
 

 

 

PhD degree in Systems Medicine  

Curriculum in Human Genetics  

European School of Molecular Medicine (SEMM)  

4ÕÐÝÌÙÚÐÛàɯÖÍɯ,ÐÓÈÕɯÈÕËɯ4ÕÐÝÌÙÚÐÛàɯÖÍɯ-È×ÓÌÚɯɁ%ÌËÌÙÐÊÖɯ((ɂ 

Disciplinary sector: BIO/11 

 

 

A  PERTURB-SEQ SATURATION M UTAGENESIS APPROACH 

TO D ISSECT THE M OLECULAR BASES OF GENETIC 

D ISEASES 

 

Lorenzo Vaccaro 

Telethon Institute of Genetics and Medicine (TIGEM)  

University ID No.: R12416 

 

 

Supervisor: Prof. Davide Cacchiarelli  

Internal Advisor: Prof. Caterina Missero                                                    

External advisor: Prof. Michael Ziller   

Internal examiner: Dr. Gennaro Gambardella 

External examiner: Prof. Hans van Bokhoven 

 

 

 

Academic year 2021-2022 



 
 



 
 

Table of Contents 
ABSTRACT .................................................................................................................................................. 1 

INTRODUCTION ......................................................................................................................................... 2 

GENETIC DISORDERS ............................................................................................................................. 2 

Genetic Diseases ............................................................................................................................... 2 

Mutation effect prediction ............................................................................................................... 3 

VUS .................................................................................................................................................... 4 

P63 ........................................................................................................................................................ 5 

P63 biology ........................................................................................................................................ 5 

P63 in disease ........................................................................................................................................ 8 

AEC syndrome ................................................................................................................................... 8 

EEC3 syndrome ............................................................................................................................... 11 

Other P63-related disorders ........................................................................................................... 12 

FUNCTIONAL APPROACHES TO PROTEIN FUNCTION PERTURBATION ............................................... 15 

Functional genomics ....................................................................................................................... 15 

Saturation mutagenesis .................................................................................................................. 18 

MITE ................................................................................................................................................ 21 

NGS ...................................................................................................................................................... 23 

History of sequencing ..................................................................................................................... 23 

RNAseq ............................................................................................................................................ 26 

scRNAseq ......................................................................................................................................... 28 

AIM OF THE STUDY ................................................................................................................................. 31 

MATERIALS AND METHODS .................................................................................................................... 33 

Cell culture ...................................................................................................................................... 33 

Fibroblasts to keratinocytes-like cells conversion .......................................................................... 33 

Immunofluorescence ...................................................................................................................... 33 

Lentiviral production and transduction .......................................................................................... 34 

Flow cytometry ............................................................................................................................... 35 

Rna seq ............................................................................................................................................ 35 

Pool library prep and QC ................................................................................................................. 36 

Mite-seq .......................................................................................................................................... 37 

Bioinformatics analysis MITEseq ..................................................................................................... 38 

Coupling MITEseq to scRNAseq with barcode ................................................................................ 38 

Sample preparation for single-cell RNA-seq ................................................................................... 39 



 
 

scRNA-seq ....................................................................................................................................... 39 

Mutants generation ........................................................................................................................ 40 

Differential expression analysis ...................................................................................................... 40 

scRNAseq-Barcode coupling bioinformatic analysis ....................................................................... 40 

In silico predictors ........................................................................................................................... 41 

SDS/NATIVE-PAGE .......................................................................................................................... 41 

RESULTS .................................................................................................................................................. 42 

SYSTEMS SETUP .................................................................................................................................. 42 

Immortalized cells generation ........................................................................................................ 42 

Fibroblasts to keratinocytes conversion assay setup ..................................................................... 42 

MITE library generation .................................................................................................................. 47 

MOI definition for MITE experiment .............................................................................................. 49 

SCREENING ......................................................................................................................................... 50 

MITE experiment ............................................................................................................................ 50 

Comparison with in silico predictors .............................................................................................. 52 

Mechanistic characterization ......................................................................................................... 55 

Evolutionary conservation analysis ................................................................................................ 56 

P63 Mutants validation....................................................................................................................... 60 

Biochemical validations .................................................................................................................. 61 

Transcriptomics validation ............................................................................................................. 65 

scRNAseq approach ............................................................................................................................ 68 

Strategy design ............................................................................................................................... 68 

scRNAseq transcriptomic signatures .............................................................................................. 70 

Identification of mutations effect through scRNAseq .................................................................... 73 

Future plans ........................................................................................................................................ 76 

Mutants validations in vitro ............................................................................................................ 76 

In vivo validation ............................................................................................................................. 76 

No BarCode scRNAseq approach .................................................................................................... 76 

Discussion ............................................................................................................................................... 79 

References .............................................................................................................................................. 82 

Figures and Figures legends.................................................................................................................... 96 

 



 
 





 

1 
 

ABSTRACT 

 

The improvement of novel sequencing technologies is quickly transforming the scientific 

investigation and the therapeutic treatments of rare genetic diseases, which research is 

hampered by the limited cohort of diagnosed patients and by the difficulty of evaluating the 

effect of Variants of Unknown Significance (VUS).  In silico predictors represent the gold 

standard of clinical bodies for interpreting mutations identified through sequencing 

approaches. Unfortunately, many of them are classified as VUS, leading to wrong diagnoses 

and inadequate treatment of patients. To address this point, MITEseq (Mutagenesis by 

Integrated TilEs) is a novel saturation mutagenesis technique that allows us to quickly test 

thousands of potentially pathogenic protein variants in a single high throughput biological 

assay. As proof of principle, we decided to apply it to mutagenize two regions of P63 (a 

portion of the DNA Binding Domain and the SAM domain), a transcription factor that, besides 

an oncogenic function, is mainly a regulator of skin development.  To follow the biological 

activity of each generated variant, we set up a very efficient conversion strategy from 

fibroblasts to keratinocytes-like-cells (through P63-KLF4 induction). Using the specific 

ƪŜǊŀǘƛƴƻŎȅǘŜǎ ƳŜƳōǊŀƴŜ ŀƴǘƛƎŜƴ L¢DʲпΣ ǿŜ separated the converted and non-converted 

cells, studied the enrichment of each variant in the different populations and ranked them 

according to their pathogenic effect. To expand such method to any disease-driving gene, we 

developed a scRNAseq-based platform. Through this approach, we could associate each cell 

(i.e., each variant) to a specific physiological or pathological activity based on a specific 

transcriptional signature. 

This approach could represent a milestone in the field of genetic disorders, providing the 

scientific community with a robust (and easy-to-use) functional tool to explore the molecular 

bases of rare diseases. 
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INTRODUCTION 

GENETIC DISORDERS 

Genetic Diseases 

At today, more than 7000 genetic disorders and more than 4500 disease-driving genes have 

been classified1, and the number is continuously increasing thanks to the wide application of 

new NGS technologies. The genetic disorders are divided into monogenic disorders and 

plurigenic disorders (based on the number of mutated genes that contribute to the 

pathological condition) that can lead to multifactorial or non-syndromic diseases (based on 

the number of phenotypes characterizing the condition). The latest OMIM data shows that 

most genes cause one phenotype (more than 3200), while very few can cause more than four 

phenotypes (250 genes). Moreover, most of the disorders are driven by a single gene 

perturbation2.  

In general, most diseases are mainly caused by point mutations (missense, nonsense, 

frameshift)3,4,5, but another big group of diseases is driven by extensive chromosomic 

alterations and, in turn, can be considered genomic disorders6. The effect of the different 

types of mutations can lead to disease through alternative outcomes. In the case of nonsense 

mutations, the defects are caused by the premature termination codon (PTC), which leads to 

the retenction of mRNA molecules in the nucleus that are identified and degraded thanks to 

the cellular quality control checkpoints through Noncoding Mediated Decay (NMD)7. Such 

process leads to the absence (in case o homozygous mutations) or the reduced amount (in 

case of heterozygous mutations) of the protein that can be causative of a pathogenic 

outcome. Also, frameshift mutations can lead to the formation of PTC and, in turn, to the 

non-physiological amount of protein. Also in this case, the produced mRNA can be degraded 

through NMD8. For these reasons, when a nonsense or frameshift mutation is identified in a 

patient, the clinical tests quickly lead to the diagnosis of pathogenicity. Strategies to treat 

nonsense mutations have been developed to overcome PTC by inhibiting the translation of 

premature stop codons9.  
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In the case of missense mutations, the scenario is more complicated. Indeed, the produced 

proteins can simply inhibit the activity of the WT protein or generate a gain of function. Such 

gain of functions represent a rebus for researches by hampering the knowledge around the 

molecular bases of the driven diseases. Indeed, the pathogenic condition could be due to a 

dominant negative effect of the mutated variant with respect to the normal one or can 

activate different pathways that perturb cellular homeostasis. This is the case, for example, 

of a specific class of rhabdomyosarcoma induced by mutations in the MYOD1 gene, in which 

a mutation in the transcription factorΩǎ DNA binding domain changes its affinity for cMYC 

targets, resulting in the induction of proliferation10,11. The hyperactivation of a protein can 

also cause the gain of function mutations, causing genetic diseases, for example, a kinase 

that does not acquire new targets but creates a disequilibrium in the pathway that 

regulates12. Also, loss of function mutations can belong to different causes. The activity of the 

protein can be impaired by aminoacidic substitutions in the catalytic domain of the protein 

(causing reduced affinity for its targets)13 or by the disruption of 3D structure due to 

mutations in important structural positions14. Due to the diverse effects that missense 

mutations can have, predicting their effect is a comprehensive problem for clinicians. 

Mutation effect prediction 

Once a mutation is annotated through NGS methods, the effect of such variant is evaluated 

using in silico predictors, which apply the algorithms developed by the American College of 

Medical Genetics and Genomics (ACMG)15. Each predictor applies a different system to 

evaluate the effect of mutations, but, in general, they can be based on one or a combination 

of three different methods: evolutionary conservation, location and context (neighbors 

effect), and biochemical consequences. Unfortunately, the accuracy of these methods is 

calculated at about 65-80%, but it is probably lower. Among the others: PolyPhen-216 and 

SIFT (Sorting Intolerant From Tolerant)17 are based on a multiple alignment method that 

integrates the position of the variation in a 3D structure to establish the putative 

pathogenicity of the variant; MutPred218 is based on a machine learning method trained with 

about 250k mutations already classified as pathogenic or benign in Human Gene Mutation 

Database (HGMD); Provean19 is based on a computational machine learning that compares 
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the homology of thousands of sequences (similarity between variant sequence and 

homologs) to evaluate the importance of a certain residue.  

Following the ACMG guidelines, each variant can be annotated in one of five categories 

(depending on the scoring results obtained by applying the algorithms): benign, likely-benign, 

likely-pathogenic, pathogenic, and Variant of Unknown Significance (VUS). Frameshift and 

non-sense mutations are often classified as pathogenic. Missense mutations can be 

annotated as pathogenic only if a secondary demonstration is provided (a second patient 

with the same mutation or a biochemical/molecular demonstration of protein activity 

affection). If a second hit is not provided, a mutation predicted as LoF is classified as likely-

pathogenic. Unfortunately, most identified mutations are classified as VUS (30-70%). 

