predicted to be tolerant to amino acid changes 

introduced by readthrough but a reduced specific activity was observed. 

Figure 2.9. Protein amount (blue bars) and activity levels (orange bars) of rGal missense variants 
predicted to arise from readthrough of GLA PTCs. Results, indicated as % of wild-type rGal, are 
reported as mean ± SD from three independent experiments. nd, not detectable. 

 

Amino acid substitutions predicted from readthrough showed differential impact on rGal 

protein and activity levels (Fig. 2.9). 

Characterisation of missense variants at positions 56 and 321 revealed a detrimental effect of all 

amino acid changes introduced. In particular, protein levels <50% of wild-type (C56R 

47.3±0.6% of wild-type rGal; C56W 42.9±5.3%; Q321K 41.2±9.2%; Q321Y 3.7±1.0%), as well 
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as not detectable activity levels for all variants except Q321K (24.4±4.5%) indicated reduced 

AGAL stability and activity due to the inserted amino acid changes, confirming the hypothesis 

of susceptibility based on positions features (Tab. 2.4). These observations suggested that 

readthrough over C56X leads to the synthesis of a mixture of wild-type and missense variants 

in which all components contribute to the protein levels but only the wild-type contributes to 

the activity levels, thus resulting in a low specific activity. Conversely, it can be hypothesised 

that the almost normal specific activity observed after readthrough over the Q321X variant was 

due to the prevalent re-introduction of the wild-type glutamine residue10 rather than to the 

production of functional missense variants. 

In contrast, characterisation of missense variants Q119K/Y and W209C/R confirmed the 

permissive nature of these positions. Indeed, all variants showed reduced protein levels 

compared to wild-type rGal (Q119K 49.4±10.3% of wild-type rGal; Q119Y 66.1±14.6%; 

W209C 45.1±6.4%; W209R 64.1±23.9%), but clearly detectable activity levels (Q119K 

90.6±1.5% of wild-type rGal; Q119Y 101.7±6.1%; W209C 40.8±8.6%; W209R 70.8±15.9%), 

comparable to their respective protein amount. This resulted in specific activities similar to that 

of wild-type, indicating that missense changes at positions 119 and 209 had a minor impact on 

AGAL stability and did not impair its enzymatic function. These results suggested that 

readthrough over Q119X nonsense mutation leads to the synthesis of a combination of wild-

type and functional missense variants, all contributing to the protein and activity levels observed. 

On the other hand, the reduced specific activity observed after G418 treatment of the W209X 

nonsense variant was not explained by the characterisation of missense variants arising from 

readthrough, since both substitutions were compatible with enzyme function. 

Overall, expression of missense variants bearing the predicted amino acid substitutions revealed 

a differential impact on rGal protein and activity and provided valuable experimental evidence 

to interpret the results obtained from readthrough induction over GLA nonsense mutations.  

 

2.3.4 The rGal W209C variant showed correct localization into lysosomes 

Besides affecting protein stability and activity, missense changes could also impair AGAL 

trafficking to the lysosomal compartment, which is essential for the formation of a functional 

homodimer71,75. To assess if amino acid changes at position 209 affected rGal sorting to 

lysosomes, immunofluorescence studies were performed (Fig. 2.10). In particular, W209C 

variant was selected as model for both missense variants at position 209 and C56R variant was 

chosen as comparator because it had shown protein levels similar to the W209C variant (see 

Fig. 2.9).  
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Figure 2.10. Co-localization studies with W209C and C56R variants. Fluorescently labelled secondary 
antibodies were used to visualize LAMP-1 (lysosomes, green) or rGal (red) as well as their co-localization 
(yellow). Image magnifications (white squares) for each channel are shown. Cells transfected with the 
empty vector (Mock) or expressing wild-type rGal (WT) were used as controls. 

 

Both missense variants, clearly detectable by anti-rGal antibodies (Fig.2.10, red signal), were 

appreciably visualized into lysosomes (Fig. 2.10, green signal), as indicated by co-localization of 

rGal and lysosomal LAMP1 fluorescence signals, which were qualitatively comparable to that 

of wild-type rGal. These results indicated that the amino acid change at position 209 did not 

impair rGal trafficking to lysosomes and that the low specific activity observed for W209X after 

induction was not due to defective sorting. 
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2.3.5 Missense variants arising from readthrough exerted potential dominant-

negative effects 

The discrepancy between protein and activity levels observed for the W209X nonsense variant 

was not accountable for the synthesis of dysfunctional missense variants nor for a defective 

trafficking to lysosomes. A possible interfering effect of truncated rGal was excluded by co-

expression experiments with wild-type and W209X variant in the absence of readthrough 

induction (Fig.2.11). 

Figure 2.11. Co-expression studies of wild-type rGal with the W209X variant. Results, indicated as % 
of wild-type rGal, are reported as mean ± SD from five independent experiments. The dotted line 
indicates the specific activity of wild-type rGal expressed alone. Sp. Act., specific activity.  
 

It was therefore hypothesized that the interaction of wild-type rGal molecules with missense 

monomeric variants arising from readthrough might result in the formation of dysfunctional 

heterodimers. To test this hypothesis, co-expression studies of wild-type and W209C/R variants 

were performed (Fig. 2.12). 

Figure 2.12. Co-expression studies of wild-type rGal with W209C/R variants. The empty vector was 
used to normalize the amount of plasmid during transfection. Results, indicated as % of wild-type rGal, 
are reported as mean ± SD from three independent experiments. **, p < 0.05.
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Co-expression of wild-type rGal with W209C or W209R variants (Fig.2.12) resulted in increased 

protein levels (W209C, 86.2±17.3% of wild-type rGal; W209R, 110.7±25.5%) if compared to 

those obtained with wild-type rGal alone (50.3±30.8%), an observation compatible with an 

additive effect deriving by the synthesis of both wild-type and missense rGal variants. In 

contrast, activity levels (W209C, 46.9±22%; W209R, 63.0±16%) were similar to those of wild-

type alone (55.6 ± 27.5%), thus resulting in a significant decrease of the specific activity of wild-

type rGal only when co-expressed with W209C and W209R (W209C 0.5±0.2, p=0.0027; W209R 

0.6±0.2, p=0.0061), despite both variants had shown normal specific activity when expressed 

alone. 

These results suggested that amino acid substitutions introduced by readthrough at this position 

produced rGal monomers unable to form functional dimers with the wild-type, thus exerting 

potential dominant-negative effects on specific activity and lowering the functional rescue 

mediated by readthrough. This observation can be interpreted in light of the symmetric nature 

of the AGAL homodimer (PDB 1R46, Fig. 2.13, left panel), in which even a small distortion 

caused by an amino acid substitution in one of the two monomers might lead to a heterodimer 

with reduced catalytic efficiency (Fig. 2.13, right panel).  

 

Figure 2.13. AGAL structure (left panel, PDB 1R46 from Ref.76) and schematic representation of the 
impact of readthrough-deriving amino acid insertions on AGAL biology (right panel). Once transported 
into lysosomes, AGAL monomers dimerize to form functional homodimers (wild-type condition) or 
dysfunctional heterodimers due to the presence of wild-type as well as missense monomers arising from 
ribosome readthrough. 
 

To provide experimental evidence on rGal dimerization, native PAGE analysis was performed 

(Fig. 2.14). Lysates deriving from cells expressing wild-type rGal alone or co-expressed with 

W209C/R variants were evaluated with or without the presence of the strong denaturant agent 

(SDS).  
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Figure 2.14. Native PAGE and Western blot on wild-type rGal expressed alone or co-expressed with 
W209C or W209R variants. Samples were prepared in the absence or in the presence of SDS to favour 
the visualization of rGal dimers or monomers, respectively. Lysates from cells transfected with the empty 
vector were loaded as controls. 
 

This analysis revealed the presence of two series of bands, i) with lower electrophoretic mobility 

and compatible with the presence of rGal dimers, or ii) with higher electrophoretic mobility 

thus compatible with the monomeric rGal forms. Importantly, the differential distribution of 

rGal was in accordance with the absence (i) or presence (ii) of SDS. These observations provided 

an experimental proof for the presence in cell lysates of both rGal dimers and monomers. 

Unfortunately, due to a limit in the experimental set-up, the wild-type and the missense rGal 

variants are not distinguishable, thus preventing the actual discrimination between homodimers 

and heterodimers (all detected through the same Myc-tag). 

The lack of direct evidence for the role of residue W209 in the AGAL structure makes the 

explanation for the observed negative effect upon co-expression not obvious. Interestingly, 

studies on the specific features of homodimers emphasized that isologous association (i.e. the 

binding of two identical subunits, involving identical binding domains) gives rise to “closed 

structures” characterised by intrinsic symmetry and stability77,78. Therefore, even a small 

distortion caused by an amino acid substitution in one of the two monomers might lead to a 

heterodimer with reduced stability or catalytic activity. 

Overall, these findings depict a scenario in which, once transported into lysosomes, part of the 

amino acid changes possibly introduced by readthrough leads to the assembly of wild-type and 

missense variants, resulting in a fraction of functional homodimers as well as heterodimers with 

lower or no function (Fig. 2.13, right panel). These dominant-negative effects, already 

hypothesized by others in the context of AGAL enzyme79,80, might have implications for the 

large proportion (60–75%) of heterozygous females presenting with signs and symptoms of 

FD54,55. Interestingly, pathological phenotypes in heterozygous females are not explained by 

skewed X-inactivation alone81,82 and the mechanism hypothesized here could provide an 

additional explanation to interpret these observations.   
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2.4 Conclusions 

 

This work identified three out of fourteen tested GLA nonsense mutations (i.e. Q119X, W209X 

and Q321X) that, due to favourable nucleotide and protein features, could be rescued by 

readthrough induction. Moreover, a novel dominant-negative mechanism was suggested, 

resulting from the interaction of different monomers and formation of dysfunctional 

heterodimers. To the best of our knowledge, this is the first evidence for translational 

readthrough on a dimeric enzyme that results in potentially dominant-negative effects related to 

the heterodimerization process. Hopefully, the results obtained here will foster additional 

studies on the effects of missense changes on altered AGAL dimerization.  

The readthrough-induction approach is extremely relevant in the context of Fabry disease, 

because of the relative low activity threshold needed for amelioration of Gb3 deposition. In 

particular, residual AGAL levels around 1-10% of normal have been found to be associated 

with less severe phenotypes83 and 5-10% of activity seems to be sufficient to prevent clinically-

relevant accumulation of Gb366. Moreover, the ability of readthrough-inducing compounds to 

reach central nervous system would address one of the main limits of ERT. Indeed, readthrough 

of nonsense mutations using small molecules is a promising strategy, but the variable outcome 

of preclinical and clinical studies highlights that several determinants of its efficacy need to be 

carefully considered.  

Overall, the findings of this work further support the notion that functional readthrough is the 

result of a combination of benign conditions such as i) favourable nucleotide context, ii) re-

insertion of the original residue, and iii) insertion of tolerated missense changes. This is critical 

in the context of the development of therapeutic strategy based on PTC suppression. Moreover, 

the discovery and development of safe and effective nonsense suppression drugs is needed to 

improve this therapeutic approach. 
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3.1 Background and rationale 
 
3.1.1 Half-life extension technologies 

Protein and peptide therapeutics have been proven to be very effective for the treatment of 

human diseases, and a multitude of products have reached the pharmaceutical market in the 

past decades84. Nevertheless, the therapeutic efficacy of many protein therapeutics is hampered 

by their short half-life, which is dictated by several factors including size, charge, proteolytic 

sensitivity and turnover rate of proteins they bind85. This has led to the development of several 

strategies to improve persistence in circulation, which can be divided into six general groups85,86. 

1. Genetic fusion to a naturally long-half-life protein or protein domain (e.g. Fc, transferrin 

or albumin fusion). 

2. Genetic fusion to a recombinant polypeptide, such as XTEN (also known as 

recombinant PEG), HAP (homoamino acid polymer), PAS (proline-alanine-serine 

polymer) and ELP (elastin-like peptide). 

3. Conjugation to chemical moieties, such as PEG or hyaluronic acid, in order to increase 

the hydrodynamic radius. 

4. Polysialylation or fusion to a highly sialylated peptide (e.g. carboxy-terminal peptide, 

CTP) in order to increase the negative charge. 

5. Non-covalent binding to long-half-life proteins, such as human serum albumin (HSA), 

immunoglobulin G (IgG) or transferrin. 

6. Chemical conjugation to long-half-life proteins, such as human IgGs, Fc moieties or 

HSA. 

Indeed, extended persistence in plasma provides great benefits in terms of high serum 

concentration of the infused drug, lower dosing frequency, and the relevant advantage of 

decreasing administered doses without compromising pharmacological efficacy. 

 

3.1.2 Albumin-based half-life extension 

In the context of half-life extension technologies for therapeutic proteins, genetic fusion to 

albumin represents a powerful option. Indeed, HSA is an ideal carrier because of its serum 

stability and longevity (19-21 days in humans), and genetic fusion offers the favourable 

opportunity of one-step synthesis, without the need for further in vitro processing and thus 

reducing manufacturing costs.  

Albumin is a highly soluble and stable protein which acts as a multi-carrier of small insoluble 
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and hydrophobic ligands such as fatty acids, metal ions, hormones, waste products, toxins and 

drugs. Moreover, it is responsible for maintaining the osmotic pressure and regulating blood 

pH, and it is characterised by antioxidant and enzymatic properties87–89. Albumin is the most 

abundant circulating protein and is synthesized and secreted into the blood stream by 

hepatocytes to a concentration of 40 mg/mL in both mouse and man87. HSA is a non-

glycosylated, heart-shaped molecule of 66.5 kDa consisting of a single polypeptide of 585 amino 

acids with seventeen pairs of disulfide bridges and one free-cysteine at position 34. It is formed 

by 67% α-helices folded in three homologous domains (DI, DII and DIII), each composed of 

two subdomains (A and B) connected by flexible loops90.  

The extremely long half-life of albumin, a feature shared with IgGs, is mainly due to its 

molecular weight above the renal threshold and to a rescue mechanism from intracellular 

degradation. The latter is mediated by the broadly expressed neonatal Fc receptor (FcRn), which 

recycles internalized albumin and IgGs back to the blood stream through a strictly pH-

dependent mechanism91 (Fig.3.1). Several other putative albumin receptors have been described, 

but, with the exception of the cubilin-megalin complex, they are poorly characterised and their 

role has not been fully addressed yet92.  

Figure 3.1. Schematic illustration of albumin and IgG rescue mechanism mediated by the pH-dependent 
FcRn binding. (1) IgG and albumin are taken up from the blood by pinocytosis and (2) FcRn binds them 
in the acidic endosomes. (3) IgG and albumin are recycled to the cell surface and released due to the 
increasing pH. (4) Proteins that do not bind the receptor are sorted to lysosomal degradation.  
 

FcRn is broadly expressed in humans and it primarily resides within acidified endosomes. As 

shown in Figure 3.1, when IgGs and albumin are internalized by pinocytosis and reach the 

endosomal compartment, the low pH triggers their simultaneous binding to FcRn. The ternary 

complex is then recycled back to the cell surface, where the increasing pH leads to decrease of 
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the binding affinity and to the final release of albumin and IgGs outside of the cell. In contrast, 

internalized molecules that do not bind FcRn are sorted to late endosomes and are lastly 

degraded inside lysosomes93–95. 

FcRn is a heterodimeric glycoprotein formed by a larger 45 kDa subunit, consisting of a heavy 

chain (HC) related to the class I major histocompatibility complex, and by a smaller 12 kDa 

subunit, which is a β2-microglobulin (β2m). Specifically, the HC is formed by three extracellular 

domains (α1, α2 and α3), followed by a transmembrane part and a cytoplasmic tail, and it is non 

covalently associated to the soluble β2m subunit96. 

Investigation of FcRn-albumin interface (Fig. 3.2) revealed that the HSA C-terminal DIII 

domain is the primary binding site for FcRn, with three fully conserved histidine residues (H464, 

H510 and H535) that are crucial for the pH-dependent interaction97. In addition to DIII, the 

N-terminal DI also contributes to FcRn binding through two exposed loops including positions 

80-89 and 104-11498.  