 

VUS 

Resolving VUSs is one of the biggest tasks for modern clinical genetics due to the pivotal 

importance that this reflects for patients' welfare and healthcare system efficiency. Indeed, 

an inconclusive genetic diagnosis hampers the clinical flow and avoids the right cure or 

preventive treatment for an individual. For example, resolving the problem of variants of 

unknown significance for some oncogenes like BRCA1 and BRCA220 could lead to a vast 

improvement in lifespan for individuals with familiar breast cancer. Indeed, at today, about 

85-90% of missense mutations in BRCA1 are classified as VUS (data obtained by Varsome 

database21), avoiding preventive surgical treatment in relatives of breast cancer-affected 

patients. This represents a risk factor for the other individuals carrying the same mutations 

and a possible future cost for the healthcare system. Moreover, the proper assessment of 

mutations effect could reduce the clinical tests required for the correct diagnosis,  improving 

clinicians' time on patients' treatment. 
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P63 

P63 biology 

The Tumor Protein 63 (TP63, also named P63) is a transcription factor that belongs to the P53 

family of transcription factors (together with P53 and P73)22. All the components of this 

family share a very conserved region that comprises the canonical Trans-Activation domain 

(TA domain), the DNA Binding Domain (DBD), and the Oligomerization Domain (OD). Like 

P53, both TAP63 and TAP73 transcripts can bind the canonical P53 targets, activate their 

transcription, and, when overexpressed, induce apoptosis23,24. Interestingly, while P53 

mutations are probably the most critical cancer drivers25, P63 and P73 mutations are very 

rare in tumors26. P63 protein is encoded by the TP63 gene that is located on the long arm of 

chromosome 3 (chr3:3q28) and is composed of 16 exons. The gene owns two different 

promoters (named P1 and P2)27 and transcriptional start sites that produce two different 

classes of transcripts: from the P1, the canonical TA transcripts (that share the TA domain 

with P53), and from the P2, the non-canonical ҟN transcripts with a shorter TA domain (see 

Figure1). The two classes of transcripts are expressed in different tissue and are responsible 

for different functions: TA proteins are expressed in germ cell lines, playing a pivotal role in 

cardiac development and inducing oocyte death as a phosphorylation response28,29; the ҟN 

transcripts are key regulators of every stratified epithelium in general and, in particular, of 

skin development30. ҟN transcripts are highly expressed in the basal layer of epithelia31, 

where they control many cellular functions, such as differentiation, proliferation, and cell 

death.  

¢ƘŜ оΩ ǊŜƎƛƻƴ ƻŦ ǘƘŜ ƎŜƴŜ ƛǎ ŜƴǊƛŎƘŜŘ with alternative exons that give rise to at least four 

major P63 isoforms: hΣ ʲΣ ʴ, ŀƴŘ ʵ32Φ ɲbǇсоʰ ƛǎ ǘƘŜ Ƴƻǎǘ ŜȄǇǊŜǎǎŜŘ tсо ƛǎƻŦƻǊƳ in stratified 

epithelia and owns a very regulated localization into the epidermis: it is highly expressed in 

the basal layers, and its expression decreases toward the outer layers33. During 

embryogenesis, P63 is one of the first genes expressed during skin development and in the 

basal proliferative layer in postnatal life34. In the basal layers, P63 is fundamental to regulate 

cell proliferation and adhesions35. The fundamental role of P63 in the regulation of 

differentiation is not yet understood, but many mechanisms have been proposed: probably, 
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it is required during skin stratification while inhibiting the expression of other markers of 

differentiation36.  wŜŎŜƴǘƭȅΣ  ǿƻǊƪ ŦǊƻƳ ½ƘƻǳΩǎ ƭŀō ǊŜǾŜŀƭŜŘ ŀ ǎǇŜŎƛŦƛŎ ŦŜŀǘǳǊŜ ƻŦ tсо targets 

binding and activation37. Indeed, the paper shows how the binding of P63 to its target 

sequences is necessary but not sufficient for gene expression, also showing many potential 

co-factors that act as an activator of P63-bound enhancers and promoters (among the 

others, RUNX1, RXRA, and TFAP2h). In another work, CTCF has been demonstrated to be one 

of the main P63 partners in skin keratinocytes38.  

At the P63 C-terminus region, SAM and TID domains are peculiar to ʰ ƛǎƻŦƻǊƳǎ39. At the N-

terminus, TA domains (TA and ҟN)  are regulators of P63 transactivation ability40. The DBD is 

the region that directly interacts with the DNA through two zinc finger structures41. The 

homology of P63 DBD with that of P53 is very high (about 60%), but the binding on target 

sequences is different: while P53 generates strong cooperative bindings, P63 binding lacks of 

cooperation, and it is very weak42. The targets of P63 are very specific due to the binding 

sequence that is similar but not identical to the one of P5343,44.  OD is also a very conserved 

domain that allows the oligomerization of the protein (usually tetramer, in some cases 

dimer) and the consequent activation45. The SAM domain is a very conserved domain46 

(about 70 aa) across the evolution that allows some kinds of protein-protein47 or protein-RNA 

interactions48, but its role in P63 biology is not yet fully understood39,49. This class of domain 

is widely present in large multidomain proteins in every cell compartment, suggesting a 

pivotal role in a plethora of mechanisms: these proteins are involved in the regulation of 

development, signaling, expression modulation, and transduction of signals50. In P63, the 

SAM domain is encoded by exons 12, 13, and 14 of the gene and shows the canonical 

structure of this types of domains39 with a monomeric structure containing 5 helix. These are 

very close to each other , forming in the center an hydrophobic core with a compact globular 

structure. The SAM domain of P63 has been identified for the first time by Thanos and 

Bowe39, who hypothesized a role in protein-protein interaction but, as previously reported, 

there is no evidence reported in the literature. The TID domain is an essential element of the 

protein that interacts with the TA domain of the same protein and, by masking some 

aminoacids, decreases its transactivation potential51. These observations suggest a specific 

ǊƻƭŜ ƻŦ ʰ ƛǎƻŦƻǊƳǎ ƛŦ ŎƻƳǇŀǊŜŘ ǿƛǘƘ  ̡ and ,ɹ which show a more P53-like pattern of the 
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regulation (due to a more similar C-terminus).  A schematic representation of the TP63 gene 

and its protein isoforms is shown in Figure 1 (adapted from Gatti et al., 201952) 

 

 

Figure 1. Schematic representation of TP63 gene and protein isoforms. Top: gene representation 

showing the two different promoters with arrows, canonical  hisoforms splicing pattern with full lines 

and alternative ̡ and ɹ  isoforms splicing patterns with dotted lines. Adapted from Gatti et al. 2019. 
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P63 in disease  

TP63 gene mutations mainly lead to developmental disorders and are loosely associated with 

cancer. Interestingly, the pattern of mutations shows a strong genotype-phenotype 

correlation, with the mutations of the two major diseases (AEC and EEC syndrome) clustered 

in specific regions53 (Figure2).  

 

AEC syndrome 

 

The Ankyloblepharon-Ectodermal dysplasia-Cleft lip/palate Syndrome (OMIM 102660), also 

known as Hay-Wells syndrome54, is a rare autosomal dominant disease characterized by skin 

erosions (in particular at the scalp), alopecia, dystrophic nails and teeth, ankyloblepharon (a 

condition also known as ankyloblepharon filiforme adnatum, characterized by strands of 

tissues that partially or entirely fuse the upper and lower eyelids) and cleavage of lips and 

palate55 (Figure3). Like most of the other P63-related disorders, the disease is mainly caused 

by point mutations in the TP63 gene. In particular, the causative mutations of AEC syndrome 

ŀǊŜ ŎƭǳǎǘŜǊŜŘ ƛƴ ǘƘŜ оΩ ǊŜƎƛƻƴ ƻŦ ǘƘŜ ƎŜƴŜ, affecting the SAM and the TID domains, the two C-

Figure 2. Schematic representation of the positions of AEC and EEC syndrome mutations on P63 

protein. EEC mutations mainly localize in the DNA Binding Domain of the protein, while AEC variants 

cluster in the C-terminal domains. 
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terminal domains of the protein. The mutations in the SAM domain are generally missense 

mutations that lead to aminoacidic substitutions55, while the mutations in the TID domain are 

mainly mononucleotide deletions that lead to a frameshift and, consequently, to an aberrant 

protein length56. Interestingly, a similar phenotype is also observed in the case of a ҟN 

domain truncation57. However, in this case, the production of the protein stops a few 

nucleotides after the transcriptional start site, producing little peptides with no P63-like 

effect. Interestingly, the transcription restarts at the next methionine codon, producing a 

smaller p63 protein called  ҟҟN that lacks the transactivation domain and is typically 

expressed, in meager amounts, in normal human keratinocytes.  

 

 

 

Figure 3. Clinical manifestations of AEC syndrome. 

From top to bottom: A child with extensive erosive 

dermatitis and alopecia; A newborn child with cleft 

lip/palate, severe skin erosions and erythema; Typical 

example of ankyloblefaron (fusion of eyelids) 

(Adapted from McGrath et al. 2001) 
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The disorder affects in the same way males and females. From literature data, less than 100 

affected patients have been identified, but the correct incidence in the population is very 

hard to study. The disorder has a neonatal onset, with the 75% of the affected individuals 

showing severe skin erosions, desquamation, and cornification defects at birth. 

Unfortunately, skin erosions lead to secondary diseases because of the infections that can 

occur (due to the defect in epidermal barrier building) and are cured very slowly, sometimes 

lasting years. In some cases of very severe disease, the severity of skin erosions can lead to 

life-threatening complications, such as sepsis. In most cases, the skin defects disappear on 

average in 5 years, but not in the ear regions. About the other manifestations, nails and teeth 

dystrophy occurs in 75-80% of cases, palate and lid cleavage in 80%, ankyloblepharon in 44%, 

and hearing loss in 40%58.  

 

At today, a cure for the disease does not exist, and all the treatments are directed against the 

specific symptoms. Indeed, in many cases, surgical treatment can improve many 

representations, such as ankyloblepharon, lip and palate cleavage, and teeth dystrophy. On 

the other hand, for skin erosions, a permanent cure does not exist; the only treatment is a 

conservative therapy with antibiotics to prevent skin infections. Indeed, patients are 

routinely treated with dilute bleach soak and antiseptic solutions, limiting secondary 

problems due to bacterial or mycotic infections. Recently, a therapy for partial skin rescue 

has been developed by Aberdam and collegues59, who discovered a compound that, besides 

it does not reduce protein aggregation, induces skin differentiation that ameliorates the 

condition. However, the nature of the disease is not yet fully understood, and in particular, 

the nature of skin erosions is unknown. Probably, the mutated proteins lose the ability to 

drive cell differentiation leading to adhesion defects. Indeed, many studies demonstrated 

that P63 is a crucial regulator of many cell-cell and cell-matrix proteins, representing the 

primary mediator in desmosomes, hemidesmosomes, adherent junctions, and tight junctions 

formation and regulation60. Moreover, a role in ZNF750 impaired activation has been 

demonstrated by Zarnegar and collegues61. Recently, aƛǎǎŜǊƻΩǎ ƎǊƻǳǇ ǎƘƻǿŜŘ ǘƘŀǘ the 

mutants of P63 causing the disease generate aggregation with P63 itself or with the other 
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members of the P53 family (P53 and P73)62, thus probably preventing P63 from acting as a 

transcriptional regulator of ectodermal and skin genes.  

EEC3 syndrome 

Ectrodactyly, Ectodermal dysplasia, cleft lip/palate syndrome 3 (EEC3 syndrome, OMIM 

604292) is also a rare autosomal dominant disease63  that can be considered like the 

prototype of P63-related disorder because of the presence of every possible P63-associated 

phenotypes. A key feature is the ectodermal dysplasia, which can lead to one or more 

defects in skin, hair, nails, teeth, and glands (Figure 4). Like the other P63-related disorders, 

EEC3 is caused by point mutations in the TP63 gene, which mainly cluster into the DBD 

domain64. Interestingly, along the domain, mutations in 5 residues represent 90% of known 

causative mutations (R204, R227, R279, R280, R304)65, but were demonstrated to lead to 

somehow different manifestations. Indeed, the presence of syndactyly or lip and palate 

cleavage is variable between the five hotspots, with the mutations in R227 that show a 

higher different behavior.  

Figure 4. EEC syndrome main phenotypes. From top to bottom: a 

child with complete cleft lip and palate, deletion of central finger 

of right hand, syndactyly in hand and in the feet (adapted from 

Augello et al. 2015) 
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The incidence of the disease is calculated in about 1/90000 in the general population, but a 

correct evaluation is also very hard in this case. In general, affected individuals show limb 

abnormalities in 68-90% of the cases, where for limb abnormalities are intended syndactyly, 

oligodactyly, and split-hand/foot malformation. Moreover, among the ectodermal defects, 

skin defects are very mild (no erosions, presence of dry skin), such as the hair-eyebrows and 

eyelashes. Teeth defects are very common, both as hypodontia and malformed teeth. On the 

other hand, nail dysplasia and sweating defects are uncommon or absent. The cleavage of 

palate and lip is very common and affects soft palate, hard palate, and lip (each alone or a 

combination of 2 or 3)58. 

As for AEC syndrome, a cure for the disease does not exist, but the specific symptoms can be 

specifically treated through clinical approaches to correct or manage them66.  

The specific molecular mechanisms underlying the disease are not yet fully understood. 

However, it is known that the five most important hotspots are all localized on the CpG island 

and are probably crucial for the affinity of P63 protein for DNA binding sites63. For this 

reason, probably, many target promoters cannot be regulated in the presence of such 

mutations. Lƴ ǊŜŎŜƴǘ ǿƻǊƪΣ ½ƘƻǳΩǎ ƭŀōoratory showed an altered enhancer landscape in EEC 

mutant keratinocytes where the epidermal regulatory regions decrease and, in the 

meantime, some neuronal ectodermal and mesodermal enhancers are opened67. In a 

subsequent work of the same group, through a scRNAseq approach, it has been 

demonstrated that EEC mutants lose the capacity to repress mesodermal enhancers and, in 

turn, the transactivation activity to induce cellular terminal differentiation68.  

 

Other P63-related disorders 

The spectrum of P63-related disorders is generally associated with one or more of these 

manifestations: ectodermal dysplasia, limb defects, and cleft lip/palate. As previously said, 

EEC3 is the prototype of such disorders because the affected patients may have all those 

manifestations. Interestingly, Limb Mammary Syndrome (LMS) also shares this feature, 

resembling the phenotype of EEC3 in a milder way69. However, the two diseases cannot be 



 

13 
 

considered overlapping because of the different genetic localization of the causative 

mutations. Indeed, while EEC3 mutations cluster in the DBD domain, LMS mutations have 

been identified in both the N-terminal and the C-terminal regions of P6369.  

AEC syndrome owns only ectodermal dysplasia and cleavage among its specific 

manifestations, but limb defects can occur in rare cases. On the other hand, Rapp-Hodgkin 

syndrome (RHS)70 resembles AEC phenotypes, but skin defects are often less severe and 

ankyloblepharon does not occur71. Since the only real difference between AEC and RHS is the 

absence of ankyloblepharon, and this manifestation affects less than half of AEC patients, 

nowadays, the two conditions are considered overlapping, and patients are diagnosed with 

AEC syndrome. Moreover, the localization of the mutations is overlapping because RHS 

mutations usually fall in the SAM and TID domain, where most AEC ones cluster70.  

Acro-Dermato-Ungual-Lacrimal-Tooth (ADULT) syndrome owns a high overlapping with all 

the reported syndromes, but cleavage has never been reported72. Most patients showed 

mutations in the same aminoacidic residue of the DBD R298. This aminoacid is far from the 

5b! ōƛƴŘƛƴƎ ōǳǘ Ƙŀǎ ōŜŜƴ ǊŜǇƻǊǘŜŘ ǘƻ ƎŜƴŜǊŀǘŜ ŀ Ǝŀƛƴ ƻŦ ŦǳƴŎǘƛƻƴ ƛƴ ʴ ƛǎoforms, which 

usually have no transcriptional activity, probably altering the transcriptional regulation73. 

Split hand/foot malformation 4 (SHFM4) is the only non-syndromic disease due to mutations 

in the P63 gene64. The localization of the mutations of this disease is not specific and can be 

found along the entire gene74ς76. A summary of disease-condition relations is reported in 

Figure 5. 

Figure 5. P63 related disorders are 

characterized by combinations of specific 

conditions. EEC and LMS show every hallmarks 

and are considered the hallmarks of P63 

ŘƛǎƻǊŘŜǊǎΦ !5¦[¢ ǎȅƴŘǊƻƳŜ ŘƻŜǎƴΩǘ ǎƘƻǿ ŀƴȅ 

cleft lip and palate. AEC and RHS only show 

clefting and ectodermal dysplasia. SHFM4 

syndrome only shows limb defects. (Adapted 

from Rinne et al. 2007) 
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Although P63 shares extensive homology with P53, its missense mutations are rare in 

cancer77. Instead, its dysregulation is often found in many skin cancers, such as Squamous 

cell carcinoma and Basal cell carcinoma78ς80. Moreover, P63 dysregulation is also implicated 

in some non-skin cancers, such as Lung Adenocarcinoma (LUAD) and Lung Squamous Cell 

carcinoma (LUSC), where it maintains the basal proliferative niche of the cancerous tissue81. 
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FUNCTIONAL APPROACHES TO PROTEIN FUNCTION PERTURBATION 

Functional genomics  

Functional genomics is a novel field developed in ǘƘŜ ŜŀǊƭȅ нлллΩ ŘǳŜ ǘƻ ǘƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ 

human genome sequence82,83. Then, with the development of NGS applications, it started to 

play a crucial role in basic and translational research by fastening the experimental design 

and deepening the consequent discoveries.  

The teǊƳ άŦǳƴŎǘƛƻƴŀƭ ƎŜƴƻƳƛŎǎέ ƳŜŀƴǎ ŜǾŜǊȅ ƎŜƴƻƳƛŎǎ ŀǇǇǊƻŀŎƘ related to the study of 

dynamics of many cellular processes, such as protein interactions, translation, and 

transcriptional regulation84. All these processes can be dissected in physiological systems or 

in relation to external perturbations. Such perturbations can be represented by gene lacking 

(Knock Out models), gene repression (RNAi), pathway inhibition (drug screening), induction 

of cell differentiation, and many others. At today, the development of high throughput 

ssDNA oligo pool generation technologies85 allowed the researchers to design high content 

experiments such as CRISPR screenings, MPRA, and saturation mutagenesis such as MITE 

(Figure 6).  

Figure 6. High throughput DNA oligo pool technologies applications to functional genomics. Oligo 

pools are synthesized on a silicon platform and can be designed to be used as (from left to right): 

sgRNAs pool for CRISPR screening; Regulatory elements to be cloned upstream of reporter protein for 

Massive Parallel Reporter Assay; aminoacidic variants to be cloned into ORF of interest in protein 

mutagenesis approaches for functional screenings (MITE). 
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CRISPR screenings86,87 and Perturb-seq88 approaches are powerful tools to identify the genes 

involved in particular pathways or cellular responses. They are based on the generation of 

comprehensive libraries of sgRNA that target every gene in the human genome that can be 

tested in pooled or arrayed experimental design (Figure 7). By studying the enrichment of 

such guides after a treatment or a specific stimulus, researchers can identify genes involved 

in several processes (such as transcription regulation89, cell signaling90, and proliferation91), in 

the regulation of cellular organelles (such as mitochondria92 or lysosomes93) and in the 

regulation of cells differentiation (such as the induction of dendritic cells94 and the epithelial-

to-mesenchymal transition95). However, the main limitation of this technology is the 

presence, for most of the genes, of paralogues gene that can compensate somehow for the 

lack of the target gene. This phenomenon results in a less evident experimental result that 

can be lost in the enrichment analysis of the screening. 

Figure 7. CRISPR screening can be coupled with Perturb-seq in different manners to provide a wide 

variety of information. Pooled CRISPR screenings allow to work in an easier manner (pool) but 

makes the drugs screening and analysis more complicated due to the need to recognize 

perturbations at single cell level. Arrayed CRISPR screening are harder to handle (1 well for each 

perturbation) but provides a easier analysis readout that can be executed in bulk genomics or 

biochemical approaches 
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Massive Parallel Reporter Assay (MPRA) is a novel approach that allows researchers to screen 

thousands of regulatory regions to identify tissue-specific enhancers, new synthetic 

regulatory regions, or regulatory regions that specifically respond to a stimulus96. The 

technology is based on cloning little DNA fragments (100-200mer) acting as regulatory 

regions upstream of a minimal promoter that drives the expression of a reporter gene (a 

fluorescent protein or a luciferase-like protein). After the desired stimulus, cells are 

harvested for enrichment studies, and the enriched regulatory regions are identified through 

NGS approaches (Figure 8). With this technique, researchers could answer many 

fundamental questions, such as which is the correct position and spacing of a TF binding 

site97, which are many tissue-specific regulatory regions98, and how some diseases are 

influenced by the sequence of non-coding DNA99. However, the primary limitation today is 

represented by the general experimental noise that leads to a high number of false-negative 

elements, which, in turn, means that the technique can identify only the elements that show 

a very high induction. 

 

Figure 8. Example of Massive Parallel Reporter Assay workflow. Selected regulatory regions are 

synthesized and cloned into a backbone containing a reporter protein (luciferase in this case) and a C-

terminal tag. Reporter vector libraries are used to transduce cells at very low MOI, from which the 

mRNA counts are retrieved. In parallel, plasmids library undergoes sequencing to obtain the starting 

enrichment of the library. 
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Saturation mutagenesis  

Saturation mutagenesis is a powerful molecular biology approach that allows studying 

multiple variants of the same gene to understand how the genotype perturbation is reflected 

at a phenotypic level in a forward genetics approach. Researchers developed different 

strategies for this method, divided into random mutagenesis and site-directed mutagenesis 

approaches. The random mutagenesis approaches represented the vast majority of the 

application for tens of years due to their easiness and the relative immaturity of technologies 

for site-directed mutagenesis. The mutagenesis is performed on a plasmid containing the 

CDS of the gene of interest. For random mutagenesis, the plasmid undergoes cycles of PCR 

using error-prone conditions (polymerase with no proof reading activity and altered buffer 

concentration induce errors during the amplification) that randomly introduces DNA 

sequence variations into the CDS100. A similar result can also be obtained using mutagenic 

chemicals or UV rays. The main limit of this methodology is the total absence of control on 

the added mutations on each molecule because only the average number of errors can be 

adjusted through the experimental setup. This limit leads to a challenging computational 

work for mutation identification and, due to the limited length of second-generation 

sequencing approaches, to the relative impossibility of identifying CDSs carrying two 

different mutations in far positions of the same ORF gene. 

Nevertheless, this approach allowed many successful applications, such as the direct 

evolution of biological and non-biological101 proteins with high enzymatic activity. To 

overcome these limitations (i.e., to improve the control of the experimental design), 

researchers developed a method for controlled random mutagenesis named SeSaM 

(Sequence Saturation Mutagenesis)102 that allows amplifying DNA fragments containing 

every possible nucleotide substitution along the desired sequence (Figure 9). This allowed to 

overcome the previously described limits but maintaining a very poor balance between DNA 

species in the reaction.  
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Figure 9. SeSaM workflow. 

From top to bottom: 

integration of SeSaM 

sequences into the desired 

sequence; integration of 

phosphorothioate 

nucleotides and biotin label 

into the PCR product; 

elongation through the use 

of universal oligos; synthesis 

of the full length gene; 

replacement of universal 

bases with standard 

nucleotides. (Adapted from 

https://www.wikiwand.com/

en/Sequence_saturation_mu

tagenesis) 
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To overcome this limit, researchers developed other methods based on degenerated 

oligonucleotides used as a primer for DNA amplification103. This approach limits the number 

of analyzed sequences to the saturation of a small DNA fragment, allowing the users to have 

more experimental control and facilitating the interpretation of the results. However, as 

cons, the experimental design must be much more targeted than the other method 

described.  

Recently, a novel method for site-directed saturation mutagenesis, called PALS (Programmed 

Allelic Series), has been developed to assay thousands of protein variants in a very controlled 

manner due to the production of oligonucleotides on microarrays plates104. This approach 

allowed researchers to identify the essential aminoacidic residues for Gal4 activity by 

scanning the variations of the entire protein sequence (Figure 10). 

Figure 10. PALS (Programmed Allele Sequencing) workflow. On the left the mutagenesis process 

from top to bottom: synthesis of oligonucleotides on microarray plate; extension on WT template; 

ŘŜƎǊŀŘŀǘƛƻƴ ƻŦ ²¢ ǎǘǊŀƴŘΤ ŀƳǇƭƛŦƛŎŀǘƛƻƴ ŘǊƛǾŜƴ ōȅ ǎǇŜŎƛŦƛŎ ǇǊƛƳŜǊǎ ǘŀǊƎŜǘƛƴƎ ǘƘŜ ƳǳǘŀǘƛƻƴǎΩ Ŧƭŀƴƪǎ ƻƴ 

a degradable template; Final amplification of mutants copies. On the right (from top to bottom) the 

process of sequencing and tagging: the PALS libraries are cloned  and random barcodes are added. 