Figure 3.2. Co-crystal structure of albumin (upper part) in complex with FcRn (lower part)99. 

 

The increasing knowledge of FcRn-albumin binding mechanism has paved the way to the 

development of engineered albumin variants with improved half-life as a function of FcRn 

affinity. A major challenge is to improve FcRn binding without disrupting the pH dependence, 

which is fundamental for efficient release. A remarkable example was inspired by cross-species 

studies showing that mouse albumin binds human FcRn (hFcRn) more strongly than human 

albumin100. This led to the development of an HSA variant characterised by a single amino acid 

substitution (K573P) and which displayed a 12-fold improved affinity toward hFcRn with no 

detectable binding at neutral pH101. The improved FcRn affinity resulted in extended half-life, 
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as showed by pre-clinical studies in mice transgenic for hFcRn (1.4-fold longer half-life) and 

cynomolgus monkeys (1.6-fold). These findings, demonstrating that albumin half-life can be 

tailored by modulating FcRn affinity, are extremely relevant in the context of albumin-based 

therapeutics. Indeed, once in the blood stream, these molecules will have to compete with the 

abundant endogenous albumin, thus the presence of an engineered HSA variant could 

compensate this limitation92,101. 

Furthermore, as albumin-based therapeutics are extensively evaluated in animal models, it is 

crucial to understand the impact of cross-species FcRn-binding differences. Indeed, mouse 

albumin (MSA) has been shown to bind both human and mouse FcRn more strongly than HSA, 

an observation partly due to DIII proline at position 573, which is highly conserved in several 

species with the exception of humans99,100. This means that specific mouse models are required, 

such as mice transgenic for human FcRn. Indeed, the complex interactions between mouse and 

human albumin with their receptors and across the two species must be carefully considered 

during development and evaluation of albumin-based therapeutics in pre-clinical mouse 

models99. 

To date, several therapeutic proteins have been coupled to albumin to improve their 

pharmacokinetic properties (Tab. 3.1), showing that this approach can be successfully exploited 

to improve in vivo efficacy of a variety of drugs.  

Ideal candidates for half-life extension approaches are coagulation factors, which are 

characterised by short half-lives of approximately 10-12 hours for FVIII, 18-34 hours for FIX 

and 2.3 hours for activated factor VII (FVIIa)102. Notably, the albumin fusion strategy has been 

already successfully applied to recombinant FVIIa (rFVIIa) and FIX (rFIX). In the latter case, 

since fusion with albumin resulted in a reduction in biological activity of FIX, a FIX-HSA fusion 

protein with a proteolytically cleavable linker was developed (rIX-FP, CSL Behring). Once 

activated, since the linker is cleaved and albumin released, this molecule behaves in the same 

way as endogenous activated FIX (FIXa). After preclinical studies103 and clinical trials104, rIX-

FP has entered the market with the commercial name Idelvion® (CSL Behring), providing a 3-

to-5.6-fold extended half-life molecule for Haemophilia B replacement therapy. 
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Table 3.1. Albumin-based therapeutics available on market or under clinical trial (adapted from Ref.86). 

          

Therapeutic 
protein 

Half-life extension 
technology 

Product                  
(patent name) 

Half-life extension             
(vs native) 

State 

Insulin Non-covalent binding  
Levemir®                    

(Insulin detemir) 
5-7 h (4-5 min) In market 

GLP-1 Non-covalent binding 
GLP-1 agonist Victoza® 

(Liraglutide) 
13 h (2 min) In market 

GLP-1 
Fusion to HSA-binding 

domain antibody 
GSK2374697 6-10 days (2 min) Phase 1 

GLP-1 Fusion protein 
Eperzan/Tanzeum® 

(Albiglutide) 
6-8 days (2 min) In market 

FIX Fusion protein 
Idelvion® 

(Albutrepenonacog alfa) 
102 h (18-34 h) In market 

FVIIa Fusion protein 
rVIIa-FP                
(CSL689) 

8.5 h (2.3 h) Phase 1 

hGH Fusion protein 
hGH-HSA                     
(TV-1106) 

3-35 h (4-5 min) Phase 1 

G-CSF Fusion protein 
Egranli®                     

(Balugrastim) 
18-40 h (3.5-3.8 h) 

MAA submitted 
(Europe) 

Extendin-4 Covalent attachment CJC-1134-PC 8 days (< 1 h) Phase 2 

GLP-1, glucagon-like peptide 1; FIX, coagulation factor IX; FVIIa, activated coagulation factor VII; FP, fusion protein; 
hGH, human growth hormone; G-CSF, granulocyte colony stimulating factor; MAA, marketing authorization 
application. 

 

 

3.1.3 Coagulation and Haemophilia B 

Blood coagulation is a defence mechanism that, together with inflammatory and repair 

responses, helps preserve the integrity of the vasculature after an injury. Coagulation involves 

finely tuned cellular and molecular events that culminate in the formation of a stable fibrin clot105 

(Fig. 3.3). The key step after a vessel wall injury is the exposure of sub-endothelial cell surfaces 

expressing tissue factor (TF) to plasma proteins, particularly to FVIIa. The TF/FVIIa complex 

activates small amounts of FIX to FIXa and FX to FXa. The latter is the key protease that, in 

complex with its cofactor (activated factor V, FVa), is directly involved in the generation of 

thrombin. The small amount of thrombin generated during the initiation phase boosts its own 

production through the activation of platelets and feedback reactions known as the 

amplification and propagation phases, during which a crucial feedback loop activates factor XI 

(FXIa) that in turn increases the amount of FIXa. The interaction of FIXa with the activated 

form of its cofactor (FVIIIa) strongly boosts the production of FXa that, in association with 

FVa, further drives the so-called thrombin burst responsible for the large-scale production of 
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thrombin necessary to produce a stable clot. Indeed, the great amount of generated thrombin 

converts fibrinogen to insoluble fibrin and activates the transglutaminase FXIII (FXIIIa), which 

stabilizes the clot by cross-linking the fibrin chains106. 

Figure 3.3. Schematic representation of the coagulation cascade. Direct (black rows) and feedback 
(dotted rows) reactions are indicated and can be subdivided into initiation (orange), amplification (green) 
and propagation (blue) phases of the coagulation process, ultimately leading to the fibrin clot. Boxed 
items indicate the interaction of active enzymes (FVIIa, FXa, FIXa) with their cofactors (TF, FVa, 
FVIIIa). PT, prothrombin. Adapted from Ref.107. 
 

Haemophilia B (HB; OMIM number 306900), also referred to as Christmas disease after the 

name of the first patient examined in detail108, is an X-linked bleeding disorder caused by the 

deficiency of FIX. The estimated incidence of HB is 1 in 30000 male live births109 and the 

bleeding tendency is related to the residual levels of FIX, leading to classification of the disease 

as severe, moderate or mild110 (Tab. 3.2).  

 

Table 3.2. Classification of haemophilia (adapted from Ref.110) 
      

Concentration of factor 
(% of normal) 

Classification Bleeding phenotype 

<1% Severe 
Spontaneous joint and muscle bleeding; bleeding after 
injuries, accidents and surgery 

1-5%  Moderate 
Bleeding into joints and muscles after minor injuries; 
excessive bleeding after surgery and dental extractions 

5-40%  Mild 
Spontaneous bleeding does not occur; bleeding after 
surgery, dental extractions and accidents 
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In both haemophilia B and A (FVIII deficiency), bleeding occurs because of a failure of the 

coagulation process, particularly a decreased and delayed generation of thrombin, giving rise to 

defects in clot formation and leading to haemorrhagic diathesis. These defects are associated 

with bleeding episodes affecting soft tissue, joints, and muscles, and repeated haemorrhages 

result in chronic arthropathy with loss of joint movement109. 

The clinical manifestations of haemophilia depend both on the severity of clotting factor 

deficiency and on the age of the patient111. The earliest and most serious complication in 

neonates with severe haemophilia is intracranial haemorrhage, which occurs in 1–4% of cases 

and can lead to permanent neurological sequelae. In severe forms, spontaneous muscle 

haemorrhage occurs in the lower legs, buttocks, iliopsoas muscle, and forearms, whereas 

bleeding after surgery is an important complication in patients affected by all severities of 

haemophilia. Another common and frequent manifestation of severe haemophilia is 

spontaneous intra-articular bleeding (i.e. haemarthrosis) and the most frequent site of bleeding 

is the ankle, followed by elbow and knee. Recurrent haemorrhages in the same joint cause 

inflammation of the synovial tissue, with progressive damage and the development of 

haemophilic arthropathy, whose final stage is chronic joint deformity, pain, muscle arthropathy 

and functional impairment. In contrast, clinical phenotypes in moderate haemophilia are 

heterogeneous and spontaneous bleeds are infrequent, with haemorrhages that tend to occur 

after injury, trauma or surgery. Similarly, mild haemophilia is not generally associated with 

spontaneous bleeding, with nearly all incidents caused by trauma or surgery111. In addition, 

female carriers have a tendency to bleed, but are rarely affected by severe haemophilia. The 

underlying genetic mechanism can be extreme Lyonisation, Turner’s syndrome or carriage of a 

mutation by both parents110.  

Haemophilia is diagnosed either because of a known family history or after presentation of 

bleeding, and coagulation screening tests typically reveal a prolonged activated partial 

thromboplastin time (aPTT) with a normal prothrombin time (PT). The one-stage clotting assay 

is the established and standardised method to measure FIX activity levels in plasma and genetic 

analysis is recommended in all patients with haemophilia in order to establish the causative 

mutation111. 

HB is caused by mutations affecting the F9 gene (chromosome Xq27), which contains eight 

exons and measures 33.5 kb. Causative genetic variations are scattered over the entire length 

of the gene and more than a thousand unique variants have been described so far (Factor IX 

Gene (F9) Variant Database; http://f9-db.eahad.org/; accessed on 16 January 2020)112. 

Missense, nonsense and splice site mutations are the most common, accounting for around 

http://f9-db.eahad.org/
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70% of variants, followed by frameshift mutations (around 17%). Large deletions in F9 and 

mutations in the promoter region are relatively rare, accounting for 3% and 2% of the total, 

respectively. No common frequent genetic variation has been identified111.  

 

3.1.4 Coagulation factor IX 

The F9 gene encodes coagulation FIX (Fig. 3.4), a vitamin K-dependent protein which is 

synthesized in the liver and which circulates, as a zymogen, at a concentration of 5 μg/mL. FIX 

is synthesized as a precursor protein of 461 amino acids containing a 28-residue signal pre-

peptide and an 18-residue leader pro-peptide. Mature FIX contains an N-terminal Gla domain 

(residues 47-86), a short hydrophobic stack (residues 87-92), two epidermal growth factor 

(EGF)-like domains (EGF1, residues 93-129, and EGF2, residues 134-173), followed by an 

activation peptide (residues 192-226) and a C-terminal serine protease domain (residues 227-

461)113.  

Figure 3.4. Schematic representation of FIX and FIXa domain structure. Relevant residues are reported. 
AP, activation peptide. 
 

During biosynthesis, FIX undergoes several post-translational modifications113–115, including: 

▪ co-translational cleavage of the signal peptide, which directs endoplasmic reticulum 

association;  

▪ γ-carboxylation of the first twelve Glu residues in the Gla domain, which is essential to 

attain a Ca2+-dependent conformation and to subsequently bind phospholipid surfaces; 

▪ glycosylation at Asn203, Asn205, Ser99, Ser107, Thr205, Thr215, Thr218 and Thr225; 

▪ partial hydroxylation of Asp110; 

▪ sulfation of Tyr201, which has been seen to influence the in vivo recovery; 

▪ phosphorylation of Ser204; 

▪ pro-peptide processing in the trans-Golgi compartment just prior to secretion from the 

cell, thus resulting in complete maturation of FIX. 
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The resulting mature protein is a single chain of 415 residues (MW 55 kDa) that contains 

approximately 17% carbohydrate by weight113. 

In circulation, FIX is activated to FIXa by either the TF/FVIIa/Ca2+ complex (initiation phase) 

or by FXIa/Ca2+ (propagation phase). This activation involves two proteolytic cleavages in FIX: 

the first at the Arg191-Ala192 bond and subsequently at Arg226-Val227 bond, which results in 

the concomitant release of a 35-residue activation peptide116. The FIXa thus formed contains a 

light chain (residues 47-191) and a heavy chain (residues 227-461) held together by a single 

disulfide bond (Cys178-Cys335). The light chain consists of the Gla, EGF1 and EGF2 domains, 

whereas the heavy chain contains the serine protease domain that features the catalytic triad of 

residues Ser411, His267 and Asp315113. The FIXa generated during the clotting process 

combines with its cofactor FVIIIa on platelets’ surface to activate FX to FXa in the coagulation 

cascade. In this assembly, the protease domain and possibly the EGF2 domain of FIXa are 

thought to provide the primary specificity in binding to FVIIIa117,118. 

 

3.1.5 Haemophilia B management and novel therapies 

The standard treatment for HB is replacement therapy, i.e. administration of the deficient 

clotting factor to achieve adequate haemostasis. The injected FIX can be either plasma-derived 

or recombinant, and may be administered on-demand (i.e. at the time of bleeding) or in the 

frame of a prophylactic regimen. For on-demand treatment, the appropriate dose, frequency 

and number of infusions depend on the type and severity of the bleed. Conversely, prophylaxis 

corresponds to the treatment with intravenous injections of factor concentrate to prevent 

bleeding and joint damage, with the objective of preserving normal musculoskeletal function119. 

Primary prophylaxis requires 2-to-3 infusions per week and is started at a very young age (≤2 

years) before joint disease develops, whereas secondary prophylaxis begins after the onset of 

joint disease111. The evidence of success of both primary and secondary prophylaxis prompted 

many haemophilia patients to switch from on-demand to prophylaxis during the last decades, 

and the progressive enhancement of life expectancy and of quality of life made the replacement 

therapy of haemophilia very rewarding120. Moreover, cost-utility and cost-effectiveness studies 

showed that prophylaxis is cost-effective with respect to on-demand therapy121. Nevertheless, 

the need of multiple weekly infusions is still a significant barrier to primary prophylaxis in 

children, as well as a relevant concern for adult patients. 

The other severe side effect of replacement therapy is the development of inhibitors, i.e. 

polyclonal high-affinity IgG antibodies that specifically neutralize the pro-coagulant activity of 

the relevant clotting factor, counteracting the management of bleeds. The development of 
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inhibitors is thought to be driven by both patient-related (genetics, family history) and 

treatment-related (intensity of exposure, product type) factors and for HB is estimated to occur 

in around 4-5% of patients within fifty days from the first treatment. A particular feature of 

anti-FIX inhibitors is the propensity for patients to develop anaphylactic reactions, thus direct 

medical supervision is recommended for the first infusions111. Patients with inhibitors can be 

effectively treated only with bypassing agents such as activated prothrombin complex 

concentrate (APCC) and/or recombinant FVIIa, which circumvent the need for FIX by 

generating thrombin through other mechanisms122,123. 

Recent therapeutic advancements are addressing the current issues (Tab. 3.3). In particular, half-

life limitations have led to the development of enhanced half-life products. These novel drugs 

could simplify the prophylactic regimens for HB patients, reducing the dosage frequency and 

extending the protection from bleeding, thus improving adherence to treatment and rendering 

this therapy less distressing for patients. In addition, non-replacement products have been 

developed with the aim of rebalancing the haemostatic system and providing an alternative 

treatment for patients with and without inhibitors124–126. 

 

Table 3.3. Novel products for the treatment of HB (approved or in clinical trials). 

      

Novel therapeutic 
(commercial name) 

Mechanism of action Status of development 

Albutrepenonacog alfa 
(Idelvion®) 

rFIX, albumin fusion Approved by the FDA and EMA 

Eftrenonacog alfa 
(Alprolix®) 

rFIX, Fc fusion Approved by the FDA and EMA 

Nonacog beta pegol 
(Rebinyn/Refixia®) 

rFIX, pegylation Approved by the FDA and EMA 

Fitusiran siRNA knockdown of AT Phase 3 

Concizumab Monoclonal antibody against TFPI Phase 2 

scAAV2/8-LP1-FIXco Gene therapy Phase 1/2 

AskBio009 (BAX335) Gene therapy, FIX Padua Phase 1/2 

Spk-9001 Gene therapy, FIX Padua Phase 1/2 

rFIX, recombinant FIX; FDA, Food and Drug Administration; EMA, European Medicines Agency; siRNA, 
small interfering RNA; AT, anti-thrombin; TFPI, tissue factor pathway inhibitor; scAAV, self-
complementary adeno-associated virus; LP1, liver specific promoter; FIXco, codon-optimized FIX.  
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Finally, gene therapy holds the promise for a definitive cure for HB and several clinical trials 

have been completed or are undergoing126. Promising results have been obtained recently in an 

early-phase clinical trial using liver-directed AAV-based delivery of a naturally occurring gain-

of-function FIX variant, namely FIX Padua (p.R384L)127. This variant was found in a 

thrombotic patient and showed 8-fold greater specific activity compared to wild-type FIX128. 

Notably, liver-directed gene transfer of FIX Padua did not result in thrombosis or inhibitor 

formation and was instead able to induce immunologic tolerance in HB dogs with pre-existing 

inhibitors129–131. However, despite the demonstration of extended therapeutic effect in clinical 

trials is very encouraging, substantial challenges for the development of a safe, viable and widely 

applicable gene therapy still remain. Up to 50% of the population have neutralizing antibodies 

against AAV132 and is thus ineligible for AAV-mediated gene therapy. Moreover, even when 

anti-AAV antibodies are low or not present, gene therapy may be a particular challenge in young 

individuals because of the potential difficulty in maintaining sufficient gene expression in a 

growing liver. Indeed, the gene therapy landscape for HB is promising, but this approach may 

not be suitable for all patients133. 

 

3.1.6 Aim of the present work 

Haemophilia B is a well-known and extensively characterised bleeding disorder. Several 

treatment options are currently available and novel therapeutic strategies, developed in recent 

years, seem to be very promising in terms of efficacy and safety. Nevertheless, current 

treatments still have important limitations and this scenario prompts the identification of novel 

optimized strategies. In particular, the short half-life of coagulation factors prompted the 

development of enhanced half-life products, which have the potential to improve patients’ 

convenience and compliance. In this context, a further improvement of the biological properties 

of enhanced half-life products may be achieved either in terms of half-life or activity, or by the 

synergistic combination of these two features. Rationally-engineered and natural gain-of-

function variants provide the ideal tools to develop unique molecules to be exploited for 

therapeutic purposes. 

The aim of this project was to design, produce and characterise an innovative fusion protein 

between FIX and albumin, with improved features conferred by the gain-of-function FIX Padua 

variant and by an engineered HSA variant with strongly improved and pH-dependent FcRn 

binding kinetics (referred to as HSAQMP for patenting reasons). The novel protein was evaluated 

for its pro-coagulant activity and directly compared with the commercial FIX-albumin fusion 

(Idelvion®) for its FcRn-binding properties and in vivo persistence.  
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3.2 Materials and methods 
 

3.2.1 Nomenclature  

All residues are reported according to the HGVS nomenclature67, with numbering starting at 

the A (+1) nucleotide of the AUG (codon 1) translation initiation codon. The HGVS 

nomenclature differs from Legacy numbering by 46. Reference sequences: NM_000133.4; 

NP_000124.1.  

 

3.2.2 Creation of expression vectors 

The human FIX cDNA (including 1.4 kb of F9 intron 1)134,135 was PCR amplified from the 

pCMV5-FIXwt plasmid with the forward 5’-TCTGGTACCATGCAGCGCGTGA 

ACATGATC-3’ (KpnI restriction site underlined) and the reverse 5'-TCTCTCGAGAGTG 

AGCTTTGTTTTTTCCTTAATCCAG-3' (XhoI restriction site underlined) primers, which 

suppresses FIX stop codon. The PCR amplicon was then cloned into the pcDNA3 expression 

plasmid through KpnI-XhoI restriction sites. Three different cleavable linkers were generated by 

annealing of partially complementary oligonucleotides and subsequent amplification under 

standard PCR conditions (the oligonucleotides’ sequences are not reported for patenting 

reasons). The resulting linker fragments were digested with XhoI-BamHI and cloned into the 

pcDNA3-FIX plasmid. Seven nucleotides including the XhoI site were subsequently removed 

by site-directed mutagenesis with primer 5´-GGAAAAAACAAAGCTCACTTC 

TGTGAGCCAGAC-3’.  The HSA cDNA sequence corresponding to mature HSA (amino 

acids 25-609), either wild-type or engineered (HSAQMP, sequence kindly provided by Prof. 

Andersen, from Oslo University Hospital), was already available in a pGEM-HSA constructs 

and was cloned into the pcDNA3-FIX-linker plasmid through the BamHI restriction site. The 

FIX Padua variant (FIX p.R384L) was created by site-directed mutagenesis with 5’-

CGAGCCACATGTCTTCTATCTACAAAGTTCACC-3’ primer (target codon underlined, 

changed base in bold). All the plasmids generated had the general structure pcDNA3-FIX-

linker-HSA. All constructs were validated by sequencing. 

 

3.2.3 Cell culture, transient expression and stable clones 

All experiments were conducted in HEK293 cell line and cells were maintained as described in 

Section 2.2.4. For transient expression experiments, 24 hours before transfection 2.5x105 

cells/well were seeded in 12-well culture plates. Transfection was performed in serum-free 
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medium (Opti-MEM) with the Lipofectamine 2000 reagent, according to manufacturer’s 

protocol. Briefly, 2 μg of plasmid DNA and 2 μL of Lipofectamine 2000 were mixed in 150 μL 

Opti-MEM medium and incubated at room temperature for 20 minutes, then added to the cells 

in a final volume of 650 μL. Transfection medium was removed 4 hours after transfection and 

500 μL of fresh Opti-MEM supplemented with 5 μg/mL vitamin K was added. Media were 

harvested 48 hours after transfection, centrifuged for 5 min at 3000 x g and stored at -20°C.  

For stable clones set up, HEK293 cells were transfected with 4 μg of plasmid DNA in 6-well 

plates with Lipofectamine 2000 (see above). After 24 hours, transfected cells were seeded in 100 

mm plates at different dilutions (from 1:1000 to 1:24000) and cultured in DMEM supplemented 

with 500 μg/mL G418 (Sigma-Aldrich) as selection agent. After 14-21 days, single resistant 

colonies were moved to 24-well plates and cultured in DMEM supplemented with 500 μg/mL 

G418 and 5 μg/mL vitamin K. The best clones in terms of protein expression were selected 

upon a FIX-HSA-specific ELISA. 

In collaboration with the group of Prof. Andersen at the Oslo University Hospital, selected 

clones were expanded and conditioned medium was collected. A two-step purification of FIX-

HSA fusion proteins was performed through human albumin affinity chromatography followed 

by size exclusion chromatography.  

  

3.2.4 Factor XIa-mediated activation and Western blotting analyses 

To analyse the activation profile of FIX and FIX-HSA recombinant proteins, media from 

transient transfection were incubated with plasma-derived FXIa (3.6 nM final) and Innovin (1:25 

final dilution, Dade® Innovin®, Siemens Healthcare, Marburg, Germany) in Reaction buffer 

(20 mM HEPES pH 7.4, 150 mM NaCl, 0.1% PEG-8000, 5 mM CaCl2) at 37°C for 4 hours. 

Activated proteins were then separated by SDS-PAGE on Bolt 4–12% Bis-Tris Plus gels with 

Bolt MES SDS Running Buffer and transferred onto 0,45 μm nitrocellulose membrane using a 

Tris-glycine-20% methanol running buffer. Blocking was carried out by incubation with 5% 

milk (w/v) in PBS buffer for 2 hours at room temperature. Recombinant proteins were detected 

by polyclonal goat anti-hFIX (1:2000, GAFIX-AP, Affinity Biologicals, Ancaster, ON, Canada) 

and donkey anti-goat HRP-conjugated (1:6000, Bethyl Laboratories, Montgomery, TX, USA) 

antibodies diluted in 2.5% milk (w/v) in PBS. Three washes were performed between each step 

with PBS-0.1% Tween-20 buffer. Western blot was developed by Clarity Western ECL 

Substrate (Bio-Rad, Hercules, CA, USA) and blotting images were acquired and analysed 

through the Image Laboratory Software version 4.0 (Bio-Rad). 
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3.2.5 Evaluation of secreted protein levels 

Secreted rFIX levels were evaluated by ELISA, using a commercially available paired antibody 

set (FIX-EIA, Affinity Biologicals), according to manufacturer’s protocol. Secreted FIX-HSA 

levels were also evaluated through a home-made ELISA. Briefly, 96-well Costar plates were 

coated overnight at 4°C with polyclonal anti-FIX antibody (FIX-EIA-C, Affinity Biologicals) 

diluted 1:100 in carbonate-bicarbonate buffer pH 9.6. Blocking was performed with 5% milk-

0.1% Tween 20-PBS buffer and samples were diluted in 0.5% milk-0.1% Tween 20-PBS buffer 

(Sample diluent). Detection was performed through a polyclonal goat anti-HSA HRP-

conjugated antibody (A80-129P, Bethyl Laboratories) diluted 1:10000 in Sample diluent. ELISA 

was revealed by o-phenylenediamine dihydrochloride substrate and the reaction was stopped by 

addition of 2.5 N H2SO4. A volume of 60 μL/well was added in each layer of the ELISA and 

the wells were washed three times with 150 μL PBS-0.1% Tween 20 after each incubation step. 

The absorbance was measured at 492 nm using a Sunrise spectrophotometer (TECAN).  

Recombinant FIX and wild-type fusion protein were used as reference for the two ELISA. 

 

3.2.6 Evaluation of activity levels 

Activity levels were evaluated by one-stage clotting assay (aPTT), in which the sample is mixed 

with factor-deficient plasma and the time to clot formation is monitored after coagulation is 

initiated by addition of phospholipids, calcium, and a contact activation reagent. In particular, 

FIX-deficient plasma (HemosIL, Instrumentation Laboratory, Lexington, MA, USA) was 

supplemented with serial dilutions of conditioned media. Coagulation times were measured 

upon addition of a contact activator (SynthASil, Hemosil) and CaCl2 on a ACLTOP700 

instrument (Instrumentation Laboratory). 

Activity levels were also assessed through a commercially available chromogenic assay (Hyphen 

Biomed, Neuville-sur-Oise, France), according to manufacturer’s protocol. This assay uses 

chromogenic FXa-specific substrates to detect FX activation after sample is mixed with 

phospholipids, calcium, and defined amounts of purified clotting factors necessary for FXa 

generation. 

Coagulation times (aPTT-based assay) or optical density values (chromogenic assay) from serial 

dilutions of an appropriate FIX protein were used as reference. The specific activity was 

calculated as the ratio between coagulant activity and protein levels expressed as % of the 

appropriate wild-type. 
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3.2.7 Evaluation of FcRn binding properties 

FcRn binding was evaluated through an ELISA-based assay in collaboration with Prof. 

Andersen’s group. Briefly, 96-well plates (Costar) were coated with 100 μL/well of a human 

IgG1 mutant variant (M252Y/S254T/T256E/H433K/N434F, 8 μg/mL, with specificity for 4-

hydroxy-3-iodo-5-nitro phenylacetic acid) in PBS pH 7.4, and incubated over night at 4°C. 

Blocking was performed with 200 μL/well of PBS-4% skimmed milk (PBSM) and incubated 

for 1 hour at RT. A Hys-tagged human FcRn (10 μg/mL) in PBSM, 0.005% Tween20 (PBSTM) 

pH 5.5 was added and incubated for 1 hour at RT. FIX-HSA fusions were prepared in PBSTM 

pH 5.5, added to wells in duplicates and incubated for 1 hour at RT. Bound fusions were 

detected by alkaline phosphatase-conjugated polyclonal goat anti-HSA antibody (Bethyl 

Laboratories, Inc) diluted 1:3000 in PBSTM, and incubated for 1 hour at RT. ELISAs were 

developed by adding p-nitrophenyl phospate substrate (Sigma-Aldrich) diluted to 10 μg/mL in 

diethanolamine buffer. A volume of 100 μL/well was added in each layer of the ELISA and the 

wells were washed three times with 200 μL PBST pH 5.5 after each incubation step. The 

absorbance was measured at 405 nm using a Sunrise spectrophotometer (TECAN). 

 

3.2.8 Mouse studies 

Pharmacokinetics studies were performed in three mouse models from The Jackson Laboratory 

(Bar Harbor, ME): homozygous FcRn knock-out (KO) mice (B6.129X1-Fcgrttm1Dcr/Dcr), 

homozygous Tg32 albumin KO mice (B6.Cg-Albem12Mvw Fcgrttm1Dcr Tg(FCGRT)32Dcr/MvwJ) 

and hemizygous Tg32 mice (B6.Cg-Fcgrttm1Dcr Tg(FCGRT)32Dcr/DcrJ). 

All mice (7-8 weeks, 3-5 mice per group) received 2 mg/kg of FIX-HSA fusions in PBS by 

intravenous injection. Blood collection was performed at 1, 1.5, 2, 2.5, 3, 3.5, 4 days after 

injection (FcRn KO mice); at 1, 1.5, 2, 2.5, 3, 4, 5, 7, 10 days after injection (hemizygous mice); 

at 1, 2, 3, 5, 7, 10, 11, 12, 16, 19, 23, 30, 37 days after injection (homozygous albumin KO mice). 

Blood (25 μL) was drawn by retro-orbital blood collection using heparinized microcapillary 

pipettes, mixed with 1 μL of 1% K3-EDTA and maintained on ice until centrifugation at 17000 

x g for 5 min at 4°C.  Plasma was isolated and diluted 1:10 in 50% glycerol/PBS solution and 

stored at -20°C until analysis. The studies were carried out at The Jackson Laboratory (JAX 

Service, Bar Harbor, ME), in accordance with guidelines and regulations approved by the 

Animal Care and Use Committee at The Jackson Laboratory.  

The plasma concentration of FIX-HSA fusions (quantified by ELISA) is presented as 

percentage remaining in the circulation at different time points post-injection compared to the 

concentration on day 1 (100%). The β-phase half-life was calculated using the formula: t1/2 = 
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log 0.5/(log Ae/A0) × t, where t1/2 is the half-life of the FIX-HSA variant evaluated, Ae is the 

concentration remaining, A0 is the concentration on day 1 and t is the elapsed time. 

 

3.2.9 Data analysis 

Data were analysed with GraphPad Prism 5 software (San Diego, CA, USA) and Microsoft 

Excel 2010. Statistical differences were analysed by t-test. 
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3.3 Results and discussion 

 

The first attempt to create a fusion protein between FIX and albumin was in 2004 and took 

advantage of a flexible glycine-serine linker136, also exploited for FVIIa-HSA fusion137. This 

strategy resulted in a significant reduction of FIX activity because albumin affected FIX 

interaction with other coagulation factors, thereby limiting its potency. It was therefore 

produced a fusion protein with a proteolytically cleavable linker consisting of the amino acid 

sequence 182 to 200 derived from the N-terminal activation region of FIX (Idelvion®). After 

activation of FIX by either TF/FVIIa or FXIa, both the activation peptide and albumin were 

thus simultaneously cleaved, leaving FIXa free from its fusion partner103.  

In this project, it was designed, produced and characterised an improved FIX-HSA fusion 

protein in which the natural gain-of-function FIX Padua variant was fused through an optimized 

cleavable linker to an engineered albumin variant with improved affinity for FcRn. 