The sequencing allows to identify on one read the target gene, on the other read the molecular 

barcode. The barcodes allow the final interpretation. (Adapted from Kitzman et al. 2017) 
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Over the saturation mutagenesis method applied to exogenous genetic material that is then 

provided to cells, the development of CRISPR 105 approaches allowed to perform site-directed 

saturation mutagenesis approaches in vivo by taking advantage of cellular repair 

mechanisms106. This protocol allows directly testing mutations in the endogenous gene, 

which is therefore subjected to physiological regulation. The main limitation is the 

dependency on the position of the PAM sequence   (which limits the coverage of saturation 

mutagenesis) and the CRISPR system efficiency. Nevertheless, this approach recently allowed 

to study the effect of missense mutations in the BRCA1 gene, one of the most critical 
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MITE 

The development of high throughput DNA oligo production technology allowed to generate 

novel site-directed saturation mutagenesis approach, named Mutagenesis by Integrated TilEs 

(MITE)108, enabling users to test thousands of defined protein variants in a single experiment 

by coupling with sequencing approaches. The method is based on producing small ssDNA 

fragments (150-300mer) containing every desired mutation (inserted during the 

experimental design and then synthesized) in the central region. At the extremities, two 

constant regions of 10-20mer act as homology regions for high efficient cloning using 

methods like Infusion109 or Gibson Assembly110. Each of these oligonucleotide pools is a DNA 

fragment that is cloned into the desired CDS of a linearized plasmid in which the region - that 

has to be mutagenized - has been removed by inverse PCR. In this way, by producing multiple 

non-overlapping MITE libraries in subsequent regions of a CDS, the operator can mutagenize 

a gene's entire coding sequence (Figure 11). This method has the vast advantage of providing 

a very equilibrated mutational spectrum compared to the other saturation mutagenesis 

approaches. Moreover, the precise design of the ssDNA fragments allows extensive control 

of the experimental results from a bioinformatic point of view, accelerating the analysis and 

the interpretation.  
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The principal limit at today is the need for a biological assay to separate populations of 

neutral and activity-affected protein variants. This problem limits its application mainly to 

oncologic projects in which cell survival or proliferation is the main effect to be observed. 

Indeed, most of the applications published are about the study of main oncogenes, such as 

P53111ς113, MAPK1/ERK2114, PTEN115, and CDK4/6116. The only application of this technology 

not related to cancer studies is a work where researchers analyzed PPARG variants that can 

lead to lipodystrophy predisposition117. In summary, MITE potential for genetic diseases 

driving gene mutation pathogenicity prediction has not yet been fully exploited.  

Figure 11. MITE strategy. ssDNA oligos are synthesized to cover the complete ORF of the desired 

gene and to induce every possible aminoacidic substitutions. Oligos are designed to mŀƴǘŜƛƴ рΩ ŀƴŘ оΩ 

non overlapping constant regions that allow to easily clone the tiles into the linearized vector of 

interest through ligation free methods. (Adapted from Melnikov et al. 2014 ) 
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NGS 

History of sequencing 

The discovery of DNA 3D structure by Watson and Crick in 1953 revolutionized the world of 

biology118. Indeed, from that moment, the scientific community's attention moved to the 

research of a method to decipher the DNA sequences containing the genetic information. At 

that time, some strategies to infer protein sequences were already available, but DNA 

sequencing led to new tasks because of the minor heterogeneity of the nucleotides 

compared with aminoacids. Moreover, DNA sequences are longer than proteins, and this 

increases the level of difficulty in its interpretation. The scientific community's efforts led to 

the development of many new technologies (for example, DNA amplification119), whose 

applications revealed their crucial importance in DNA sequencing. The real revolution was 

raised with the development of the application of polyacrylamide for gel electrophoresis, 

which allowed a higher resolution and, in turn, the possibility to discriminate DNA sequences 

that differed by one nucleotide. The first sequencing methods were discovered very quickly 

from this discovery: the fragmentation technique120 and the dideoxy technique121. While the 

fragmentation technique is considered the real first method discovered, the second one by 

Sanger revealed an incredible potential that, through the subsequent improvements, led to 

the so-called pre-genomic era ƛƴ ǘƘŜ флΩ. The basic idea of Sanger sequencing is based on 

using marked radiolabeled or fluorescent dideoxy nucleotides that work as chain terminators 

during DNA amplification. The administration of such nucleotides together with standard 

deoxy nucleotides generates DNA chains of different lengths. These amplification products 

were run on polyacrylamide gels to discriminate chains of different lengths, and the 

sequence was recovered. The maturity of this technology led to the Human Genome Project 

consortium, which started in the US and involved hundreds of research groups in Europe and 

Asia. This global effort led to the complete human DNA sequence in 200182,83, opening the 

scenario of the genomic era.  

Lƴ ǘƘŜ ƭŀǘŜ флΩΣ the evolution of sequencing methods became incredibly quick, leading to the 

development of novel technologies that revolutionized the worlds of genetics and genomics. 

Actually, the bases for the second-generation sequencing technologies were discovered in 
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the ŜŀǊƭȅ флΩΣ ōǳǘ ǘƘŜȅ ǿŜǊŜ mature enough to be applied to Human Genome Project only in 

the last years of the project. Indeed, in 1993, Nyren, Patterson, and Uhlen created a new 

sequencing strategy called pyrosequencing122. The technique was based on two main steps: 

adding one species of nucleotides per cycle and a luminescent reaction induced by 

nucleotide incorporation read by a light sensor. This approach represented the base for 

developing 454 automated pyrosequencer (developed by life Science and then acquired by 

Roche). The possibility of sequencing a high number of samples in a single reaction on a 

micrometer scale represented the beginning of Second Generation Sequencing. The outbreak 

of this technology was the Solexa technology of bridge amplification (then acquired by 

Illumina)123, which allows a very high short reads sequencing throughput with a very low 

error rate. The method is based on ŀŘŘƛƴƎ рΩ ŀƴŘ оΩ ŀŘŀǇǘŜǊǎ ǘƻ ǘƘŜ ŦǊŀƎƳŜƴǘǎ ǘƻ ōŜ 

sequenced during library preparation. Such adapters are composed of two sequences: an 

anchor sequence that allows binding the DNA fragment to the flow cell surface and a so-

called SBS (Sequencing By Synthesis), which works as a primer for both the bridge 

amplification and the sequencing reaction. The bridge amplification is the key innovation of 

this technology, improving the number of molecular clones in a defined region (cluster) and 

enhancing the specific fluorescent signal of the flow cell region when a nucleotide is added. 

Through this approach, the sequencing signal can be detected with a microscope that 

acquires a picture of each nucleotide addition, enabling the software to reconstitute the 

sequence of each cluster. Subsequent bioinformatic analysis assigns each cluster to a sample 

through a sample index. The evolution of this method allows Illumina to be, at today, the 

world leader in the sequencing field, despite di evolution of third-generation sequencing 

approaches. Across the second generation approaches, Ion Torrent technology is based on 

the electric field change induced by nucleotide incorporation in an electrolytic solution. 

Such methods are based on the idea of overcoming the only two real limitations of Second 

Generation Sequencing: the reads length and the PCR amplification. Indeed, Illumina's 

Sequencing by Synthesis technology allows sequencing DNA fragments up to 500-700 mer, 

making the computational reconstruction of long sequences very hard. Third-generation 

sequencing technologies use different approaches to interpret a single intact native DNA 

molecule sequence up to 30kb. The main approaches were:  
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¶ Nanopore technology124,  based on the passage of a whole DNA molecule through a 

nanopore thanks to the action of a DNA helicase. The signal of the molecule passing 

through the hole is read by a sensor that analyzes the density of current flow through 

the pore translating it into DNA sequences. 

¶ Single Molecule Real Time (SMRT) technology125 by Pacific Bio is based on detecting 

fluorescent nucleotides at amplification steps. The reaction occurs in drops (one 

drop/one DNA molecule) and allows to sequence DNA fragments up to 30kb.  

All these technologies overcame the Illumina problems but introduced new ones, like the 

throughput and the high error rate that, instead, represent the critical advantage of Illumina 

sequencing. For this reason, the Third Generation Sequencing technologies never became 

ǿƛŘŜƭȅ ŀǇǇƭƛŜŘ ŀǎ LƭƭǳƳƛƴŀΩǎ ǘŜŎƘƴƻƭƻƎȅΦ LƴŘŜŜŘΣ Ƴƻǎǘ DNA sequencing applications are 

clinical applications, where Whole Genome Sequencing technologies and Whole Exome 

Sequencing protocols for Illumina instruments are the best for price-cost ratio. An 

exemplificative evolution flow of sequencing technologies is provided in Figure 12. 

Figure 12. Evolution of sequencing technologies. From left to right are shown the first, second and 

third sequencing technologies with their main approaches. First generation technologies were 

represented by Sanger sequencing, Maxam and Gilbert sequencing and their evolutions. Second 

generation sequencing is represented by Roche 454, Solexa (Illumina) bridge amplification and 

IonTorrent. Third generation sequencing platforms are represented by PacBio and oxford Nanopore. 
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Nowadays, the post-genomic era is opening new scenarios for sequencing technologies 

because of the improving need for long reads sequencing that enables discriminating 

between different alleles (for DNA sequencing) and different RNA isoforms. 

Through the evolution of DNA sequencing technologies, the cost decreased exponentially, 

while the yield increased with a similar trend. Indeed, the cost/DNA kb decreased from the 

100$ in 1980 to the actual average cost of 0.0001$ while, on the other hand, the yield 

increased from 10 kb/day/machine to the actual 1,000,000,000. This means more accessible 

precision medicine for everybody at a minor cost for the worldwide healthcare systems. 

Importantly, as shown in Figure 13, the development of Second generation Sequencing 

between 2000 and 2010 represented the real breakout in these technologies. 

RNAseq 

RNA sequencing is one of the main applications of Next Generation Sequencing technologies, 

enabling the user to evaluate from both qualitative and quantitative points of view the 

nature and the amount of the transcripts present in the samples analyzed. The development 

of RNAseq methods allowed a considerable step forward in the analysis of transcriptome if 

compared to microarrays126. Indeed microarrays suffered a critical nonspecific binding of the 

probes, affecting the evaluation of RNAs with high similarity. On the other hand, RNAseq 

allows a high sequencing depth coupled with very low analysis noise, enabling the discovery 

of novel transcripts127. Indeed, microarrays are limited to the presence of probes designed on 

known transcripts, while sequencing technologies offer an unbiased method to analyze every 

fragment in the sample. 
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Furthermore, RNAseq technologies have been developed to analyze different classes of RNA 

molecules: mRNA, rRNA, small RNAs, and non-coding RNAs128. Moreover, mRNAs can be 

ŀƴŀƭȅȊŜŘ ōȅ ǎŜǉǳŜƴŎƛƴƎ ŘƛŦŦŜǊŜƴǘ ǇƻǊǘƛƻƴǎ ƻŦ ǘƘŜ ƳƻƭŜŎǳƭŜ ǘƘǊƻǳƎƘ ŘƛŦŦŜǊŜƴǘ ŀǇǇǊƻŀŎƘŜǎΥ рΩ 

sequencing129Σ оΩ DGE (Digital Gene Expression)130, and WTS (Whole Transcriptome 

Sequencing)131Φ рΩ ŀƴŘ оΩ ǎŜǉǳŜƴŎƛƴƎ ŀǇǇǊƻŀches are helpful in precisely quantifying 

transcripts' abundance and analyzing how they change under specific cellular perturbations. 

WTS needs more laborious handling (Figure 14) but has the significant advantage of allowing 

the detection of different isoforms, known or unknown. Moreover, WTS has also been used 

for the first attempts for single-cell RNA sequencing132, thanks to its low input need if 

compared with the other methods (10pg vs. 50-100ng).  

Figure 13. Cost/productivity comparison during evolution of sequencing technologies. From the 

initial sequencing approaches by Sanger to the actual high throughput technologies the amount of 

sequences analyzed x day increased from 10 to 1B, while the cost decreased from 100$ to less than 1 

penny x kilobase.   

Figure 14. Workflow of a Whole Transcriptome 

experiment. In cells RNA is continuously 

transcribed starting from DNA as an immature 

strand that undergoes splicing. Once extracted, 

the mature mRNA is retrotrascribed and then 

fragmented to obtain short DNA species with 

UMI barcodes that allow to reconstitute the 

entire transcript. Final libraries are sequenced 

and computationally analyzed to study the 

expression and the splicing occurring in the 

experimental conditions. (Adapted from Lowe et 

al. 2017) 
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scRNAseq 

The development of bulk RNA sequencing technologies represented a breakout by enabling 

the researchers to precisely measure the transcriptomic variations occurring in a population. 

The technique provides information about thousands of genes in a single assay, overcoming 

the limits of microarrays and RT-Real Time PCR approaches. However, the readout provided 

by bulk approaches is the average expression of the analyzed population, limiting its power in 

all the cases where the populations own a high heterogeneity, such as cancer studies or 

cellular differentiation. In the last ten years, many methods to measure the transcriptomic 

signatures at single cell level have been developed to overcome this problem.  

The first approaches for scRNAseq were based on separating single cells in different wells by 

flow cytometry or progressive sample dilution. Then, thanks to the development of highly 

sensitive RNAseq protocols, each well (i.e., each cell) became a different RNAseq 

sample133,134. These methods represented the first attempts for single-cell transcriptomics 

but had a limited throughput (the number of analyzed cells in a single experiment was 

limited to 100-400 cells x experiment, with rare cases of high throughput experiments with 

~10k cells135). Therefore, water-oil emulsion methods (also called droplet-based methods) 

have been developed to overcome these limitations. Through these approaches, cells 

belonging to the same sample are divided into little water drops in an oil emulsion136,137. As a 

result, most drops contain a single cell and all the reagents necessary to add unique 

combinations of indexes to assign the RNA molecule to a specific cell (Figure 15). At today, 

the most used technology for scRNAseq is the 10x platform138, which allows generating in a 

single day libraries of thousands of cells (up to ~20k cells x sample, up to 8 samples x 

capture). 

Moreover, concerning the other drop-based techniques, the 10x method allows detecting a 

very high number of transcripts (up to 5-6k genes detected per cell). This allowed, in the last 

years, to reveal many aspects of cancer biology that could never be understood without a 

high throughput scRNAseq approach139. Moreover, scRNAseq allowed to study the 

mechanisms of some kinds of cell differentiation, such as muscle differentiation140,141 or 

neuronal differentiation142, and some aspects of immune system cell development143.   
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Recently, researchers tried to adapt scRNAseq to additional applications taking advantage of 

the strategy used for the library construction. To this end, many strategies for Perturb-seq 

ƘŀǾŜ ōŜŜƴ ŘŜǾŜƭƻǇŜŘΣ ŀƭƭƻǿƛƴƎ ǘƘŜ ǳǎŜǊǎ ǘƻ ƛŘŜƴǘƛŦȅ Ǝwb!ǎ ƻǊ ǇƭŀǎƳƛŘǎ ōŀǊŎƻŘŜ ƛƴ ǘƘŜ оΩ 

ǊŜƎƛƻƴ ƻŦ ǘƘŜ ǇƭŀǎƳƛŘǎΩ ǘǊŀƴǎŎǊƛǇǘ144. Notably, a recent study showed how to identify known 

mutations inserted in a CDS by using ŀ ǎǇŜŎƛŦƛŎ оΩ ōŀǊŎƻŘŜ inserted during the specific 

cloning145 (Figure 16). This work represents a novel application that could be very important 

in functional studies, but that is still limited to known couples of mutation-barcode.  

Figure 15. 10x droplet based scRNAseq workflow. Using Chromium devide from 10x Genomics, cells 

are mixed with gel beads in a oil based solution that allows to generate GEMs with 1 cell and 1 Gel 

Bead. The tagged RNA from collected cells is retrotrancribed and amplified to generate the cDNA. 

cDNA undergoes to library preparation and sequencing to generate the transcriptional profile of each 

cell. (Adapted from 10x website) 
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Figure 16. Application of Perturb-seq to evaluate the effect of coding variants impact. On the left: 

schematic representation of the position of ORF containing coding variants, plasmid barcode and 

polyA signal. Cell barcode is added next to the polyT allowing the sequencing of plasmid barcode; On 

the right: experimental workflow showing thecloning of mutated variants containing a downstream 

barcode, cell transduction and Perturb-seq. (Adapted from Ursu et al. 2022) 
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AIM OF THE STUDY 

The genomic era profoundly changed the approach of researchers and clinicians to genetics. 

Before the revolution carried out by second-generation sequencing, the discovery of novel 

pathogenic variants and their role in altering cellular or systemic homeostasis was hampered 

by the limited information provided by sequencing technologies. In this scenario, the 

development of high throughput sequencing approaches led to the discovery of a huge 

number of mutations that, in most cases, clinicians could not interpret. For this reason, in 

silico predictors based on different algorithms became incredibly important to help 

physicians providing a more accurate diagnosis. The problem was the high confusion 

determined by each tool's diverse approaches and their low sensitivity. To standardize and 

control the application of such tools, in 2015, the American College of Medical Genetics and 

Genomics (ACMG) published the guidelines for the interpretation of genetic variants, 

introducing, over the macro categories of Pathogenic and Benign mutations, a new group of 

variants named Variants of Unknown Significance (VUS). A VUS is a mutation that, following 

the ACMG guidelines, does not satisfy the parameters to be classified as benign or 

pathogenic. The introduction of such category was necessary to safeguard the patients by 

providing only sure diagnoses, but its necessary stringency led to the prediction of half of the 

mutations identified as VUSs. To overcome the problem, functional genomics approaches 

were needed to provide a more accurate prediction of mutation effect on protein activity. 

For this reason, methods like Mutagenesis by Integrated TilEs (MITE) - a novel site-directed 

saturation mutagenesis approach - have been developed and mainly applied to cancer 

research. Indeed, the application to genetic disorders was hampered by the limited 

functional assays to evaluate the activity of such a high and different amount of proteins. In 

this work, we aim to demonstrate the applicability of MITE to genetic disorders using the 

transcription factor P63 as a proof of principle. There are many conditions linked to TP63 

gene mutations, but the two main disorders, the AEC and the EEC syndromes show the 

critical feature of having a high genotype-phenotype correlation, with their causative 

mutations clustering in specific portions of the protein. We took advantage of this feature by 
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designing MITE libraries to cover portions of the regions affected by P63 diseases driver 

variants. In this way, we could test the robustness of MITE in predicting the effect of 

mutations in a development-related gene whose mutations are the driver of rare genetic 

disorders. Moreover, to demonstrate the consistency of the method, we selected specific 

mutations to be tested in a single experiment to demonstrate the power of the pooled 

analysis. Finally, we aim to identify a method to overcome MITE's limitation due to the need 

for a functional assay to study the effect of mutations by developing a scRNAseq approach.  
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MATERIALS AND METHODS 

Cell culture 

In order to improve the cellular lifespan and the growing conditions of BJ, HLF, and RPE, cells 

were immortalized through hTERT lentiviral transduction, as previously reported. 

All cell lines were grown in DMEM/F12 (Euroclone # ECM0095) supplemented with 10% FBS 

(Euroclone #ECS0186L), 1x Glutamax (Thermo #35050061), 1xNEAA, 1x (Thermo #11140035), 

2-Mercapto-ethanol (Thermo #21985023), Hygromycin B (Invitrogen # 10687010). 

 

Fibroblasts to keratinocytes-like cells conversion 

Every cell line was transduced with a lentiviral polycistronic vector containing p63-klf4 at MOI 

15 in the presence of polybrene (Sigma #TR-1003-G) 4ug/ml. After 2 days from transduction, 

cells were splitted and plated at 20% confluency, and the medium was supplemented with 

blasticidin (Thermo #A1113903) 10 ug/ml for 4 days. After antibiotic selection, the medium 

was changed with 50% fibroblast medium+50% keratinocytes medium (Lonza, KGM-Gold 

BulletKit #192060) and supplemented with 1x Revitacell (Thermo #A2644501). After two 

days, the medium was switched to 100% keratinocytes medium supplemented with 1x 

Revitacell.  The medium was changed every two days till day 14 when cells were harvested or 

fixed. 

 

 

Immunofluorescence 

At the end of conversion protocols, cells were fixed with 4% PFA ŦƻǊ млΩ ŀǘ w¢. Subsequent 

permeabilization was performed with 100% Ethanol (to obtain the strongest 

permeabilization as possible to detect nuclear signalsύ ŦƻǊ млΩ, blocked with a Blocking 

solution composed of 5% BSA and 0.5% Triton in PBS for 40 minutes, and stained with the 

desired antibody (listed below) for 2h at RT or ON at 4°C. After primary antibody incubation, 
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samples were washed twice with blocking solution and stained with secondary antibody 

(1:500) and DAPI (1:1000), depending on the primary antibody used, for 1h. In the end, 

samples were washed twice with PBS and stored at 4°C until analyzed.  

Primary antibodies: anti-P63 (clone 4a4, Abcam #ab735), anti-krt14 (clone Poly19053, 

Biolegend #905303), anti-MycTag (clone 9E10, Santa Cruz #sc-40), anti-KLF4 (clone 

EPR19590, Abcam #ab215036) 

Secondary Antibodies: Alexa Fluor 568 anti-mouse (#A-11004), Alexa Fluor 488 anti-mouse 

(#A28175), Alexa Fluor 488 anti-rabbit (#A-11008), Alexa Fluor 568 anti-rabbit (#A-11011) 

Lentiviral production and transduction 

Every lentiviral production was made in X293T cells with a protocol developed in our 

laboratory to improve the efficiency and consistency of the lentiviral preparations. First, cells 

were transfected at subconfluency (95-99%) with a mix of the desired Lentiviral plasmid and 

packaging plasmids. The day after, the medium was changed to a medium containing 

DMEM/F12, 20% FBS heat inactivated, and 1x Glutamax. This passage was an essential 

modification of canonical lentiviral production protocol: from one side, the use of 20% FBS in 

place of 10% guarantees higher nutrition to cells under stress; on the other side, the 

inactivation of the medium avoids the action of complement proteins (present in the serum) 

against virions, improving in this way the production efficiency. 48h later, the supernatant 

was harvested and filtered with a 0.45um filter and incubated ON in the presence of 1x PEG. 

The day after, lentiviral preparation was centrifuged, and the supernatant was discarded. 

Finally, the pellet was resuspended at 1:100 of original volume in a free medium for long-

term storage. The PEG precipitation of Lentiviral particles is an advantageous strategy to 

improve the stability at -80°C for long-term storage, allowing us to use the same lentiviral 

preparation for experiments performed at a temporal distance of years. Moreover, the PEG 

precipitation eliminates the presence of contaminants (like FBS) from the preparation, 

allowing to use of the same lentiviral preparation also for experiments in cells that grow in 

minimal medium (like iPSCs).  Lentiviral concentration was calculated through lentix gostix 

(Takara #631281). This strategy needs a first laborious quantification of lentiviral particles (by 

integrating Real-Time PCR quantification and Flow Cytometry titration). However, it allows a 
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rapid titration of lentiviral productions in 10 minutes using a testing strip (similar to the one 

of the quick Covid Swabs).  

 

 

Flow cytometry 

Cells were detached using TrypLe, washed once with autoMACS® Running Buffer ς MACS® 

Separation Buffer (Miltenyi #130-091-221), and spinned. The use of autoMACS® Running 

Buffer ς MACS® Separation Buffer from the protocol's beginning is an improvement we 

applied to increase the cell viability due to the presence in the buffer of BSA.  Cell pellets 

were resuspended in a solution containing the desired antibody or due (listed below) diluted 

in autoMACS® Running Buffer ς MACS® Separation Buffer and incubated at 4°C for 1h. Then 

cells were washed twice, always in autoMACS® Running Buffer ς MACS® Separation Buffer, 

and then filtered with a 40um filter to avoid the presence of cell clumps. Prepared samples 

were then analyzed with FACS AriaII and sorted in different tubes in case of MITE 

experiments.  

Antibodies and Dyes: anti-CD104 (ITG̡4, BD Bioscience #555720) 

 

Rna seq 

RNA-seq was performed ǳǎƛƴƎ ǘƘŜ оΩŜƴŘ-based QuantSeq technology (Lexogen), allowing 

more precise quantification of transcripts amount. However, this method's disadvantage is 

the impossibility of distinguishing between different isoforms of the same gene if they own 

ǘƘŜ ǎŀƳŜ оΩ ǇƻǊǘƛƻƴΦ Lƴ ǘƘƛǎ ŎŀǎŜΣ ƻǳǊ ǇǳǊǇƻǎŜ ǿŀǎ ǘƻ ƛŘŜƴǘƛŦȅ ŘƛŦŦŜǊŜƴǘƛŀƭƭȅ ŜȄǇǊŜǎǎŜŘ ƎŜƴŜǎ, 

so ǘƘŜ оΩ5D9 ǘŜŎƘƴƻƭƻƎȅ ǿŀǎ ǘƘŜ Ƴƻǎǘ ǎǳƛǘŀōƭŜΦ Before library preparation, RNA samples 

were extracted with RNeasy mini kit (Qiagen #74104) or RNadvance cell V2 kit (Beckman 

#A47943) and diluted to 50 ng/uL. The libraries were generated with QuantSeq 3' mRNA-Seq 

Library Prep Kit FWD for Illumina (Lexogen) according to the manufacturer's specifications or 

by halving the originally recommended volumes without compromising library quality. One 
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or two sets of 96 library pools were sequenced on a SE100 cycles SP Novaseq flow-cell 

(Illumina). 