 

3.3.1 A novel cleavable linker allowed optimal factor IX function 

In an attempt to further optimize the fusion strategy between FIX and albumin, two novel 

cleavable linker sequences, together with the linker used for Idelvion®, were created and used 

to join the two moieties. Thus three linkers were produced, deriving from i) the amino acid 

sequence resembling the natural FIX Arg191-Ala192 activation site (linker a; FIX-a-HSA; equal 

to Idelvion®), ii) the natural FIX Arg226-Val227 activation site (linker b; FIX-b-HSA), and iii) 

an upstream-downstream combination of the two activation sequences (linker ab; FIX-ab-

HSA). The resulting linkers sequences are not reported for patenting reasons. 

The resulting three fusion proteins (FIX-a-HSA, FIX-b-HSA and FIX-ab-HSA) were 

transiently expressed in HEK293T cells and their activation properties were investigated by 

incubation with FXIa, to confirm the expected cleavage sites and the generation of fragments 

of the corresponding size (Fig. 3.5). 

Figure 3.5. Western blotting analysis of non-activated and FXIa-activated recombinant fusion proteins 
(left panel). Scheme of FIX-HSA fusion protein and cleavage sites (red arrows, right panel). The 
molecular weight of each segment is reported. zym, zymogen; act, FXIa-activated. 
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Western blotting analysis with an anti-FIX antibody confirmed that all fusion proteins were 

effectively processed in the presence of FXIa (Fig. 3.5). In particular, cleavage of FIX-HSA 

proteins by FXIa resulted in partial removal of the activation peptide and/or albumin, as 

revealed by the presence of four different bands corresponding to i) the undigested chimaera 

(~122 kDa), ii) the removal of the activation peptide (~112 kDa), iii) the removal of the albumin 

moiety (~55 kDa), and iv) the removal of both the activation peptide and the albumin moiety 

(~45 kDa). As a reference, cleavage of FIX also resulted in the partial removal of the activation 

peptide. 

To compare the secretion and functional levels of the different constructs, serial dilutions of 

media containing the fusion proteins were analysed (Fig. 3.6). The amount of secreted protein 

was quantified by a double ELISA which takes advantage of coated anti-FIX and detecting anti-

HSA antibodies, thus recognising both fusion partners (Fig. 3.6, left panel). The clotting activity 

was assessed in FIX-deficient plasma through aPTT assay (Fig. 3.6, right panel) and, to compare 

the three fusion proteins, specific activity was calculated as the ratio between activity and protein 

levels (expressed as % of the reference fusion protein, FIX-a-HSA; inset). 

Figure 3.6. Characterisation of the best performing linker sequence for FIX-HSA fusion proteins. 
Secreted protein levels were measured through a home-made ELISA (left panel) and pro-coagulant 
activity was measured by aPTT assay (right panel). Specific activities (inset) were calculated as the ratio 
between activity and secreted protein levels (expressed as % of those obtained for the reference fusion, 
FIX-a-HSA).  
 

The characterisation of the three fusion proteins revealed that all variants were efficiently 

secreted (Fig. 3.6, left panel) and that all were able to shorten coagulation times in FIX-deficient 

plasma in a dose-dependent manner (Fig. 3.6, right panel). As shown in Figure 3.6 (right panel, 

inset), this analysis also identified the linker ab as the best-working in terms of specific coagulant 

activity (1.26±0.13), with a significant improvement (p=0.0048) toward the reference FIX-a-

HSA (1.00±0.19). These results are in agreement with the specificity preference of FXIa for an 
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arginine-valine instead of an arginine-alanine cleavage site, as reported in the MEROPS database 

(https://www.ebi.ac.uk/merops/index.shtml)138. These results prompted the selection of FIX-

ab-HSA fusion protein as the scaffold for subsequent engineering steps.  

 

3.3.2 Fusion to albumin did not affect the functional properties of factor IX Padua 

variant 

FIX Padua (FIXPadua, p.R384L) has been exploited for HB gene therapy because of its ~8-fold 

increased specific activity and because of its low immunogenicity127,128,130. Promising results were 

obtained and, recently, two phase 3 AAV-mediated gene therapy studies using the FIX Padua 

transgene have been announced139. 

These evidences prompted the adoption of FIXPadua variant to improve the pro-coagulant 

features of the FIX-HSA fusion protein. In particular, the R384L change was introduced by 

site-directed mutagenesis of plasmids expressing FIX alone or the FIX-ab-HSA fusion protein, 

thus obtaining FIXPadua and FIXPadua-ab-HSA vectors, respectively. To verify the maintenance of 

the gain-of-function features in the presence of C-terminal albumin, fused and unfused FIXPadua 

were expressed in HEK293T cells and specific activity was compared with the corresponding 

wild-type construct (Fig. 3.7). 

Figure 3.7. Secreted levels and activity profile of the gain-of-function FIXPadua alone (grey bars) and 
upon HSA fusion (blue bars). (A) Secretion efficiencies are expressed as % of those of the corresponding 
wild-type protein. Specific activity was evaluated as the ratio between activity and secreted protein levels, 
as measured in chromogenic (B) and coagulant (C) assays. Results are expressed as mean ± SD from 
three independent experiments. 
 

FIXPadua variants showed reduced secretion compared to wild-type FIX, either alone or when 

fused to albumin (Fig. 3.7A). This reduction, already reported by others, is likely due to 

lysosomal and proteasomal intracellular degradation of the missense variant140. 

https://www.ebi.ac.uk/merops/index.shtml)(Rawlings
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Conversely, functional evaluation of FIXPadua-ab-HSA fusion protein revealed the expected 

improved specific activity in both chromogenic (8.6±2.3; Fig. 3.7B) and clotting (15.8±2.5; Fig. 

3.7C) assays. The observed discrepancies between activity levels measured by the two assays are 

long-recognised and well-described for rFIX139,141. Indeed, the activity of rFIX measured by 

chromogenic assay is described to be around 70% of the clotting assay and a similar assay 

discrepancy was observed also in HB subjects expressing FIX Padua after AAV gene therapy127. 

Importantly, in both activity assays, the 8-to-15-fold improved specific activity of FIXPadua was 

fully preserved upon fusion with albumin, thus supporting the use of this FIX variant as a way 

to boost the activity of the engineered FIX-HSA fusion protein. 

A more active product for replacement therapy may allow a prolonged clinically-relevant 

functional profile over the therapeutic threshold even at low antigen levels, thus widening the 

therapeutic window and lowering the burden of treatment for patients. This may be of particular 

relevance because a challenge associated with current prophylaxis is the difficulty in maintaining 

an adequate trough level of the factor and to avoid development of joint arthropathy during 

patients’ life142. Indeed, treatment is typically provided in amounts that are just sufficient to limit 

joint bleeds due to the high costs and limited availability, thus a hyper-functional product, 

requiring lower doses to achieve the same functional levels, may address these limits131,143.  

Given the high specific activity of FIX Padua, its potential for thrombogenicity needs to be 

carefully addressed. To date, it is unclear whether the induction of FIX activity in the high 

normal or above normal range could be associated with increased thrombotic risk, and all 

evaluations of FIX Padua safety in humans derive from gene therapy trials that are not directly 

translatable to a replacement therapy approach. Nevertheless, many evidences support the safety 

profile of FIX Padua, including the fact that FIX activity in not haemophilic people is highly 

variable, ranging between 50-150% of normal. In addition, a recent study on non-human 

primates treated with AAV5-delivered FIX Padua, showed that FIX activity up to 500% was 

not associated with prothrombotic state131. Notably, thrombosis occurred in a patient with 

naturally-occurring FIX-Padua and with activity levels of >700% of normal, but did not occur 

either in his brother nor in his mother, which had >500% and >300% FIX activity, 

respectively128. Overall, these evidences support the potential use of safe and lower doses of 

FIX Padua for therapeutic purposes.  
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3.3.3 Wild-type and engineered FIX-HSA fusion proteins were stably expressed and 

purified 

The FIXPadua-HSA fusion protein was further modified by the addition of an engineered HSA 

variant with enhanced half-life (designed by the group of Prof. Andersen). In particular, a novel 

HSA variant was exploited (referred to as HSAQMP for patenting reasons), in which the K573P 

substitution, known to confer alone a 12-fold improved FcRn binding affinity101, was combined 

with two additional amino acid changes. Notably, these three amino acid substitutions in DIII 

were shown to improve binding to human FcRn by 180-fold at acidic pH while barely affecting 

release from the receptor at neutral pH (data submitted for publication). Moreover, this variant 

retained an improved binding once fused with rFVIIa, thus further supporting its selection as 

candidate fusion partner to confer a superior FcRn binding to the proposed FIX-HSA fusion 

protein.  

The HSAQMP variant was cloned downstream of FIXPadua and the previously selected linker ab, 

thus obtaining the FIXPadua-HSAQMP construct. Both engineered and wild-type FIX-HSA 

proteins (Fig. 3.8, left panel) were stably expressed and, in collaboration with the group of 

Professor Andersen at the Oslo University Hospital, both proteins were purified by affinity and 

size-exclusion chromatography.  

 

Figure 3.8. Purified fusion proteins. On the left, a schematic representation of the two fusions produced, 
with mutated residues indicated. On the right, SDS-PAGE of purified FIX-HSA fusion proteins together 
with additional controls. FP, fusion protein; ab, linker ab; WT, wild-type. 
 

Analysis on SDS-PAGE (Fig. 3.8, right panel) showed the presence of all fusion proteins with 

an overall molecular weight as expected (~122 kDa). Together with the FIX-HSA proteins, the 

commercial product Idelvion® was loaded as control. In addition, purified rFVIIa-HSA and 

HSA variants alone represented further controls. 
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3.3.4 In vitro characterisation of engineered fusion proteins revealed improved FcRn 

binding  

The improved FcRn-binding properties provided by the HSAQMP variant were evaluated in 

collaboration with Prof. Andersen’s group. Titrated amounts of purified fusion proteins were 

assessed by an ELISA-based binding assay at the optimal pH 5.8 for binding to FcRn. 

Figure 3.9. ELISA-based assay showing binding to human FcRn of titrated amounts of FIX-HSA 
fusions. The ELISA was performed at pH 5.8.  

 

FIXPadua-HSAQMP showed stronger FcRn-binding affinity at acidic pH compared to both the 

wild-type fusion and Idelvion®, which, conversely, showed overlapping binding features 

between them (Fig. 3.9). These results demonstrated that the adopted fusion strategy does not 

impair the FcRn binding properties of the engineered HSAQMP variant. 

Besides validating its use for an improved FIX-HSA fusion protein, these data also support the 

use of this HSA variant as a fusion partner for other therapeutically relevant proteins. Indeed, 

the improved binding to FcRn has the potential to translate into an extended half-life fusion 

protein and into a reduced dosing frequency for HB patients. 

 

3.3.5 In vivo studies showed enhanced half-life of the engineered fusion protein 

As already mentioned, the different interspecies interactions between mouse/human albumin 

and mouse/human FcRn can compromise the half-life evaluation of HSA variants in vivo99. 

Therefore, to investigate the in vivo properties of FIX-HSA variants, specific mouse models were 

exploited (Fig. 3.10). 

First, fusion proteins were challenged in hemizygous human FcRn transgenic mice expressing 

mouse albumin (Tg32 mice)144. As shown in Figure 3.10A, the engineered fusion protein was 

detectable in mouse plasma up to 10 days, whereas both wild-type variant and Idelvion® could 
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be detected only until day 5. Analysis of the clearance curves resulted in half-lives of 2.5±0.2 

days for FIXPadua-HSAQMP variant and of 1.1±0.1 and 1.0±0.1 days for the wild-type fusion and 

Idelvion®, respectively, revealing a 2.5-fold improvement conferred by the engineered albumin. 

Figure 3.10. Half-life evaluation of FIX-HSA variants in vivo. Elimination curves of FIX-HSA in hFcRn 
transgenic mice (A), hFcRn and MSA KO mice (B) and in FcRn KO mice (C). The serum levels are 
presented as % remaining in circulation compared to that measured at day 1 after mice were 
intravenously injected. The values are reported as mean ± SD of five mice. 
 

Conversely, in mice knock-out for mouse albumin (Fig. 3.10B), the differences between 

engineered and wild-type fusions were less pronounced with half-lives of 11.1±0.7 days for 

FIXPadua-HSAQMP and 7.8±1.4 and 7.2±0.7 days for wild-type and Idelvion®, respectively. 

Indeed, extended persistence in circulation was observed for all variants (detectable in plasma 

for up to 30-35 days). These results underline the impact of competition on half-life of albumin-

based products. Indeed, the presence of a competing mouse albumin, albeit characterised by 

stronger affinity to human FcRn than HSA, better mimics the natural situation than the model 

without competition. As additional control, a mouse strain knock-out for FcRn was used. As 

expected, all fusion proteins were comparably and rapidly removed from circulation (Fig. 

3.10C), thus confirming that the improved half-life observed in others models was dependent 

on FcRn-mediated rescue.  

Overall, these data demonstrated that the engineered albumin is able to further extend FIX half-

life in comparison with the currently available fusion protein (Idelvion®). If translated to 

humans, this feature would represent a great advantage in the context of a prophylactic regimen, 

allowing for further reduced infusion frequency and promoting patients’ compliance. These 

findings also support the use of this engineered HSA variant for the improvement of the 

pharmacokinetic properties of other therapeutic proteins.  
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3.4 Conclusions 

 

In this work a novel fusion protein between coagulation factor IX and human albumin was 

designed and produced. In particular, to obtain a molecule with improved therapeutic potential 

in terms of both pro-coagulant activity and half-life, the gain-of-function FIX Padua variant and 

an engineered albumin with improved FcRn-binding capacity were fused through a cleavable 

linker sequence. Evaluation of pro-coagulant properties demonstrated that the hyperfunctional 

features of FIX Padua were fully preserved after fusion to albumin. In addition, FcRn binding 

of the engineered fusion protein was strongly improved by the presence of the HSAQMP variant. 

This resulted in 2.5-fold half-life extension in a humanized mouse model transgenic for hFcRn, 

with competition provided by mouse albumin and thus mimicking the natural situation. Overall, 

the results of this work provide a first proof-of-principle of the improved properties of a 

FIXPadua-HSAQMP fusion protein in terms of both pro-coagulant activity and half-life. 

Further studies will address the functional half-life of the engineered chimaera to confirm that 

FIX maintains full function upon FcRn-mediated recycling within acidified endosomes. 

Moreover, further in vivo studies are ongoing, exploiting a double humanized mouse model 

characterised by a hybrid FcRn (human FcRn/mouse β2m heterodimer) and competition from 

endogenous human albumin. 

If translated to HB treatment, the improved features of the novel FIX-HSA fusion designed in 

this work would have the potential to address many of the current limits of replacement therapy. 

Indeed, a further enhanced half-life factor, by widening the therapeutic window, may encourage 

patients to switch from on-demand to prophylaxis regimen by reducing injections frequency 

and the burden of treatment. It may also reduce the need for central venous lines in children 

and promote adherence in adolescents, improving outcomes and potentially allow for a more 

active lifestyle, thus ameliorating patients’ quality of life. Moreover, the increased specific activity 

has the potential to raise trough levels with a consequent increase in effectiveness, and to 

possibly reduce treatment-related costs due to lower dosage needed131,142,145. 
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4.1 Background and rationale  

 

4.1.1 The splicing process and its regulation 

In eukaryotic cells, the primary RNA transcript (pre-mRNA) is synthesized in the nucleus by 

RNA polymerase II, where it undergoes several modifications before being transported into the 

cytoplasm, in which translation takes place. A central step of mRNA maturation is the splicing 

process, during which the removal of non-coding introns followed by exons ligation occurs. In 

particular, splicing takes place in two steps involving two consecutive trans-esterification 

reactions (Figure 4.1, upper panel). First, an adenosine residue located within a hundred 

nucleotides from the 3’ end of the intron (branch point sequence), carries out a nucleophilic 

attack on the 5’ splice site (5’ss), resulting in the formation of an intron lariat intermediate. In 

the second step, the free 5’ss attacks the 3’ splice site (3’ss), leading to the removal of the intron 

lariat and the formation of the spliced RNA product146. 