 

Illumina NovaSeq base call (BCL) files were converted into FASTQ files through bcl2fastq 

(Illumina). Sequence reads were trimmed using bbduk software 

(https://sourceforge.net/projects/bbmap/ - bbmap suite 37.31) to remove adapter 

sequences, poly-A tails, and low-quality end bases (regions with average quality below 6). 

Alignment was performed with STAR 2.6.0146 on GRCh38. The expression levels of genes were 

determined with htseq-count 0.9.1147 

 

Pool library prep and QC 

Oligo pool libraries for mutagenesis were synthesized from Twist Bioscience like ssDNA oligos 

of 200mer (10x every species), PCR amplified using KAPA HiFi polymerase For a low number 

of cycles. Next, the backbone was prepared by inverse PCR amplification with Q5 polymerase 

(NEB #BM0493S)). To improve the cloning efficiency, an intermediate CCDB resistant 

cassette148 was cloned in place of the mutagenesis  library with the Gibson assembly 

strategy, inserting restriction sites for PacI (NEB #R0547S), with a ratio of 1:2.5 between the 

backbone and CCDB insert. Single colonies were isolated, plasmid DNA was isolated with 

QiaPrep Miniprep kit (Qiagen #27104) and digested with PacI to identify positive clones. 

Once selected a positive clone, the obtained vector was cut with PacI and run on an agarose 

gel. Finally, the band of the desired size was purified and cloned with the oligo pool library 

using Gibson assembly. At this step, we tested both the Gibson assembly strategy 

(NEBBuilder) and both the Infusion strategy (that only works by recombination), but the first 

showed a higher cloning efficiency (2-3 folds).  The assembly reaction was purified with 

magnetic beads, and half of the reaction was transformed into electrocompetent cells. The 

purification step increased the efficiency of bacteria transformation by almost 2 folds, and 

the same fold was obtained by using electrocompetent bacteria if compared with chemically 

competent bacteria used for the first tests. To check the transformation efficiency, 1:200 of 

the reaction was plated, and the number of colonies was manually counted the day after. 
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The cloning procedure was considered positive if transformation efficiency guaranteed more 

than 10x clones compared to the number of variants in the library. A high filter at this 

passage allows obtaining a very high complexity library in the following passages. 

The plasmid library was used to produce the lentiviral library needed for the conversion 

protocol. We used an aliquot of lentiviral preparation to extract RNA (Zymo RNA extraction 

mini kit, #R1054, that was reverse transcribed with ViloIV superscript (Thermo #11756050).  

Another aliquot of the lentiviral library was used to transduce cells at high MOI, from which 

we extracted genomic DNA through phenol-chloroform extraction and ethanol purification. 

Due to the need for pure DNA for the subsequent sequencing library preparation, another 

step of purification with beads was performed at this point.  

The plasmid DNA, viral cDNA, and gDNA were PCR amplified with custom oligos containing 

Illumina sequencing adapters for 15 cycles. Purified DNA was sequenced on Illumina Miseq 

using MiSeq Reagent Kit v2 300-cycles (Illumina #MS-102-2002). This step of sequencing is 

essential quality control that allows to analyze the complexity of tested mutational libraries 

that can decrease at each step (plasmid-virus-cells).  

 

 

Mite-seq 

To increase the efficiency of gDNA recovery from Facs sorted cells in the MITE experiment, 

the Lysis buffer was prepared considering the FACS flow buffer (in which the cells are 

separated) as the water, and then the other reagents were added (SDS, NaCl) and then 

incubated ON with Proteinase K prior purification. gDNA was then extracted with phenol-

chloroform extraction and purified with ethanol precipitation. We used the phenol-

chloroform protocol because, after comparison with column-based kits, it showed higher 

efficiency in genomic DNA recovery (probably due to a size cut-off of the columns). Purified 

DNA was further purified with Ampure beads, and then PCR amplified with KAPA HiFi for 15 

cycles and sequenced with MiSeq Reagent Kit v2 300-cycles or NovaSeq 6000 SP Reagent Kit 

v1.5 300 cycles (Illumina #20028400).  
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Bioinformatics analysis MITEseq 

Reads were aligned using bwa (v. 0.7.17)149 to a reference fasta file containing all the possible 

mutations inserted by the MITE approach. Then, the enrichment of each mutation in each 

sample was evaluated by considering only perfect alignments using samtools (v. 1.13)150 

. 

The enrichment score of each mutation in the different populations was calculated by 

comparing its enrichment in the transduced cells and in the lentiviral library (compared to 

the WT sequence), as suggested in the original MITE paper108, following the formula: 

 

Mut enrichment = (Mutcell/WTcell)/(Mutvir/WTvir) 

 

The enrichment score was calculated by the difference for each mutation of the enrichment 

in the non-converted population to the one of the converted population. 

The phenotypic score was calculated by averaging the enrichment score of every mutation at 

each aminoacidic position.  

The aggregate effect of each aminoacid substitution was calculated by the sum of every 

enrichment score for that substitution. 

Coupling MITEseq to scRNAseq with barcode 

A 10nt barcode was cloned into plvx ef1a_GFP into Bsu36I site. Then, the obtained plasmid 

and the plvxP63-KLF4 carrying MITEseq libraries were cut with MluI and ClaI (NEB #R0198S 

and R0197S#). The obtained digestions were run on agarose gel, and the band of the desired 

sizes was purified with a DNA gel extraction kit. Purified fragments were incubated ON at 

16°C with T4 Ligase (NEB #M0202M), purified with AmpureXP beads, and transformed with 

endura electrocompetent cells. The efficiency of transformation was calculated by plating 

1/200 of the transformation reaction. 
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Sample preparation for single-cell RNA-seq 

For each time-point, cells were detached using TrypLE-express (Thermo #12604). If single cell 

gems generation with Chromium was performed immediately, harvested cells were 

centrifuged at 300 g and resuspended at the final cell density of 1000 cells/uL if the single cell 

in autoMACS® Running Buffer ς MACS® Separation Buffer (Miltenyi #130-091-221). If cells 

were not used immediately, they were frozen in a mixture of FBS and 10% DMSO and stored 

in liquid nitrogen. When thawed, cells were centrifugated twice in DMEM/F12 containing 

20% FBS to remove DMSO traces and maintain cell availability. Subsequent steps are the 

same for fresh used and frozen cells. Two replicates were used for each lentiviral library 

transduction, each containing cells from 2 independent experiments. 

scRNA-seq libraries were generated using Chromium Single Cell 3' Reagent Kits User Guide 

(v3.1 Chemistry Dual Index) or Chromium Single Cell 5' Reagent Kits User Guide (v2 Chemistry 

Dual Index), depending on the experiment. Before being loaded on chromium chips, cells 

were filtered through a 40 µm cell strainer (Biosigma, 010198Z), and cell viability and 

concentration were checked by visual inspection using Trypan Blue (Logos Biosystems, 

L12002). Then, aliquots of 40k cells were loaded into chromium device for droplets 

generation for each capture. 

Single-cell RNA seq libraries were produced according to the ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ protocols and 

sequenced on Novaseq 6000 (Illumina). 

scRNA-seq 

scRNA-seq data pre-processing was performed using the cellranger software (v 6.0.2). Fastq 

files were generated using the cellranger pipeline mkfastq using 10X standard Chromium 

barcode sequences. Alignment, filtering, barcode, and UMI counting were performed using 

the cellranger count pipeline. Human pre-built genome index has been applied (hg38 

genome reference and GRCh38 annotation, including protein-coding, linc, and antisense 

RNAs). Cells with less than 2,500 detected genes and mitochondrial-associated reads 

percentage greater than 7% were filtered out. Finally, only those genes expressed in at least 

5% of all the cells were retained. 
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Downstream processing was then performed using the R package Seurat (v. 4.1.1)151. First, 

data were normalized (NormalizedData), and the 2,000 most variable genes were detected 

(FindVariableFeatures). Afterward, a cell cycle score was assigned to each cell via 

CellCycleScoring function. This score was used to regress out (vars.to.regress argument in 

ScaleData) cell cycle-dependent variability associated with data. Finally, we reduced data 

dimensionality using the function RunPCA, whose first 15 principal components were used to 

generate a 2-dimensional UMAP graph (RunUMAP) and cluster cells through an unsupervised 

graph-based algorithm (louvain) via FindNeighbours and FindClusters (resolution = 0.5) 

functions. 

Gene signature enrichment in each cell was performed using the AddModuleScore function, 

using 0 as a threshold to distinguish Converted and Non-converted populations. 

Mutants generation 

The oligos for the generation of mutant plasmids were designed with Agilent tool. The 

plasmids were PCR amplified withCloneAmp HiFi PCR Premix (Takara #639298), run on 

agarose gel 0.8%, and the band of the desired size was cut and extracted with a DNA gel 

extraction kit (Zymo). Once extracted, the DNA was digested with DpnI (NEB #R0176S) 

restriction enzyme and then purified with AmpureXP beads. The plasmid was transformed in 

Stellar competent cells (Takara #636766), and the bacteria grew ON at 30°C. Finally, single 

colonies plasmid was extracted with QiaPrep Miniprep kit (Qiagen #27104) and sequenced by 

sanger to identify the correct clones. 

Differential expression analysis 

Differential expression analyses were performed using edgeR (v. 3.34.1)152 on genes having 

more than 1 CPM in more than the minimum number of samples belonging to one condition 

minus. In general, genes were considered differentially expressed when displaying FDR < 0.05 

and log2 fold change > 1.5 (up-regulated) or < -1.5 (down-regulated). 

 

scRNAseq-Barcode coupling bioinformatic analysis 
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Barcode approach: paired-end reads were merged to allow the association of mutations with 

their relative barcode using flash (v. 1.2.11)153. Merged reads were then aligned to a 

reference fasta file containing all the possible mutations inserted by MITE approach. We used 

samtools (v. 1.13)150 to keep only perfectly aligned reads with a correct barcode. Reads 

containing cell-barcode/UMI sequences, extracted using UMI-tools (v. 1.1.2)154, are then 

aligned to these barcodes (used as reference) via bowtie2 (v. 2.4.4)155. Finally, aligned reads 

are deduplicated and counted with UMI-tools (v. 1.1.2)154. 

No-barcode approach: first, we extracted cell-barcode/UMI sequences from R2 using UMI-

tools (v. 1.1.2) and associated them with the same read mate in R1. These latter reads were 

then aligned to a reference fasta file containing all the possible mutations inserted by MITE 

approach with bwa (v. 0.7.17). Next, we used samtools (v. 1.13) to keep only perfectly 

aligned reads with a correct barcode. ). Finally, aligned reads are deduplicated and counted 

with UMI-tools (v. 1.1.2). 

In silico predictors 

The aminoacidic sequence of ҟN-P63alpha was submitted to the MutPred2, Polyphen-2, SIFT 

or Provean online tools with every tested substitution. The threshold to assign the likely-

Pathogenic output were the default for each of them. In case of different threshold provided, 

we selected the one that was indicated to provide less false positives. 

SDS/NATIVE-PAGE 

FƻǊ {5{κt!D9Σ ŎŜƭƭǎ ǿŜǊŜ ƭƻŀŘŜŘ ƛƴ [ŀŜƳƳƭƛ ǎŀƳǇƭŜ ōǳŦŦŜǊ ǿƛǘƘ р҈ʲ-mercaptoetha-nol. For 

BN-PAGE, cells were lysed in native lysis buffer [25 mM Tris (pH 

7.5),150mMNaCl,2mMMgCl2, 20 mM CHAPS, 1 mM DTT and protease inhibitors].Collected 

cells were incubated 1 h on ice in the presence of benzonase (MerckMillipore). Protein 

extracts were then mixed with 20% Glycerol and 5 mMCoomassie G-250 and loaded on 3ς

12% Novex Bis-Tris gradient gel for BN-PAGE (Thermo Fisher Scientific)



 

42 
 

RESULTS 

SYSTEMS SETUP 

Immortalized cells generation 

Different cell lines from different embryo germ layers were immortalized to obtain a more 

robust system to develop the project. The cell lines that we tested to identify the more 

consistent and efficient system to test the effect of P63 variants were: BJ (human foreskin 

fibroblasts, ectoderm), RPE (Retina Pigmentous Epithelium, ectoderm), and HLF (Human Lung 

Fibroblasts, mesoderm). Before testing the cells on P63 driven conversion156, to improve the 

lifespan and reduce the basal stress, every cell line was transduced with a lentiviral vector 

containing hTERT gene149, which codifies for human Telomerase Reverse Transcriptase. The 

ƻǾŜǊŜȄǇǊŜǎǎƛƻƴ ƻŦ ǘƘƛǎ ƎŜƴŜ ƛƳǇǊƻǾŜǎ ŎŜƭƭǎΩ ƭƛŦŜǎǇŀƴ ōȅ ŀǾƻƛŘƛƴƎ ǘƘŜ ŘŜŎǊŜŀǎŜ ƻŦ ǘŜƭƻƳŜǊŜǎ 

length that usually happens at every cell division. As a test, every cell line was cultivated until 

passage 45, showing a regular proliferation rate and morphology. After stabilizing TERT 

immortalized cell lines, an aliquot of them was analyzed to check the karyotype status. All 

three cell lines showed a normal diploid karyotype and could be used for further 

experiments. 

 

Fibroblasts to keratinocytes conversion assay setup 

The published cellular conversion from fibroblasts to keratinocytes-like cells through the joint 

overexpression of P63 and KLF4 was a very inefficient process driven by the transduction 

with two different retroviral vectors carrying one transcription factor156. Since we needed the 

highest conversion efficiency possible for our screening, we decided to set up a new protocol 

to maximize the conversion rate. To this end, we generated a polycistronic lentiviral vector 

that expresses a P63-KLF4-Blasticidine resistance cassette under the control of the EF1h  

promoter. The choice of this promoter was driven by the need for a eucaryotic endogenous 

promoter to avoid the methylation occurring on viral promoters during cell division that 

could alter the conversion efficiency. The design of our construct has many main advantages: 

the polycistronic cassette allows to normalize the expression of the two transcription factors 
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in each cell, ensuring that each transduced cell receives both the transcription factors that 

are expressed with a comparable efficiency; the use of a lentiviral vector in place of a 

retroviral one makes the system more efficient and safer (retroviral vectors are known to 

integrate upstream of oncogenes often).  
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Moreover, studying the cell morphology of human fibroblasts during cell fate reprogramming 

made it clear that it is a very stressful process inducing apoptosis in many cells. For this 

reason, we developed a new protocol in which, after the antibiotic selection, cells are 

gradually induced to differentiate into a medium with characteristics that are more suitable 

Figure 17. Snapgene view of the polycistronic lentiviral vector. The pLVX lentiviral vector contains a 

EF1h  promoter regulating the expression of the polycistronic cassette. The cassette codifies for a 

Myc-tagged P63, KLF4 and the blasticidine resistance gene (BLASTr). T2A sequence is placed between 

P63 and KLF4. IRES sequence is placed between KLF4 and BLASTr. The positions of MITE libraries on 

DBD and SAM comains are highlighted in red. 
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for the differentiating cells: the first day after the end of the selection (day 7) the medium 

was changed with a 50% fibroblast medium -50% keratinocytes medium with the addition of 

Revitacell reagent (Figure 18). The day after, the medium was changed to 100% keratinocytes 

medium+Revitacell medium. The administration of Revitacell, which contains ROCK inhibitors 

and antioxidants, allows for reducing cellular stress and helps to reduce cellular senescence. 

Through this approach, cells appeared less stressed, and conversion efficiency improved. 

However, in our protocol, conversion lasts 14-15 days because cells start to show apoptosis 

induction from that moment. 

 

In order to understand which of the three cell lines was the more suitable system for our 

experiments, we performed immunofluorescence analyses directed against P63 (to select the 

Figure 18. Scheme of the optimized conversion protocol. BJ-T cells are transduced with lentiviral 

particles carrying the polycistronic cassette containing both P63 and KLF4. After 7 days medium is 

switched to 50% fibroblast medium + 50% keratinocytes medium + Revitacell. On day 9 medium is 

switched to 100% keratinocytes medium + revitacell. On day 14, the conversion is stopped for final 

analyses. 

Figure 19. 

Immunofluorescen

ce analysis 

showing P63 and 

KRT14 expression 

in three different 

cell lines 
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population of induced cells) and KRT14 (to select the converted cells) (Figure 19). By high 

content analysis made with the Operetta Phoenix system, we could observe that BJ-T cells 

showed a higher conversion efficiency if compared with the other two cell lines: 80% 

efficiency for the BJ, 60% for the HLF, and 50% for the RPE (Figure 20).  

 

 

To further investigate the conversion efficiency, we also performed RNAseq analysis on the 

three cell lines comparing non-transduced cells with transduced cells, which underwent 

conversion protocol. By differential gene expression analysis, all three cell lines showed the 

overexpression of several P63 targets, but the BJ-T cells were able to activate much more 

skin- and P63-related terms by gene ontology analysis (Figure 21).  

Figure 21. RNAseq analysis shows a higher number of skin-related differentially expressed genes in 

BJ-T. On top: Z-scored normalized counts heatmap showing differentially expressed genes (FDR < 0.05; 

|LFC| > 1) between non-infected and converted cells for each cell line. On bottom: ) Selected P63-

related GO Terms significantly enriched (FDR < 0.05) in the comparisons 

Figure 20. BJ-T cells show the 

higher rate of conversion. 

Barplot showing quantitative 

analysis of P63 (red) and 

P63+KRT14 (green) in total cell 

population 
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By gene ontology on differentially expressed genes, we selected the genes related to plasma 

membrane gene ontology terms to identify a potential antigen for population sorting. We 

ŦƻǳƴŘ L¢DʲпΣ ŀ ƪƴƻǿƴ tсо ǘŀǊƎŜǘΣ ŀƴŘ ƪŜǊŀǘƛƴƻŎȅǘŜǎ ƳŀǊƪŜǊ ŀƳƻƴƎ ǘƘŜƳ. The antibody 

against ITG̡4 was tested in flow cytometry experiments on all three cell lines, showing 

results in line with immunofluorescence and transcriptomics data. In addition, cells were 

stained in transduced and non-transduced conditions with anti-ITG̡ 4 antibodies, and BJ-T 

cells showed a higher induction of conversion that allows splitting the populations of 

converted and non-converted cells (Figure 22).  

 

 

For these reasons, BJ-T was chosen as the system for all the following experiments. 

 

MITE library generation 

Using our novel efficient cloning workflow (see Methods), we generated two lentiviral 

libraries (one for the SAM domain and another for the last portion of the DBD) containing 

about 1200 P63 variants each. Each library was generated independently  according to the 

following steps: 

¶ Inverse PCR to obtain the linearized plasmid backbone 

¶ CCDB fragment PCR to add homology regions and cloning into the backbone 

Figure 22. Flow cytometry analyses confirm the higher conversion rate in BJ-T.  ITGB4 protein 

expression measured by flow cytometry analysis on CTR cells and iKCs on three different cell types 
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¶ Enzymatic digestion to linearize the backbone and discard the CCDB cassette 

¶ PCR amplification of DNA oligo pools containing the desired variants and cloning into 

the backbone 

The obtained libraries were subsequently used to produce lentiviral particles and to 

transduce the cells. Since each step (plasmid-virions-cells) could represent a bottleneck in 

library complexity, we tested the abundance of each species at each passage of the 

experimental workflow. To this end, we PCR amplified the plasmid DNA, the cDNA obtained 

from viral RNA, and the genomic DNA obtained from transduced cells. NGS analysis 

demonstrated that more than 97-99% of the variants were equally represented in each 

population (falling into a standard curve less two standard deviations) (Figure 23). 

Figure 23. Quality control sequencing shows high levels of library complexity. Curves showing the 

distribustion of mutations abundance at each workflow checkpoit. Top: DBD mutants. Bottom: SAM 

mutants. From left to right: plasmid DNA, viral cDNA and genomic DNA  
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MOI definition for MITE experiment 

From a statistical point of view, if 20% of cells are transduced, the probability that each cell 

receives one viral copy is about 80%. In order to identify the MOI that allows transducing the 

20% of cells, we performed transduction of BJ-T cells with a scalar amount of lentiviral 

particles. The tested MOI were: 0.1, 0.5, 1, 5, 10, 15, 20, 30, 50. To understand how many 

cells underwent lentiviral infection, 72h after the transduction, cells were fixed and stained 

with anti-KLF4 antibody (that is cloned downstream P63 and allows to identify of the cells 

that received lentiviral copies). After the staining, we performed a quantitative analysis using 

Operetta Phoenix. MOI 15 was identified as the right viral concentration for our purpose. 
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SCREENING 

MITE experiment 

The BJ-T cells were transduced with lentiviral libraries, each in an independent experiment. 

At the end of the 14 days conversion protocol (see Methods), cells were detached and 

stained with anti-ITG̡ 4 antibody for subsequent FACS analysis (see Methods). Flow 

cytometry sorted cells in two different populations of converted and non-converted cells 

based on the expression of ITG̡4. The parameters used for the cell sorting were selected by 

analyzing, as controls non-infected fibroblasts induced to conversion and converted iKC 

transduced with WT P63. We sorted the cells corresponding to the fraction with the minor 

signal of ITG̡4 in non-induced fibroblasts for the non-converted population and the fraction 

with the higher signal in converted cells for the converted one (an exemplificative FACS graph 

is shown in Figure 24).  

 

 

From each sample, we extracted gDNA, and by massively parallel sequencing, we could 

compare the enrichment of each variant identified with its enrichment in the lentiviral library 

(that represents the library starting enrichment). In this way, we could generate the 

Enrichment score, which allowed us to quickly characterize if a specific mutation can affect or 

not P63 transactivation activity. The heatmap in Figure 25 represents the cumulative  

Figure 24. FACS spectrum after library transduction.  ITGB4 protein expression measured by flow 

cytometry analysis on cells transduced with libraries on mutants 
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Enrichment score calculated by comparing the enrichment of each mutation in the two 

populations of converted and non-converted cells. So, the higher the cumulative enrichment 

score, the more that mutation is enriched in the non-converted population, and, in turn, we 

hypothesize that this affects the protein activity. As a positive control of the method's 

robustness, we checked the score of the leading known causative mutations of the diseases 

(for example, L514F and C522G in the SAM domain, R304Q, and R279Q in the DBD domain). 

Interestingly, all the mutations that lead to a pathogenic condition were enriched in the non-

converted population, confirming the high quality of our approach. 

By summing the enrichment score of each substitution along the two domains, we calculated 

the aggregate effect of each aminoacidic substitution (shown on the left in Figure 25). As 

expected, proline substitutions were the more damaging variations by inducing, in most 

cases, a severe enrichment in the non-converted population. On the same line, also charged 

and big aminoacids like glutamate, tryptophan, arginine, and aspartate had a catastrophic 

effect on protein function. On the other side, little and neutral aminoacids like cysteine, 

alanine, methionine, and lysine showed a low impact on P63 transactivation potential and 

were mostly enriched in the converted population. These observations represent a good 

quality check for the robustness of our screening method.  

 

 

 

 

Figure 25. MITE screening allows mechanistic characterization. . Heatmap showing the Z-scored 

enrichment score of every tested mutation with relative position on P63 protein. On the left: Curve 

showing the aggregate effect of each type of substitution along the domains 
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In order to identify the mutational hotspots (where LoF mutations accumulate) in the 

analyzed regions, we generated the Phenotypic score by averaging the enrichment score at 

each aminoacidic position (Figure 26). We also compared the phenotypic score of 

aminoacidic substitutions with the score of the WT protein at each position. Such value was 

variable because of the synonymous mutation inserted in the place of the WT in all the cases 

where a codon used in the WT sequence was not the most used following the human codon 

usage. In this way, we could also analyze the effect of synonymous mutations, which have 

usually been considered non-pathogenic, but recent discoveries are opening new horizons on 

this.157 Also, with this approach, we could observe that the residues with known causative 

mutations are often in mutational hotspots. Moreover, this approach could identify new 

mutational hotspots with no evidence in ClinVar for P63-related disorders (G297, A307, and 

R311 in the DBD, L531, L548, I550, and I562 in the SAM domain). Interestingly, the 

accumulation of mutational hotspots seemed to be different in the two regions: DBD was 

mainly characterized by two big hotspots, while the SAM domain was characterized by many 

little hotspots (2-4 aminoacids each). 