The machinery carrying out this process is the spliceosome, a large RNA-protein complex 

characterised by the presence of U1, U2, U4/U6 and U5 small nuclear RNAs (snRNAs) 

organized in small nuclear ribonucleoprotein particles (snRNPs)147. In a subset of eukaryotes 

there is also a less abundant minor spliceosome formed by U11/U12 and U4atac/U6atac 

snRNPs, which are functionally comparable to the components of the major one148.  

Figure 4.1. Representation of the two-step splicing reaction (upper panel, adapted from Ref.149) and 
scheme of the canonical splice sites with their consensus sequences (lower panel, from Ref.150). BP, 
branch point; (Y)n, polypyrimidine tract. 
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Spliceosome assembly is directed by the consensus sequences that mark the exon-intron 

boundaries, including the 5’ss, the branch point, the polypyrimidine tract and the 3’ss (Fig. 4.1, 

lower panel). The 5’ss (donor site) is a degenerate 9-nucleotide motif that generally conforms to 

the sequence (C/A)AG - GU(A/G)AGU and is firstly bound via homology by U1 snRNA in 

what is known as the spliceosomal E complex. The 3’ splice site (acceptor site) is characterised 

by three elements generally within 40 nucleotides of the intron-exon boundary: the branch point 

(BP), which contains the adenosine important for the first trans-esterification step of the splicing 

reaction, the polypyrimidine tract, a region with an high percentage of pyrimidines, and the 3’ss 

((C/U)AG - G). The degenerate BP sequence ((C/U)N(C/U)U(A/G)A(C/U)) interacts with 

U2 snRNP, while the U2 snRNP auxiliary factor (U2AF) binds the polypyrimidine tract151. 

These signals comprise the first layer of code in splicing and are essential but not sufficient to 

direct splicing. Indeed, genome sequencing analyses have showed that the majority of splice sites 

do not precisely conform to the consensus sequence and that less than 5% of donor sites match 

perfectly the 9-nucleotide consensus stretch, whereas more than 25% are characterised by three 

or more mismatches152. 

A further level of complexity derives from the fact that pre-mRNA splicing can be constitutive 

or alternative. In the first case the exon is always included in the mature mRNA, while in the 

second multiple mRNAs can be obtained from the same pre-mRNA by differential joining of 

5’ and 3’ splice sites. Alternative splicing is one of the main protagonists in regulation of tissue- 

and developmental stage-specific gene expression, by generating different protein isoforms that 

can function in several cellular processes. Indeed, it is estimated that more than 95% of the 

genes undergo alternative splicing, partially explaining the discrepancy between the 24.000 

estimated protein coding genes and the about 100.000 different proteins found in the cell153.  

Due to the degenerate nature of the splice sites, other auxiliary sequences are essential in order 

to define exons from introns in constitutive splicing, and to modulate alternative splicing. The 

need for these auxiliary signals is even more significant when considering that the size of a 

human exon is generally comprised between 50 and 250 bp, thus much shorter compared to the 

thousands of residues that constitute intronic sequences, meaning that the spliceosomal 

machinery has to identify small exons within vast introns147. The cis-acting regulatory elements 

are classified according to their effect and localization as exonic splicing enhancers and silencers 

(ESE and ESS, respectively) and intronic splicing enhancers and silencers (ISE and ISS, 

respectively)150(Fig. 4.2).  
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Figure 4.2. Control of pre-mRNA splicing by cis-acting intronic and exonic silencers and enhancers. A 
schematic exon surrounded by two introns is represented and intronic and exonic splicing enhancers 
(ISE, burgundy box; ESE, purple box), as well as intronic and exonic splicing silencers (ISS, red box; 
ESS, brown box) are indicated. Serine/arginine-rich (SR) proteins promote splicing by interacting with 
enhancers, whereas heterogeneous nuclear ribonucleoproteins (hnRNP) inhibit splicing by interacting 
with silencers154. 
 

The vast majority of enhancer elements contain purine-rich sequences, that are binding sites for 

serine/arginine-rich (SR) proteins. SR proteins have a common structural organization, 

characterised by the presence of one or two RNA recognition motifs at the N-terminal and the 

arginine/serine (RS) domain, of at least 50 amino acids and with an RS content higher than 

40%, at the C-terminal. SR proteins that are bound to ESEs can promote exon definition by 

directly recruiting the splicing machinery through their RS domain and/or by antagonizing the 

action of nearby silencer elements. Notably, these two models of splicing enhancement are not 

necessarily mutually exclusive, as they might reflect different requirements in the context of 

different exons150. 

The silencer elements are principally bound by heterogeneous nuclear ribonucleoproteins 

(hnRNPs), which are a set of primarily nuclear proteins that bind pre-mRNA without necessarily 

forming stable association with other RNA-protein complexes. The vast majority of the hnRNP 

proteins interact with the pre-mRNA through one or more RNA binding motifs and can act 

through three silencing mechanisms. Direct competition occurs when the enhancer-binding site 

overlap with the silencer’s one so that the binding of the positive and negative factors is mutually 

exclusive. Moreover, silencers can act by promoting the formation of protein–protein 

interactions that loop out the alternative exon or by nucleation and cooperative binding of 

additional inhibitory molecules, which polymerize along the exon over an enhancer site147,150. 

Overall, the decision of whether to include an exon reflects the interplay and the balance among 

many factors, including the intrinsic strength of the canonical splice sites, the combinatorial 

effects of positive and negative regulatory elements, as well as the effect on splicing of the RNA 

structure155, transcription rate156, chromatin remodelling and epigenetic modifications157. The 
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combination of all these elements still hampers the many attempts of effectively predicting if a 

given exon will be included or not in a specific biological context. 

 

4.1.2 Splicing and disease 

Given the complexity of splicing mechanism and regulation, it is not surprising that this process 

is extremely susceptible to the effect of mutations and thus widely involved in human diseases. 

In particular, it has been estimated that around 15% of point mutations that result in a human 

genetic disease cause defective splicing158. Notably, the majority of mutations considered in 

these surveys directly affect the canonical splice sites, whereas point mutations in the coding 

regions are usually classified as missense, nonsense or silent mutations. This assumption may be 

misleading because even exonic mutations affecting splicing regulatory elements are likely to 

have a strong impact on RNA processing and thus on the translated product. A paradigmatic 

example is represented by mutations that are classified as missense variants but also affect an 

ESE. In this case, the mutation could actually result in exon skipping, thus leading to a disrupted 

open-reading frame or a mutant protein with a large deletion, instead of the expected single 

amino acid change159,160. Indeed, misclassification of mutations leads to underestimate the 

frequency of splicing mutations and it is becoming evident that, depending on the complexity 

of the affected genes, mutations leading to splicing dysfunction may represent up to 50% of all 

described variations161–163. Importantly, the correct classification of mutations is essential for 

understanding structure–function relationships in the corresponding protein, for assessing the 

phenotypic risk in individuals with familial disease predispositions and for the design of new 

therapies150. 

It is well known that splicing mutations can act in different ways, depending on the affected 

sequence. Mutations of canonical splice sites generally lead to exon skipping or, in a minority of 

cases, to intron retention, with those occurring at the 5'ss being the most severe ones. This 

results in the synthesis of a non-functional protein or in mRNA degradation due the 

introduction of a premature termination codon which can trigger nonsense mediated decay. 

Moreover, mutations in enhancer or silencer elements can change the ratio of isoforms 

containing alternative exons and mutations within introns can lead to inclusion of intronic 

sequences through the use of a cryptic splice site164. To date, several diseases have been 

associated to splicing defects and this has led to great interest in developing therapeutic 

approaches to correct aberrant splicing165.   
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4.1.3 Splicing-correction approaches 

Overall, the fact that many human genetic diseases are caused by mutations affecting splicing 

has prompted the development of therapeutic approaches that directly target this process, such 

as antisense oligonucleotides, chemical compounds and modified U1 snRNAs. 

Antisense oligonucleotides (AONs), among the most studied splicing-based therapeutics, are 

short (15-20 bases) synthetic oligonucleotides that bind to RNA through standard Watson-Crick 

base pairing, thus modulating the function of their target. In particular, AONs can be directed 

to canonical splicing sites or to regulatory elements where they sterically block access to the 

transcript by the spliceosome and splicing factors. In the past decades, many modifications have 

been developed to increase AONs resistance to nucleases and proteases, and to target affinity, 

specificity and in vivo stability, as well as to reduce non-specific interactions with proteins166. 

Indeed, the therapeutic application of AONs for splicing correction is promising, as highlighted 

by the recent approval of nusinersen (Spinraza®, Biogen), a modified AON approved for the 

treatment of spinal muscular atrophy167,168. Nevertheless, this approach lacks efficient delivery 

to the tissue of interest and requires repeated administrations of large amounts of costly 

materials, thus many studies are focusing on overcoming these obstacles166,169. 

A second splicing-correction strategy exploits small compounds that can function by directly 

modifying the activity of splicing factors or by indirectly altering splicing, frequently by 

unknown mechanisms170. The major advantage of this approach is that many of these 

compounds have already been approved and are used in clinical practice to treat diseases not 

related to splicing, thus proving their safety in humans. On the other hand, a major drawback 

of small molecule therapeutics is their lack of specificity and the poor knowledge about their 

exact mechanism of action, which can lead to unpredicted off-target effects170,171. 

 

4.1.4 Modified U1 snRNAs as splicing-targeted therapies  

Another promising approach to rescue aberrant splicing is represented by the use of modified 

U1 snRNAs. U1 snRNA is the RNA component of the core spliceosomal U1 snRNP and is 

involved in 5’ss recognition through its 9-bp tail, during the first step of spliceosome assembly. 

It is a 164-nucleotide long molecule and has a stable and defined 4 stem-loops secondary 

structure that interacts with a set of U1-specific proteins, namely U1-A, U1-70K and U1-C, as 

well as with the Smith antigen proteins, common to all the U-rich snRNAs172 (Fig. 4.3).  

Mutations at the 5’ss can alter U1 snRNA binding, thus preventing spliceosome assembly and 

resulting in aberrant splicing. For this reason, modified U1 snRNAs with restored 

complementarity to the mutated 5’ss have been designed and have proved their efficacy as 
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splicing-correction molecules in several disease models166. However, because of the partially 

conserved nature of the 5’ss, modified U1 snRNAs have to deal with potential off-target effects.  

 

 

Figure 4.3. Schematic representation of U1 snRNA sequence and secondary structure and associated 
proteins173. The 5’ tail, binding the donor site on the pre-mRNA, is underlined. 
 

Interestingly, it has been shown that U1 snRNAs do not necessarily have to bind to the 5′ss to 

promote exon definition and that U1 snRNAs complementary to intronic sequences 

downstream of the 5′ss can enhance recognition of 5′ss as well as exon definition174,175. As a 

result, a second generation of correction molecules have been designed, namely exon specific 

U1 snRNAs (ExSpeU1s), characterised by an engineered 5′ tail which binds to non-conserved 

intronic regions downstream of the 5′ss and allowing improved specificity and reduced potential 

off-target events175. Moreover, it has been shown that a single ExSpeU1s can be used to correct 

multiple exon-skipping mutations, at the 5′ss, in the polypyrimidine tract and even at exonic 

regulatory elements, thus extending the applicability of this molecules175. Recent studies revealed 

that ExSpeU1s splicing rescue activity is not dependent on the recruitment of endogenous U1 

snRNP to the 5′ss, but on the U1-70K protein and on the loop IV structure of the U1 snRNA, 

thus indicating that ExSpeU1s promote exon recognition through the recruitment of splicing 

factors that subsequently activate the mutated 5′ss173. 

In the context of a therapeutic approach, U1 snRNAs have the major advantage of maintaining 

the regulated expression of the target gene and, given that their expression cassette includes 

promoter and regulatory sequences, to provide long-term correction. Another favourable 

feature of U1 snRNAs is the small cassette size, which is compatible with the delivery with the 

AAV vectors, one of the most successful gene therapy systems available166. Overall, these 
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features make the use of U1 snRNAs a promising novel therapeutic strategy to correct splicing 

defects. Indeed, both modified U1 snRNAs and ExSpeU1s have already shown their efficacy 

to repair different types of splicing defects in cellular and animal models of diseases such as 

haemophilia B176, FVII deficiency177, cystic fybrosis175, spinal muscular atrophy (SMA)178,179, 

Fanconi anemia180, Netherton syndrome181 and Familial dysautonomia182. Notably, studies on 

SMA mouse models, addressing the possible off-target effects of ExSpeU1s, showed that, out 

of 12414 analysed genes, only 12 had altered expression after treatment173. Moreover, using a 

cellular model with high over-expression of ExSpeU1, no relevant undesired effects on the 

transcriptome nor a general inhibitory effect on pre-mRNA processing was present179. This 

further indicated that ExSpeU1s may be a valid therapeutic opportunity for several splicing-

related pathologies, thus prompting the investigation of this approach in other disease models.  

 

4.1.5 Haemophilia A and coagulation factor VIII 

Haemophilia A (HA; OMIM number 306700) is an X-linked bleeding disorder caused by 

deficiency of coagulation factor VIII (FVIII). Its incidence is estimated to be between 1:5000 

and 1:10000 in men and the bleeding tendency is related to the residual levels of FVIII, leading 

to classification of the disease as severe, moderate or mild110 (see Section 3.1.3, Tab. 3.2). 

Activated FVIII (FVIIIa) serves as cofactor of FIXa, which activates FX during the propagation 

phase of blood coagulation. HA is thus clinically indistinguishable from HB110 and a detailed 

description of the clinical presentation and diagnosis of haemophilia can be found in Section 

3.1.3.   

HA is caused by mutations affecting F8 gene, which is located in the distal end of the long arm 

of the X chromosome (Xq28), spanning 186 kb of genomic DNA. It consists of 26 exons and 

encodes a mature protein of 2332 amino acids183. At present, more than 3000 mutations within 

the F8 coding and untranslated regions have been identified (Factor VIII Gene (F8) Variant 

Database; http://f8-db.eahad.org/; accessed on 16 January 2020), thus supporting the concept 

that HA has a very high mutational heterogeneity. Nevertheless, the most common mutation, 

affecting approximately half of the patients with the severe form of the disease, is the large 

inversion and translocation of exons 1–22, which completely disrupts the gene183,184.  

F8 gene encodes coagulation factor VIII (Fig. 4.4), which is synthesized primarily by liver 

sinusoidal endothelial cells185 as a large single chain protein of around 330 kDa. FVIII has 

domain structure of A1-A2-B-A3-C1-C2, where both the A and C domains have internal 

sequence homology to the A and C domains of FV and ceruloplasmin, whereas the large B 

domain, representing 38% of the total sequence, is not homologous to other known structures. 

http://f8-db.eahad.org/
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Moreover, three segments of 30-40 amino acids possessing a high concentration of acidic 

residues (a1, a2, a3), are located downstream of A1 (residues 355-391) and A2 domains (residues 

730-759), as well as upstream of the A3 domain (residues 1668-1708)186. 

In the secretory pathway, FVIII is intracellularly processed to a series of metal ion-linked 

heterodimers produced by cleavage at the B-A3 junction as well as at additional sites in the B-

domain187. These cleavages generate a variably sized heavy chain (A1-A2-B; 90-200 kDa) non-

covalently associated to a light chain (A3-C1-C2; 80 kDa). FVIII has two disulfide bonds in 

each A domain, involving four of the five Cys residues present, thus a free Cys is contained in 

the A1 (Cys329), A2 (Cys711) and A3 (Cys2019) domains. Post-translational modifications 

include phosphorylation (Thr370 and Ser1676) and N-linked glycosylation, which heavily 

modifies the B domain (19 out of 26 sites) as well as several sites in the A domains, and which 

appears dispensable for FVIII activity but critical for its efficient secretion114,187,188. Additionally, 

FVIII contains six sites of tyrosine sulfation in a1 (Tyr365), a2 (Tyr737, Tyr738 and Tyr742) 

and a3 (Tyr1683 and Tyr1699) domains. Sulfated tyrosine residues in the a2 and a3 acidic 

segments contribute to cofactor function and to von Willebrand factor (vWF) binding, 

respectively187. 

 

Figure 4.4. Domain structure and processing of FVIII. FVIII is secreted as a heterodimer formed by a 
heavy and a light chain associated through a divalent metal ion (dotted line). Activation is mediated by 
cleavage by thrombin and FXa at specific residues to form a heterotrimer. Cleavage sites are reported 
(black arrows). Adapted from Ref.189. 
 

In plasma, FVIII circulates as inactive precursor at a concentration of 200 ng/mL and is non-

covalently bound to its carrier vWF, which is a large multimeric protein comprised of identical 

~220 kDa subunits. FVIII binds vWF in a high affinity interaction (Kd ~0.3 nM) mediated by 

residues in the FVIII light chain, with critical sites for this interaction that have been localized 
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in the a3 region and the C2 domain186. Association with vWF stabilizes FVIII upon secretion 

from the cell, inhibits its binding to phospholipids and increases its half-life. The ratio of vWF 

to FVIII is maintained at 50:1 and an increase or decrease in the plasma vWF levels results in a 

corresponding change in the levels of FVIII114. 

In circulation, FVIII is activated by either thrombin or FXa, which cleave at Arg759 and 

subsequently at Arg391 and Arg1708. In particular, the cleavage at Arg1708 releases FVIIIa 

from vWF, thus enabling the interaction with negatively charged phospholipids. Upon 

activation, the B domain is also released and FVIIIa results as a heterotrimer composed by an 

A1-derived chain (50 kDa; 20-391), an A2-derived chain (43 kDa; 392-759) and a light chain 

fragment (A3-C1-C2; 73 kDa; 1708-2351)114,190. Activation of FVIII produces a transient twenty- 

to fifty-fold increase of its cofactor activity, which rapidly decays because of either dissociation 

of the A2 subunit from A1/A3-C1-C2 subunits or due to proteolytic degradation. The main 

physiological inactivator of FVIIIa is activated protein C which cleaves it in the A1 domain at 

Arg355 and in the A2 domain at Arg581. Additionally, degradation is mediated to a lesser extent 

by thrombin, FIXa and FXa, which cleaves FVIII at Arg1740, Arg355 and Lys55, with 

proteolysis at the last two sites leading to complete loss of cofactor activity186,190.  

Association of FVIIIa with FIXa constitutes the intrinsic factor Xase complex which is 

membrane-dependent and involves multiple inter-protein contacts. In particular, FVIIIa binds 

anionic phospholipid membranes via hydrophobic and electrostatic interactions mediated by 

the C2 domain, whereas inter-protein interactions between factors IXa and VIIIa occur over an 

extended interface. Indeed, the majority of the binding energy is provided by the A3-C1-C2 

subunit of FVIIIa, but several studies have identified also a contribution of both A2 and A1 

subunits186.  

 

4.1.6 Haemophilia A management and novel therapies 

The management of haemophilia A is based on infusions of plasma-derived or recombinant 

FVIII (rFVIII) products, with the latter being either full-length or lacking the B-domain 

(Refacto® and Xyntha/Refacto AF®, Pfizer), found to be disposable for coagulant activity191. 

The treatment can be administered at the time of bleeding (i.e. on-demand) or as a long-term 

and continuous substitution therapy (prophylaxis), which is the recommended treatment in 

severe HA because it allows to prevent bleeding and the resultant joints damage. In addition, 

for mild HA patients, the synthetic drug desmopressin, which transiently increases two- to four-

fold the plasma levels of FVIII and vWF, can be used to prevent or treat bleeding episodes184.  
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The most serious complication of replacement therapy for HA is the occurrence of inhibitory 

alloantibodies against FVIII, which develop in approximately 25–30% of severely affected 

patients, usually within the first fifty days of treatment. The development of neutralizing 

inhibitors renders FVIII infusion ineffective and exposes patients to an increased risk of 

morbidity and mortality. Several studies have suggested the importance of both genetic and 

treatment-related risk factors, confirming that inhibitor formation is a complex and 

multifactorial process192. Inhibitors are characterised through the titre, which is defined as the 

inhibitory capacity of patient’s plasma to neutralise clotting factors in normal plasma, and is 

quantified in Bethesda Units (BU). This characterisation is important because patients with a 

low titre (0.5-5 BU) and with low responding inhibitors can be treated with increased doses of 

the missing factor, an approach called immune tolerance induction (ITI)193. Conversely, patients 

with a high titre (>5 BU) or high responding inhibitors can be treated effectively only with 

bypassing agents, such as activated prothrombin complex concentrate (APCC) and recombinant 

FVIIa, which circumvent the need for FVIII or FIX by generating thrombin through other 

mechanisms122,123,194,195. 

The several disadvantages still associated to replacement therapy have prompt the development 

of new treatment strategies. In order to decrease the frequency of prophylactic infusions and 

improve patients’ compliance, long-acting factor products have been developed. In particular, 

improved pharmacokinetic properties of rFVIII products have been obtained by site directed 

glycopegylation (Adynovi®, Shire) or by fusion with carrier proteins such as the Fc region of 

IgG (Elocta®, Biogen/Sobi). However, half-life of FVIII is highly dependent on vWF, thus the 

half-life extension obtained has been modest126. An alternative approach currently under clinical 

trial is represented by haemostatic rebalancing therapies. This group of nonfactor agents 

includes a small interfering RNA against antithrombin (Fitusiran, Alnylam Pharmaceutic) and a 

monoclonal antibody against tissue factor pathway inhibitor (Concizumab, Novo Nordisk), 

currently under phase 3 and phase 2 clinical trials, respectively. Additionally, a FVIII mimetics 

has recently reached the market (Emicizumab, Hemlibra®, Roche). This humanised bispecific 

antibody is designed to bind both FIXa and FX, thus mimicking the function of FVIIIa. Despite 

its demonstrated clinical efficacy, the biochemical potency of emicizumab is still limited and 

further improvements are ongoing196. Moreover, recent concerns have been raised on its 

potential thrombogenicity and safety197. 

Finally, gene therapy has great potential and several clinical trials are currently recruiting125, 

however major challenges still exist. One is represented by the large size of FVIII expression 

cassette (4.4 kb for the B-domain deleted form), which hampers packaging in adeno-associated 
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viral vectors126. A further limit is represented by the low expression levels of FVIII, which are 

due to inefficient expression of the mRNA, significant proportion of protein misfolding with 

subsequent intracellular degradation and inefficient transport of the primary translation product 

to the Golgi188. 

Overall, recent advances have brought the widespread availability of safe and effective HA 

treatments, but major challenges still remain and novel approaches may help fill these gaps. 

 

4.1.7 Aim of the present work 

Although widely available, the therapeutic options for haemophilia A still present significant 

drawbacks. In this context, alternative and personalized therapeutic strategies, such as the 

modulation of pre-mRNA splicing process through modified U1 snRNAs, may be of extreme 

interest. Indeed, mutations affecting the splicing process account for about 8-10% of all HA 

patients, a largely underestimated proportion since also the abundant missense mutations can 

cause aberrant splicing by affecting regulatory elements. This approach, already proven to be 

effective in several cellular and animal models of disease175–177,179, has never been attempted so 

far in HA. Notably, a correction approach based on modified U1 snRNAs would have the 

advantages of i) maintaining physiological gene expression regulation, ii) exploiting small 

expression cassette compatible with AAV-mediated delivery, and iii) being able to correct 

different mutations sharing the same molecular mechanism, thus broadening its applicability. 

Therefore, the aim of this work was to characterise splicing patterns caused by HA-causing 

mutations and to design and validate innovative U1 snRNA molecules able to rescue correct 

splicing and thus characterised by relevant therapeutic potential.  
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4.2 Materials and methods 
 

4.2.1 Nomenclature  

All residues are reported according to the HGVS nomenclature67, with numbering starting at 

the A (+1) nucleotide of the AUG (codon 1) translation initiation codon. The HGVS 

nomenclature differs from Legacy numbering by 19. Intronic mutations are numbered 

according to their position relative to the donor site. Reference sequences: NM_000132.3; 

NP_000123.1. 

 

4.2.2 Vectors construction 

To create the wild-type exon 19 minigene, the genomic region of the human F8 gene 

(NC_000023.11) spanning from c.5999-435 to c.6115+381 was amplified from genomic DNA 

of a normal subject with primers 5’-AAACATATGGTTCACCTGCAGCTTCTTGTTGCT-3’ 

and 5’-ATACATATGGACCAGTGGCTCTCTTACTTGTTTAGG-3’ (NdeI sites underlined) 

using high-fidelity Pfu DNA polymerase (ThermoFisher Scientific). The exon 19 amplicon was 

subsequently cloned into the pTB expression vector (kind gift from professor Pagani, ICGEB, 

Trieste, Italy) by exploiting the NdeI restriction site. To create minigenes with the selected 

variants, nucleotide changes were introduced into the wild-type minigene by site-directed 

mutagenesis (QuickChange II Site-Directed Mutagenesis Kit, Stratagene) with primers reported 

in Table 4.1.  

To produce the expression vectors for the modified U7 snRNAs (pU7), a PCR containing the 

modified binding site of the engineered U7 snRNA has been generated by using the following 

primers (antisense region underlined): 5’-ACAGAGGCCTTTCCGCACTCATCCCAGC 

ATGTAGATAATTTTTGGAG-3’, 5’-ATTTAGGTGACACTATAGAA-3’ (U7a); 5’-

ACAGAGGCCTTTCCGCATGTACACCAGAAAAAGTGTGAATTTTTGGAG-3’, 5’-AT 

TTAGGTGACACTATAGAA-3’ (U7b). The resulting fragments were digested with StuI-XbaI 

restriction enzymes and cloned into the pSP64 plasmid (kind gift from Prof. Pagani).  

The expression plasmids for the ExSpeU1s (pU1) were created from pGEM-U1wt by replacing 

the sequence between the BglII and XbaI sites with a PCR fragment generated with specific 

forward primer (containing the modified 5’ tail of the U1 snRNA) and a constant reverse primer 

base pairing downstream the XbaI cloning site (5’-ATAGAATACAAGCTTGCATGCCTG-

3’). The forward primers used (modified binding region underlined, BglII in italic) are the 

following: 5’-AGGCCCAAGATCTCATACCCACTATGCAGGGGAGATACCATGATCA-
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3’ (U1+4, modified nucleotide in bold), 5’-AGGCCCAAGATCTCATCACATTGCTGCAG 

GGGAGATACCATGATCA-3’ (U1sh7), 5’-AGGCCCAAGATCTCATACCTCTGCCGCAG 

GGGAGATACCATGATCA-3’ (U1sh16), 5’-AGGCCCAAGATCTCATAGGTAGGGAG 

CAGGGGAGATACCATGATCA-3’ (U1sh25). The obtained PCR fragments were digested with 

StuI-XbaI and cloned into the pU1wt plasmid. 

 
 
Table 4.1. Primers used for minigene mutagenesis. Modified nucleotides (bold) and codons (underlined) 
are indicated. 

      

Mutation Variant Forward primer sequence (5' --> 3') 

c.5999G>C p.Gly2000Ala GGTTTTTATAAGCTGTTTTTGAGAC  

c.6011C>G p.Thr2004Arg GGTGTTTTTGAGAGAGTGGAAATGT 

c.6021G>A p.Met2007Ile GAGACAGTGGAAATATTACCATCCAAAGC 

c.6037G>A p.Gly2013Arg TTACCATCCAAAGCTAGAATTTGGCGGGTGG 

c.6045G>T p.Trp2015Cys GCTGGAATTTGTCGGGTGGAATG 

c.6045G>C p.Trp2015Cys GCTGGAATTTGCCGGGTGGAATG 

c.6046C>G p.Arg2016Gly CTGGAATTTGGGGGGTGGAATG 

c.6046C>T p.Arg2016Trp CTGGAATTTGGTGGGTGGAATG 

c.6047G>A p.Arg2016Gln GCTGGAATTTGGCAGGTGGAATG 

c.6047G>T p.Arg2016Leu GCTGGAATTTGGCTGGTGGAATG 

c.6049G>A p.Val2017Met GCTGGAATTTGGCGGATGGAATGCCTTATTG 

c.6053A>G p.Glu2018Gly GAATTTGGCGGGTGGGATGCCTTATTGGCGA 

c.6065G>A p.Gly2022Asp GAATGCCTTATTGACGAGCATCTACATG 

c.6082G>A p.Gly2028Arg CATCTACATGCTAGGATGAGCACAC 

c.6087G>A p.Met2029Ile GCTGGGATAAGCACAC 

c.6089G>A p.Ser2030Asn CTACATGCTGGGATGAACACACTTTTTCTGGTG 

c.6092C>T p.Thr2031Ile CATGCTGGGATGAGCATACTTTTTCTGGTGTAC 

c.6103G>A p.Val2035Met GCACACTTTTTCTGATGTACAGCAATA 

c.6104T>C p.Val2035Ala GCACACTTTTTCTGGCGTACAGCAATA 

c.6107A>G p.Tyr2036Cys CTTTTTCTGGTGTGCAGCAATAGTGAG 

c.6108C>T Tyr2036Tyr ACACTTTTTCTGGTGTATAGCAATAGTGAGTAGCAA 

c.6113A>G p.Asn2038Ser TTTTTCTGGTGTACAGCAGTAGTGAGTAGCAATGTG 

c.6115+1G>A   CTGGTGTACAGCAATAATGAGTAGCAATGTGG 

c.6115+2T>C   GGTGTACAGCAATAGCGAGTAGCAATGTGGG 

c.6115+3G>T   GTGTACAGCAATAGTTAGTAGCAATGTGGGC 

c.6115+4A>G   GTGTACAGCAATAGTGGGTAGCAATGTGGGCAG 

c.6115+5G>A   GTACAGCAATAGTGAATAGCAATGTGGGCAG 

c.6115+6T>A   GTACAGCAATAGTGAGAAGCAATGTGGGCAGAG 

c.6115+9C>G   CAGCAATAGTGAGTAGGAATGTGGGCAGAGGTTC 
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Lentiviral vectors for FVIII expression were produced by exploiting a codon-optimized (co) 

human FVIII cDNA with partially deleted B domain maintaining a 226-amino acid stretch with 

six N-glycosylation sites (coFVIII SQ N6, kind gift from Prof. McVey, University of Surrey, 

UK)188. All variants were inserted by site-specific mutagenesis using the following primers, and 

modified nucleotide (bold) and codon (underlined) are indicated: 5’-

CTGTACCCCGCCGTGTTCGAG-3’ (G2000A), 5’-CCGGCATCTGGGGGGTGGAGTG-

3’ (R2016G). The coFVIII variants were subsequently cloned in the lentiviral plasmid pLNT 

backbone through XhoI-XbaI restriction sites, producing the pLNT-coFVIII plasmids. 

All constructs were validated by sequencing. 

 

4.2.3 Minigene-based assays 

The day before transfection, HEK293T cells were seeded in 12-well plates (2x105 cells/well)198. 

Transfection was performed in Opti-MEM with the Lipofectamine 2000 reagent, according to 

manufacturer’s protocol. Briefly, 500 ng of minigene variants were transfected alone or with a 

molar excess (1.5X) of the pU1/pU7 plasmids, using a 1:1 DNA:Lipofectamine ratio in a 650-

µL final volume. Total RNA was isolated 24 hours post-transfection with Trizol (Life 

Technologies), reverse-transcribed with a mixture of oligo-dT and random examers, and finally 

amplified using pTB-specific primers Alfa 2,3 (5’-CAACTTCAAGCTCCTAAGCCACTGC-3’) 

and Bra2 (5’-TAGGATCCGGTCACCAGGAAGTTGGTTAAATCA-3’). Amplified 

fragments were separated on 2% agarose gel. The band expected from exon 19 inclusion had a 

length of 356 bp, whereas exon 19 skipping was expected to produce a 239-bp band. 

Densitometric analysis for the quantification of correct and aberrant transcripts was performed 

using the ImageJ software (https://imagej.net). To verify the correct splicing, RT-PCR 

fragments were excised from gel, column-purified (QIAquick Gel Extraction Kit, QIAGEN, 

Venlo, Netherlands) and sequenced. For denaturing capillary electrophoresis analysis, the 

amplified fragments were labelled by using primers Alfa 2,3 and the fluorescently-labelled (FAM 

dye) Bra2 and run on an ABI-3100 instrument (Waltham, MA, USA)198.  

 

4.2.4 Lentivirus production and titration 

Lentiviruses (LVs) were produced by transient co-transfection of HEK293-FT cells as 

previously described188. Briefly, the day before transfection, 2x107 cells were seeded in T175 

tissue culture flask. A total of 100 µg of plasmid DNA was used for transfection: 50 µg of 

pLNT-coFVIII, 17.5 µg of pMD.G2 (vesicular stomatitis virus glycoprotein envelope plasmid) 

and 32.5 µg pCMVΔ8.74 (gag-pol packaging plasmid). Plasmids were pre-complexed with 1 µL 

https://imagej.net/
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of 10 mM poly-ethylenimine (Sigma-Aldrich), in 14 mL of OptiMEM for 20 minutes at room 

temperature. Transfection medium was added to the cells for 3-4 hours and then replaced by 

15 mL of fresh complete DMEM medium. Viral supernatants were harvested 48 and 72 hours 

after transfection and cell debris was removed by centrifugation (5000 rpm for 10 minutes) and 

filtration (0.45 µm PVDF filter). Supernatants were subsequently concentrated by 

ultracentrifugation at 23000 rpm for 2 hours at +4°C. LVs were resuspended in 50 µL 

OptiMEM and 10-µL aliquots were stored at -80°C. 

LVs titre was determined using a commercial anti-p24 ELISA kit (Lenti-X p24 Rapid Titer Kit, 

Takara Bio, CA, USA), according to manufacturer’s instructions. The obtained quantification 

(expressed in pg/mL of core/capsid protein p24) was used to determine an estimated vector 

titre in infective units (IFU) by assuming that 1 ng of p24 is equivalent to ~1.25 x 107 lentiviral 

particles (LPs) and that, for a typical lentiviral vector, there is one IFU for every 100–1000 LPs.  

 

4.2.5 Expression and characterisation of factor VIII missense variants  

Wild-type FVIII and missense variants were expressed in both Chinese hamster ovary (CHO) 

DG44 and HEK293T cell lines159,188. HEK293T were maintained as already described (section 

2.2.4). CHO cells were maintained in CD DG44 Medium (Gibco) supplemented with 

GlutaMAX (8 mM final concentration, Gibco) and Pluronic F-68 (1X, Gibco). Cells were 

maintained at 37°C with 5% CO2 and on a shaking platform rotating at 120 rpm. 

Cells were transduced at MOI 2 (as determined by p24 titre) and cells and media were harvested 

at 48, 72 and 96 hours post-transduction.  

Genomic DNA was extracted with PureLink Genomic DNA Mini Kit (Invitrogen) and 

lentiviral copy number was evaluated by quantitative PCR (qPCR) using TaqMan Fast Advanced 

Master Mix (Applied Biosystem), following manufacturer’s instructions. FVIII transgene was 

detected by two different sets of primers and probes, namely for BDD-FVIII and for WPRE, 

whereas actin β was used as normalizer. 

Secreted FVIII levels were determined using a commercial ELISA kit (Asserachrom VIII:Ag, 

Diagnostica Stago, Asnières sur Seine, France), as per manufacturer’s instructions. Briefly, all 

samples were tested at two different dilutions and in duplicate, loaded in pre-coated wells 

(monoclonal mouse anti-human FVIII antibody) and detected by a second peroxidase-coupled 

anti-FVIII antibody. Presence of FVIII was revealed by TMB substrate after stopping the 

reaction with a strong acid, and the intensity of the colour was directly proportional to the 

concentration of FVIII initially present in the sample. Secreted FVIII antigen levels were 
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expressed as % of the wild-type recombinant FVIII (rFVIII) and normalised on transduction 

efficiency determined by qPCR. 

Cofactor activity in cell media was evaluated by Biophen Factor VIII:C Chromogenic assay 

(Hyphen Biomed, Neuville sur Oise, France), following manufacturer’s instructions. Briefly, the 

assay is based on the measurement at 405 nm of released pNA, which is directly proportional 

to FXa activity. In presence of a constant amount of FIXa, phospholipids and calcium, FXa 

activity generated is directly related to the amount of FVIII in the sample. All samples were 

tested at two different dilutions and analysed in duplicate. A standard curve, constructed by 

diluting Biophen plasma calibrator (Hyphen Biomed) 1:20 and carrying out four 1:2 serial 

dilutions, was run in duplicate. FVIII activity levels were expressed as % of the wild-type rFVIII 

and normalised on transduction efficiency determined by qPCR. 

 

4.2.6 Data analysis 

All data were analysed with GraphPad Prism 5 software (San Diego, CA, USA) and Microsoft 

Excel 2010. 
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4.3 Results and discussion 
 

This work focused on F8 exon 19 because multiple mutations at the 5’ss, possibly rescuable 

with a U1 snRNA-mediated approach, were reported and associated with severe HA in the 

European Association for Haemophilia and Allied Disorders (EAHAD) database (http://f8-

db.eahad.org/). Moreover, a previous study by this group had revealed the presence of splicing 

regulatory elements overlapping with the coding region of exon 19 and the presence of missense 

variants affecting the splicing process159. All selected variants are reported in Table 4.2. 

Table 4.2. HA-associated point mutations selected for the study from the EAHAD F8 variant database. 
        

Location Mutationa Protein variant Patients 

Exon 19 c.5999G>C p.Gly2000Ala 1 

Exon 19 c.6011C>G p.Thr2004Arg 1 

Exon 19 c.6021G>A p.Met2007Ile 2 

Exon 19 c.6037G>A p.Gly2013Arg 1 

Exon 19 c.6045G>T p.Trp2015Cys 1 

Exon 19 c.6045G>C p.Trp2015Cys 1 

Exon 19 c.6046C>T p.Arg2016Trp 61 

Exon 19 c.6046C>G p.Arg2016Gly 1 

Exon 19 c.6047G>A p.Arg2016Gln 1 

Exon 19 c.6047G>T p.Arg2016Leu 1 

Exon 19 c.6049G>A p.Val2017Met 1 

Exon 19 c.6053A>G p.Glu2018Gly 7 

Exon 19 c.6065G>A p.Gly2022Asp 2 

Exon 19 c.6082G>A p.Gly2028Arg 9 

Exon 19 c.6087G>A p.Met2029Ile 1 

Exon 19 c.6089G>A p.Ser2030Asn 33 

Exon 19 c.6092C>T p.Thr2031Ile 1 

Exon 19 c.6103G>A p.Val2035Met 5 

Exon 19 c.6104T>C p.Val2035Ala 35 

Exon 19 c.6107A>G p.Tyr2036Cys 1 

Exon 19 c.6108C>T p.Tyr2036Tyr 1 

Exon 19 c.6113A>G p.Asn2038Ser 10 

Intron 19 c.6115+1G>A   1 

Intron 19 c.6115+2T>C   1 

Intron 19 c.6115+3G>T   1 

Intron 19 c.6115+4A>G   1 

Intron 19 c.6115+5G>A   2 

Intron 19 c.6115+6T>A   1 

Intron 19 c.6115+9C>G   1 

aNCBI Reference Sequence: NC_000023.11 

http://f8-db.eahad.org/
http://f8-db.eahad.org/
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To investigate exon 19 splicing pattern in the presence of the selected mutations, the well-

established minigenes approach has been exploited161. A minigene is a plasmid containing a 

hybrid and simplified version of a gene and is used to produce relatively small pre-mRNA 

molecules that can be processed by the spliceosome following its transfection into a cell line of 

interest199. The exon to be studied, together with part of the flanking introns, is amplified from 

genomic DNA and cloned into the plasmid. Once splicing has occurred, the resulting mRNA 

can be amplified by RT-PCR with primers specifically designed to amplify only the minigene-

processed transcripts. 

Minigene systems are very versatile and can be adapted to many experimental systems, and are 

often the preferred way if patient samples are unavailable. It has to be considered that the exon 

is present in a heterologous context and thus it does not necessarily recapitulate the exact 

splicing profile of the endogenous gene, although comparative studies have shown that 

minigenes do often replicate the splicing profile of the endogenous gene161,200,201. 

 

4.3.1 U7 snRNA-mediated masking of exon 19 resulted in loss of exon definition 

To evaluate the presence of regulatory elements in F8 exon 19, an antisense approach based on 

U7 snRNAs (physiologically involved in histone RNA 3' end processing) was used. Modified 

derivatives of the U7 snRNA (U7) have been widely used to target specific sequences on pre-

mRNA and to act as antisense oligonucleotides169,202. In this work, two U7s were designed to 

mask 20-bp regions of exon 19 (Fig. 4.5) and to assess the possible presence of exonic regulatory 

elements in a minigene system.                      

Figure 4.5. Effect of the antisense U7s on exon 19 splicing. Left panel, schematic representation of the 
U7 mechanism of action and predicted binding sites of SR proteins on exon 19 (ESEfinder, 
http://rulai.cshl.edu/). Right panel, analysis on 2% agarose gel of the splicing pattern in the absence      
(--) or in the presence of U7a and U7b. The RT-PCR was conducted with minigene-specific primers and 
the upper band corresponds to exon inclusion, whereas the lower bands correspond to exon skipping.  
 

Co-expression with engineered U7 molecules induced major exon skipping (Fig. 4.5). This 

revealed the presence in those positions of splicing regulatory elements with enhancer functions, 

as also predicted by bioinformatic tools (ESEfinder, http://rulai.cshl.edu/)150. Several missense 

http://rulai.cshl.edu/
http://rulai.cshl.edu/
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mutations in exon 19 are located in the regions masked by the U7s and this suggests their 

possible influence on the splicing pattern, besides their role on protein sequence. These results 

are in line with those obtained by Donadon et al.159 and further suggest that, due to the overlap 

of splicing and coding sequences, aberrant splicing can be caused by exonic variants affecting 

regulatory elements.  

 

4.3.2 Splicing was strongly impaired by mutations at either 5’ splice site and exonic 

regions 

All selected twenty-nine variants located within F8 exon 19 and its donor splice site were 

characterised for their impact on exon definition and inclusion in the final transcript. In 

particular, the wild-type and mutated exons were inserted in appropriate minigenes and 

expressed in HEK293T cells. Analysis of the splicing pattern was performed through RT-PCR 

with minigene-specific primers (Fig. 4.6).  

 

Figure 4.6. Analysis of exon 19 splicing pattern. RT-PCR amplified products from transfected 
HEK293T cells were resolved on 2% agarose gel (upper panel, representative images) and the amount 
of exon 19 inclusion was calculated as percentage of the total transcript by densitometry on the obtained 
bands (lower panel). Blue bars indicate exon inclusion below 60%. Results are reported as mean ± SD 
from three independent experiments. Ex19, exon 19. 
 

As shown in Figure 4.6, five out of six mutations at the donor splice site caused complete exon 

skipping, whereas the +9C>G variant reduced correct transcript to 43.0±20.7% of the total. 

Indeed, the first six intronic positions of the 5’ss are part of the consensus sequence, thus 

nucleotide changes in this region are more likely to result in exon skipping. Conversely, +9 

position is less conserved and this may explain the reduced but still detectable presence of the 

correct transcript. 
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In comparison, the majority of the exonic variants did not cause significant exon skipping, 

whereas six out of twenty-two reduced the correct transcript to levels below 60% of the total 

(Fig. 4.6, blue bars), thus indicating a role of these positions in exon 19 definition. Notably, 

p.G2000A variant is caused by a G>C change in the first position of the exon and p.N2038S 

variant by a A>G change at the third position from the end of the exon. These sites are part of 

the 3’ss and 5’ss consensus sequences, respectively, and are thus likely to be critical for exon 

definition. Conversely, the mechanism underlying aberrant splicing caused by the remaining 

four variants is more difficult to infer. To help the interpretation of the results obtained by the 

minigenes analysis, a bioinformatic tool that predicts the effects of exonic variants on splicing 

regulatory elements was employed. HOT-SKIP (https://hot-skip.img.cas.cz/)203 is an open-

source tool that systematically examines all possible substitutions in each exonic position and 

calculates the total number of ESSs, ESEs and their ratio. As reported in Table 4.3, three of the 

analysed changes (p.R2016G, p.E2018G and p.Y2036Y) led to an increased ESS/ESE ratio, 

thus supporting the observed decrease in exon definition. Differently, the p.G2013R variant 

was not predicted to result in a relevant imbalance, suggesting the presence of additional, still 

not identified regulatory elements.  

 

Table 4.3. In silico analysis of the effects of identified exonic variants on ESS/ESE ratio, using HOT-
SKIP algorithm. The original nucleotide is the first reported, whereas the second corresponds to the 
mutant. 

            

Variant 
Nucleotide 
change 

ESSs ESEs 
ESS/ESE 

ratio 

G2013R 
G 2 14 0.14 

A 1 8 0.13 

R2016G 
C 2 1 2.00 

G 24 0 24.00 

E2018G 
A 2 10 0.20 

G 10 1 10.00 

Y2036Y 
C 0 4 0.00 

T 7 0 7.00 

            
 

Even though in silico prediction tools should be used with great care and experimental analysis 

is preferred, the combinatorial use of these resources still represents a useful option for the 

interpretation of the effects of exonic variants on the process of splicing147. Altogether, these 

results showed that impaired exon 19 splicing was caused by mutations affecting both 3’ and 5’ 

splice sites, as well as exonic regulatory elements.  

 

https://hot-skip.img.cas.cz/
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4.3.3 Missense variants showed differential impact on factor VIII protein biology 

Following the identification of six exonic mutations with strong influence on splicing 

(p.G2000A, p.G2013R, p.R2016G, p.E2018G, p.Y2036Y and p.N2038S), further 

characterisation of their pleiotropic effects was provided by expressing the resulting FVIII 

missense variants (Fig. 4.7). Since the very low secretion efficiency of recombinant full-length 

FVIII hampers the evaluation of missense variants with possible low secretion and/or activity 

levels, lentiviral-mediated delivery of a codon-optimized B-domainless FVIII cDNA was 

exploited188. This cassette includes the strong and ubiquitous spleen focus forming virus (sffv) 

promoter and had shown expression levels  ̴ 30-fold higher than the full-length FVIII with no 

codon optimization188. Three of the selected variants (p.G2013R, p.E2018G and p.N2038S), 

had already been characterised by Donadon et al.159 and in this study the remaining were 

analysed. 

 

Figure 4.7. Characterisation of FVIII missense variants. Upper panel, secreted FVIII antigen (orange 
bars) and cofactor activity (blue bars) levels expressed as % of wild-type rFVIII and normalized on virus 
copy number per cell determined by qPCR. Results are reported as mean ± SD from three independent 
experiments. Lower panel, alignment of FVIII sequences (Homo sapiens NP_000123.1; Pan troglodytes 
XP_003317837.1; Sus scrofa NP_999332.2; Canis familiaris NP_001003212.1; Mus musculus 
NP_001154845.1). Investigated residues are reported (rectangles). WT, wild-type recombinant FVIII.      
 

The expressed missense variants showed differential impact on FVIII secretion and function 

(Fig. 4.7). 
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The Gly-to-Arg and Arg-to-Gly changes at positions 2013 and 2016, respectively, resulted in 

strong reduction of FVIII secretion levels, below 10% of the wild-type. Correspondingly, 

functional levels were also strongly reduced and comparable to the protein levels. This resulted 

in specific activities of 1.20±0.04 for p.G2013R and 1.42±0.31 for p.R2016G variants, thus 

indicating that both these amino acid changes are likely to primarily affect FVIII secretion, 

rather than FVIII function. Conversely, p.E2018G variant showed secreted levels similar to the 

wild-type but strongly impaired cofactor activity (19.4±2.3% of wild-type), thus indicating a 

major functional defect159. Interestingly, the two remaining missense variants p.G2000A and 

p.N2038S revealed no deleterious effects on either FVIII secretion or activity, thus suggesting 

a major pathological role for the splicing defect rather than for the altered protein sequence. 

Indeed, p.G2000A variant, albeit at a highly conserved position, is characterised by a rather 

conservative amino acid change. Moreover, crystallographic structure of FVIII revealed that 

p.G2000 is an exposed residue located in a random coil area of the A3 domain, further 

supporting the tolerant nature of this position. Similarly, N2038 is an exposed residue and it is 

poorly conserved among different species, suggesting its tolerance in terms of amino acid 

changes159. 

Overall, of the six exonic variants found to be associated with aberrant splicing, i) three had also 

a detrimental impact on either FVIII secretion or activity (p.G2013R, p.R2016G, p.E2018G), 

ii) two were located in a tolerant position and did not alter protein biology (p.G2000A, 

p.N2038S), and iii) one was a synonymous variant, thus, by definition, not modifying the amino 

acid sequence of FVIII (p.Y2036Y). 

The knowledge of the impact of missense changes on FVIII protein biology is of extreme 

interest in the context of a splicing-correction approach. Indeed, the ideal candidates for 

ExSpeU1-mediated rescue are those missense variants that do not strongly alter FVIII secretion 

nor function, as well as synonymous mutations. 

 

4.3.4 An optimized ExSpeU1 rescued exon 19 inclusion with high efficiency 

To reduce possible off-target effects, the second generation of exon-specific U1 snRNAs 

(ExSpeU1) was exploited, targeting non-conserved intronic sequences downstream of the 5’ss. 

In particular, three different “shifted” ExSpeU1s were designed (U1sh7, U1sh16, U1sh25), whose 5′ 

tails were modified to base pair at 7, 16 or 25 positions downstream of the donor site of exon 

19. 
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To preliminary identify the most effective molecule, all ExSpeU1s were screened upon the same 

minigene, harbouring the +4A>G variant (Fig. 4.8). In addition, a modified U1 snRNA with a 

modified 5′ tail that base pair exactly to the mutant donor site was also tested (U1+4).    

 

Figure 4.8. Analysis of exon 19 splicing pattern after co-expression of U1-based correction molecules. 
RT-PCR amplified products were resolved on 2% agarose gel (left panel, representative image). 
Percentage of correct transcript was evaluated by densitometry (right panel). Results are reported as 
mean ± SD from three independent experiments. WT, minigene with wild-type exon 19; nd, not 
detectable.  
 

Minigene analysis showed that the co-expression of +4A>G mutant minigene with modified 

U1 snRNAs produced variable splicing rescue (Fig. 4.8, lanes 3-6), whereas the mutant RNA 

had the expected aberrant splicing pattern caused by the intronic point mutation (i.e. complete 

exon skipping, lane 2) and the wild-type minigene was correctly processed (lane 1). The most 

efficient correction was mediated by the complementary U1+4, showing almost complete 

inclusion of exon 19 (91.2±3.9% of the total transcript). However, the correction effect of this 

molecule is restricted to the +4A>G specific mutation and its potential complementarity to 

other normal 5′ss may determine unwanted off-target effects175. Conversely, ExSpeU1s were 

designed to bind to non-conserved intronic regions, thus potentially improving their specificity. 

Notably, the ExSpeU1 base pairing at 7 positions downstream of 5’ss (U1sh7) induced relevant 

splicing rescue (75.2±3.1% of the total transcript), and was therefore chosen as the optimal 

candidate for the correction approach. The others ExSpeU1s (U1sh16, U1sh25) showed modest 

correction ability, apparently dependent upon their distance from the 5’ss, and were not pursued 

in the study.  

Overall, screening of different modified U1 snRNAs identified a unique ExSpeU1 (U1sh7) with 

strong correction activity and expected to have reduced off-target effects due to its 

complementarity with a non-conserved intronic region. 
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4.3.5 A unique ExSpeU1 was able to rescue correct splicing of 5’ss and exonic 

variants 

Once identified the molecule with the optimal splicing correction efficiency (U1sh7), the 

approach was extended to the entire panel of exon 19 mutations that had been previously shown 

to cause aberrant splicing (Fig. 4.9). The three missense variants found to be detrimental for 

FVIII biology, namely p.G2013R, p.R2016G and p.E2018G, were not challenged with the 

ExSpeU1-based approach because rescue of correct splicing would nevertheless translate into 

the synthesis of a strongly impaired protein. 

Splicing pattern was evaluated by RT-PCR and agarose gel electrophoresis, as well as by 

sequencing of RT-PCR products. Some of the variants were further analysed by capillary 

electrophoresis.  

 

 

Figure 4.9. Analysis of exon 19 splicing pattern after co-expression with U1sh7. (A) Minigene-based 
analysis of the splicing pattern in the absence (grey bars) or in the presence (blue bars) of U1sh7. RT-PCR 
amplified products were resolved on 2% agarose gel (upper panel, representative images) and percentage 
of correct transcript, evaluated by densitometry, is reported as mean ± SD from three independent 
experiments. Transcripts deriving from use of a cryptic 5’ss are indicated by asterisks and striped bars. 
(B) Partial sequence of exon 19 donor site. Both natural (green) and cryptic (red, asterisk) splice sites are 
indicated. The deriving amino acid sequences are indicated (lower panel) as well as the new stop codon 
introduced by the use of cryptic site (underlined). (C) Analysis of transcripts by capillary electrophoresis. 
Results are presented as percentage of the total transcript in the absence (-) or in the presence (+) of 
U1sh7.  
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Analysis of the splicing pattern of mutant minigenes after co-expression with U1sh7 revealed a 

variable response in terms of production of the correct transcript (Fig. 4.9, panel A). 

The three exonic variants (p.G2000A, p.Y2036Y and p.N2038S) showed complete rescue after 

co-expression with the U1sh7, as confirmed by sequencing of the RT-PCR products. Similarly, 

the intronic variants +3G>T and +4A>G, which had shown complete exon skipping without 

treatment, were almost completely rescued after co-expression with the U1sh7, resulting in 

correct transcript levels of 81.4±3.7% and 84.2±3.8% of the total transcript, respectively. On 

the contrary, treatment of +9C>G variant resulted in a non-relevant rescue of exon 19 inclusion 

(from 43.0±20.7% to 52.2±10.8% of the total), probably due to the decreased complementarity 

of the U1sh7 to the mutated intronic region caused by the +9C>G variant itself. Finally, co-

expression of U1sh7 with +1G>A, +2T>C, +5G>A and +6T>A variants induced the usage of 

a cryptic splice site located 12 nucleotides downstream of the natural 5’ss, resulting in retention 

of part of intron 19 in the mature transcript (Fig. 4.9, panel B). Further analysis through capillary 

electrophoresis (Fig. 4.9, panel C) confirmed that, after U1sh7 co-expression, the major part of 

the transcript resulted from the cryptic site usage (+1G>A, 70.4% of the total; +2T>C, 69.9%; 

+5G>A, 74.0%; +6T>C, 58.2%), while the correct transcript was produced in a minor part and 

only for the +6T>A variant after treatment (25.1% of total transcript). Cryptic donor site usage 

resulted in the presence of part of intron 19 inside of the mature mRNA, also including an in-

frame UAG premature termination codon (Fig. 4.9, panel B, underlined). The presence of a 

PTC in the mature transcript may result in mRNA degradation by nonsense-mediated decay 

and/or in the synthesis of a truncated FVIII lacking around 300 residues at its C-terminal end. 

Notably, this portion corresponds to the entire C1 and C2 domains which are essential for FVIII 

stability and function. Therefore, cryptic site usage would result in the production of a truncated, 

unstable and non-functional protein. 

Overall, these results showed that, in this experimental system, aberrant splicing caused by two 

of the intronic variants as well as by all tested exonic variants was completely rescued by a unique 

ExSpeU1. It is worth to note that, if translated at the protein level, correction of the intronic 

(+3G>T and +4A>G) and synonymous (pY2036Y) variants would result in the production of 

a wild-type FVIII, and correction of the two missense variants (p.G2000A and p.N2038S) would 

result in the synthesis of efficiently secreted and fully functional FVIII missense variants. 

Altogether, this study identified a unique ExSpeU1 able to correct five different splicing 

mutations, located at either the 5’ss or in exonic sequences, thus providing the first evidence of 

the feasibility of this approach for a panel of HA-causing variants. 
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Notably, in the context of HA, even low increases of FVIII activity levels, compatible with a 

splicing correction approach, would result in a significant amelioration of the patient’s 

phenotype. Indeed, FVIII levels around 1-5% are associated with a moderate phenotype and 

levels >5% with a mild one, with consequent eradication of spontaneous bleedings. 

It is worth noting that therapeutic strategies based on binding to complementary target 

sequences may have off-target effects that need to be carefully addressed. To date, however, 

promising results have been obtained on ExSpeU1 efficacy and specificity. In a recent study by 

Donadon and colleagues, an AAV9-delivered ExspeU1 was able to efficiently recover severe 

SMA mice179. They demonstrated that even very low levels of ExSpeU1 expression (0.1–0.3% 

of the wild-type U1) were sufficient for significant correction of aberrant splicing and pathologic 

phenotype. In addition, over-expression studies proved ExSpeU1’s high specificity and ability 

to promote robust splicing correction without inducing unintended changes in gene expression 

or alternative splicing173,179. 

Overall, the available data on the ExSpeU1-based approach are very promising and this strategy 

presents several advantages. First, the short length of the ExSpeU1 cassette (~500 bp) 

represents a concrete advantage in the context of HA, because the large dimensions of F8 gene 

still represent a limiting step for its insertion in AAV vectors and gene therapy applications. 

Moreover, the splicing-targeted correction maintains the regulation of gene expression in the 

correct cell-specific chromosomal context. Finally, binding of the ExSpeU1s to not conserved 

intronic sequences, beside enhancing specificity, has the potential to be effective on multiple 

mutations, thus expanding the therapeutic potential of these molecules. 

Altogether, the data presented here, albeit preliminary and with some limitations, represent the 

first proof-of-principle of the ExSpeU1s-mediated correction approach in the context of 

Haemophilia A.  
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4.4 Conclusions 

 
This work provided the proof-of-principle of a correction strategy based on ExSpeU1 to rescue 

different types of HA-causing mutations (splicing, missense, synonymous) sharing the same 

pathological molecular mechanism. 

In particular, the presence in F8 exon 19 of positive regulatory elements, already suggested by 

others159, was further confirmed by a U7 snRNA-mediated antisense approach. Subsequently, 

among all point mutations affecting exon 19 (http://f8-db.eahad.org/), thirteen variants 

associated to aberrant splicing were identified. The further characterisation of exonic variants 

for their impact on FVIII protein biology revealed that two out of five missense variants 

affecting splicing did not affect FVIII secretion nor function thus representing, together with a 

synonymous mutation, the ideal candidates for a splicing-correction strategy. Finally, ten 

variants were challenged with a selected ExSpeU1. Here splicing pattern analysis showed that a 

unique molecule was able to rescue five variants, either located at the donor splice site or in the 

exon. Overall, this work provides a preliminary evidence of the potential of ExSpeU1 to correct 

multiple variants affecting different splicing elements, thus expanding its therapeutic potential. 

Further studies will evaluate the ExSpeU1-mediated splicing correction at the protein level, to 

assess whether the treatment results in a consistent rescue of FVIII biosynthesis and function. 

This phase will take advantage of splicing-competent constructs, in which exon 19 (either wild-

type or mutated) and its flanking introns will be inserted in a FVIII-expressing vector176. 

Moreover, to overcome the lack of HA mice harbouring splicing mutations, a HA mouse model 

will be created by lentiviral-mediated delivery of splicing-competent FVIII cassettes. In this 

context, the AAV-mediated delivery of ExSpeU1 will allow the evaluation of the therapeutic 

potential of this molecule and the investigation of possible off-target effects. 
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Many efforts have been done to develop a definitive and lifelong cure for genetic diseases, and 

promising results have been recently obtained thanks to major advances in gene therapy 

approaches64,127,204. Nevertheless, important drawbacks still exist, thus supporting investigation 

of alternative treatment strategies. 

This thesis explored three different approaches in different genetic diseases and concluding 

considerations are presented here for each of them. 

In Chapter 2, investigation of drug-induced readthrough in the context of Fabry disease 

identified three nonsense variants that, due to favourable nucleotide and protein features, could 

be rescued by readthrough induction. Nevertheless, as highlighted also by the variable outcome 

of preclinical and clinical studies, the functional rescue achievable by a nonsense suppression 

approach strongly depends on the combination of several conditions that need to be carefully 

considered in every specific context (i.e. favourable sequence context and re-inserted amino 

acids). This work revealed an additional level of complexity for readthrough-mediated rescue, 

namely the homodimeric nature of the α-galactosidase A enzyme. This finding is extremely 

relevant in the context of nonsense suppression approaches for FD and for other disorders 

involving dimeric or multimeric enzymes. Moreover, if occurring in heterozygous females 

affected by FD, an impaired heterodimerization process could help interpret the pathological 

phenotypes observed. 

In Chapter 3, the design and characterisation of a novel factor IX-albumin fusion protein was 

performed in order to produce an improved molecule for replacement therapy of Haemophilia 

B. Particularly, a gain-of-function FIX endowed of 8-to-15-fold improved pro-coagulant activity 

was fused to a rationally engineered HSA variant with increased FcRn binding affinity, resulting 

in a 2.5-fold extended half-life in a panel of mouse models with different FcRn/albumin 

settings. Direct comparison with the commercial FIX-HSA fusion protein (Idelvion®) 

demonstrated the concrete improvement provided by this novel chimaera in terms of half-life. 

The rational selection of optimal fusion partners performed here can be extremely relevant also 

for the improvement of other therapeutic proteins. Further studies will evaluate half-life and 

pro-coagulant activity of the engineered fusion protein in a double transgenic mouse model, 

expressing a hybrid human FcRn and human albumin, thus providing an additional evaluation 

of physiological competition. 

In Chapter 4, a U1 snRNA-based splicing correction approach was explored in the context of 

Haemophilia A. The extensive analysis of all reported variants on F8 exon 19 identified 

thirteen point mutations with detrimental impact on the splicing process, disrupting either the 

donor splice site or exonic regulatory elements. Three exonic variants were also found to be 
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associated with virtually normal FVIII secretion and cofactor activity levels, thus supporting the 

potential benefit conferred by splicing correction of these mutations. A selected ExSpeU1 was 

subsequently challenged over the whole panel of splicing-affecting variants and completely 

rescued the correct transcript for three exonic and two intronic variants. Future studies will 

address this splicing correction approach at the protein level through an in vitro expression 

system, as well as at the phenotypic level through the AAV-mediated delivery of ExSpeU1 in a 

Haemophilia A mouse model. 

Overall, this thesis provided the first proof-of-principle of: 

i. the feasibility of a nonsense suppression approach for Fabry disease, also highlighting 

the need for careful preliminary consideration of the several determinants of functional 

readthrough, not least the possible impact on quaternary protein structure;  

ii. the improved pro-coagulant and pharmacokinetic features of a novel FIX-HSA fusion 

protein conferred by the gain-of-function FIX Padua variant and the rationally 

engineered HSAQMP variant designed to bind FcRn with higher affinity; 

iii. the therapeutic potential of a single ExSpeU1 to correct splicing defects caused by 

multiple F8 gene mutations, thus supporting further studies on the efficacy and 

specificity of this promising approach.  

 

Beside hopefully contributing to the development of novel and more effective treatments for 

human diseases, the study of alternative therapeutic approaches has the meaningful potential to 

drive basic research as well, thus expanding our knowledge and providing new directions for 

future investigations.  
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