 

 

 

Comparison with in silico predictors 

Since, at today, in silico predictors represent the gold standard in clinical genetics, we 

decided to compare our enrichment score with the output of widely used predictors 

accepted by the American College of Medical Genetics and Genomics (ACMG) guidelines: 

Figure 26. Phenotipic score allows the identification of mutational hotspots. Graph showing the 

phenotypic score of every aminoacidic residue with a continuous line (red circles: new putative 

hotspots; black circles: known hotspots) and WT score with a dotted line 
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Polyphen-2, Sift, MutPred2, Provean. We did not change the default setup for each predictor 

to mimic the analyses that geneticists perform routinely. Again, the threshold used for 

pathogenicity prediction was the default scores or, like for MutPred2 predictor, we used the 

more stringent parameters advised by the guidelines to avoid the possibility of false positive 

predictions. Each of them showed a very high rate of pathogenic prediction s that  did not 

correspond to the transactivation  ability tested in  our screening (Figure 27). Moreover, the 

results seemed to be highly variable among the predictors, leading to the impossibility of 

identifying the best predictor for clinical applications. It was clear that, especially for the 

DBD, many mutations classified as neutral from MITE were predicted to be pathogenic by 

predictors, leading to wrong diagnoses in case of prediction performed for a patient 

mutation. This result suggests the need in clinical genetics for novel functional methods, like 

MITE, to evaluate the effect of protein variations. 

 

 

 

Figure 27. In silico predictors evaluation of tested sequences. Heatmaps showing the scores of every 

tested mutation along the two domains. From top to bottom: Polyphen-2, MutPred2, Provean, SIFT 
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To better visualize the vast difference between MITE functional output and the readout of in 

silico predictors, we generated correlation dot plots to compare the two scoring systems 

(Figure28) directly. Through this approach, we could also determine which of the in silico 

predictors is more similar, as possible, to our functional output. It seemed clear that 

MutPred2 prediction for the SAM domain shows a higher correlation with our screening 

approach, while the prediction for DBD is disruptive. For this reason, we consider MutPred2 

the more reliable in silico tool for the evaluation of protein variants. 

 

Figure 28. Every in silico predictors show low correlation with MITE output. Dotplots showing the 

correlation of MITE (x axis in every plots) with each predictor. Top left: Mutpred2. Bottom-left: 

Polyphen-2. Top-right: Provean. Bottom-right: SIFT. Blue dots: DBD mutations. Orange dots: SAM 

mutations) 
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Mechanistic characterization 

By hierarchical clustering, we were able to separate each mutation into the groups of Neutral 

or LoF. Then, by calculating the number of LoF mutations at each aminoacidic position, we 

could confirm the existence of the mutational hotspots identified through the phenotypic 

score (Figure 29). Moreover, by integrating this accumulation of putative pathogenic 

mutations into 3d structures of the two domains, we could evaluate the tolerance of each 

residue to aminoacidic substitutions and, in turn, its importance for protein structure and 

activity. We colored each aa based on its tolerance to LoF: green 0-25%, yellow 25-50%, 

orange 50-75%, and red 75-100% of LoF mutations (Figure 29).  

 

In this way, we could correlate the hotspots with the 3D structures of the domains, and 

consequently, we could speculate the motivation for their different accumulation in the two 

domains from a structural point of view. As already said, in the DBD, the LoF mutations are 

accumulated in two big hotspots that, by the superimposition with the 3D structure, we 

could identify as the portion that interacts with the DNA, directly or indirectly, by stabilizing 

the binding. This suggests a key role not only in the zinc finger structures but also in the 

surrounding portions. On the other hand, LoF mutations in the SAM domain accumulate in 

the domain's hydrophobic core, probably leading to the misfolding of the protein. This agrees 

Figure 29. Integration between MITE data and 3D structures allows hotspots characterization. From 

bottom to top: P63 regions mutagenized; rectangle indicating the chemical nature of the aminoacidic 

residue (green=apolar or amphipathic, yellow=polar or charged). . Barplot showing the percentage of 

LoF mutations at each aa position. Tolerance test made on the analyzed portion of DBD domain (left) 

and the SAM domain (right). Colors from green to red show the percentage tolerance to mutations of 

each aminoacid (0-25%: green; 25-50%: yellow; 50-75%: orange; 75-100%: red; not mapped: grey).    
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with the AEC syndrome phenotype, in which it was observed that p63 affecting mutants 

aggregate with P63 itself or with the other members of the P53 family (P53 and P73). 

Interestingly, by analyzing the polar nature of each aa, we observed that the less tolerant aa 

to variations in the two domains had a different charge feature, as expected by the different 

roles and structures (Figure 29). In the SAM domain, the less tolerant aa compose the 

hydrophobic core, which is indeed amphipathic or apolar amino acids. In the DBD, on the 

other side, the less tolerant aa is the one that interacts with the DNA, and, indeed, they are 

polar and charged aminoacids. 

 

Evolutionary conservation analysis 

To demonstrate the importance of aminoacids non-tolerant to variations for protein activity 

and stability, we evaluated the evolutionary conservation of each residue. As a first 

approach, we performed multiple manual alignments of the two regions of interest in 

different classes of organisms near or far in the evolution (for the DBD, the sequence of P53 

and P73 have been analyzed). By the alignment, it seems clear that the aminoacids with a 

high mutation tolerance are less conserved across the evolution, while most of the conserved 

residues show a higher vulnerability (Figure 30). These data suggested an essential role of 

amino acids in protein stability and activity.  

 

Figure 30. Evolutionary 

conservation along the two 

domains.  Aminoacidic 

evolutionary analysis made by 

aligning the aa sequences of the 

two domains in humans to other 

species and to P63 paralogs for 

DBD. Non-conserved aa (green), 

aa with known causative 

mutations (red) and new 

mutational hotspots (yellow) are 

highlighted. 
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To further validate these data and provide an unbiased result, we used ConSurf 

(https://consurf.tau.ac.il/consurf_index.php) tool158. ConSurf is a bioinformatic tool that 

analyzes evolutionary conservation by integrating the 3D model of the protein (or domain) 

with the alignment of the sequence with its homologs. Using default parameters, we 

analyzed the crystallographic structure of the two domains (DBD-PDB code: 2RMN, SAM-PDB 

code: 2Y9U). The results confirmed our hypothesis, with the LoF hotspots from our screening  

showing a higher conservation score in both the analyses performed. Furthermore, as shown 

in Figure31, the translation of the evolutionary conservation on the 3D structure is mostly 

comparable with the same model colored following the tolerance score obtained by the 

previous analysis.  

 

 

Figure 31. Consurf analysis confirm the high power of MITE. From bottom to top: P63 regions 

mutagenized; rectangle indicating the ConSurf score of each aminoacidic residue (purple=conserved, 

blue=non conserved). Barplot showing the percentage of LoF mutations at each aa position. Top left: 

translation of Consurf score on 3D structure of  the analyzed portion of DBD domain (top) and the 

SAM domain (bottom).Tolerance test made on the analyzed portion of DBD domain (left) and the 

SAM domain (right). Colors from green to red show the percentage tolerance to mutations of each 

aminoacid (0-25%: green; 25-50%: yellow; 50-75%: orange; 75-100%: red; not mapped: grey).    
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Since ConSurf scoring is based on the conservation of the entire analyzed sequence (with the 

less conserved aminoacid assigned with the lowest score and the most conserved with the 

higher), we decided to repeat the analysis on the predicted P63 structure by AlphaFold 

Protein Structure database (https://alphafold.ebi.ac.uk/). This approach allowed us to 

evaluate the conservation of the desired regions in the context of the complete protein (i.e., 

to understand the importance of the analyzed sequences compared with the rest of the 

protein). This analysis's first precise data showed the relative higher conservation of DBD 

residues compared with those of the SAM domain. Indeed, in the DBD, we found the 

aminoacids with the higher conservation score, as expected by the protein's important role 

in regulating gene expression in developmental patterns (Figure32). The superimposition of 

ConSurf output with the predicted structure of the entire P63 allowed us to confirm our 

hypothesis about the relationship between the position of aminoacidic residues and their 

conservation (and, in turn, their importance for protein activity) for both the DBD and the 

SAM domain. In the DBD, as observed by the analysis of the isolated crystallographic 

structure, the DNA interacting residues and their flanking regions were the most conserved 

with respect to the total protein. On the same line, the aminoacid R298 (whose mutations 

are causative of ADULT syndrome) is very conserved also respects the total protein, 

suggesting a role in DBD activation or stabilization. In the SAM domain, the general 

conservation was low (also due to the limited number of orthologs proteins found by the 

software), but the critical components of the hydrophobic core still showed high 

conservation (Figure32). These data suggest a fundamental role of the two stretches in 

protein stability and activity, which is also reflected by their role in P63-related diseases.  

 

 

 

 

 

 

 

https://alphafold.ebi.ac.uk/
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Figure 22. ConSurf analysis on the entire P63 structure reveals the key role of DBD. From bottom to 

top: P63 regions mutagenized; rectangle indicating the ConSurf score of each aminoacidic residue 

(purple=conserved, blue=non conserved). Barplot showing the percentage of LoF mutations at each 

aa position. Translation of ConSurf scores on predicted P63 3D structure   
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P63 Mutants validation 

To confirm the robustness of our pool screening, we generated vectors carrying different 

types of P63 variants to be tested in single transductions belonging to different groups: 

Neutral mutations (H556A, T527I, G310Q, G293H), known causative mutations of the 

diseases (L514F, C522G, R304Q, R279Q), LoF mutations in the same codons of known 

causatives (L514D, C522D, R304T, R279S) and new mutational hotspots with no evidence 

reported in ClinVar database (L531E, L531R, G297L, R311I). As shown in Figure 33, from the 

ranking of mutations based on the enrichment score, we could observe that all the neutral 

mutations selected for the single mutants validation had a higher score if compared with the 

WT, while all the LoF had a very low score. Interestingly, although the screening of the two 

domains has been done in different experiments, the obtained scores are overlappable, 

suggesting, one more time, the high consistency of the method.  

Figure33. Potential pathogenicity ranked list of P63 mutants. Dotplot showing every P63 tested 

mutants (x axis) ordered following the enrichment score (y axis). WT P63 and mutants selected for 

validation are highlighted: red circle= known causative mutations; blue circle=new loF in known 

hotspots; orange circles=new putative hotspots; violet circles=neutral mutations; green circles=WT 

P63 
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All the generated mutants were tested through biochemical (Native-Page, 

immunofluorescence, flow cytometry) and genomics (transcriptomics) approaches, and new 

validations in vivo (Medaka fishes) are yet to be concluded. 

Biochemical validations 

Native-Page analysis was a crucial validation for our screening because of the feature of only 

AEC mutants generating aggregation. Cells were transduced with a lentiviral vector and 

harvested after 72h of overexpression. As shown in Figure 34, the WT P63 did not show any 

aggregation, and in the same way also all the tested mutants of the DBD domain (both 

neutral and LoF). Also, the neutral SAM mutants from our screening did not increase 

aggregation tendency, confirming the method's robustness. Instead, every tested LoF mutant 

generated high levels of aggregation, suggesting a real pathogenic potential of the tested 

mutants with no mutations identified in affected patients. This functional result is a key point 

for our validation because, for the first time, we could discriminate the differential action of 

DBD and SAM mutants and demonstrates the importance of high throughput experiments in 

the characterization of diseases.  

Figure 34. Every LoF SAM mutants show aggregation propensity. Western blot analysis on SDS-PAGE 

(bottom) and Native-PAGE (top) on BJ-T extracts after transduction with WT or mutants P63 of SAM 

or DBD doamins.Soluble P63 runs mainly as a monomer 
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As a control of the impact of mutations on the transdifferentiation potential of P63 variants, 

we induced the differentiation towards iKCs, and after 14 days, we analyzed the samples by 

immunofluorescence directed against P63 and KRT14 (Figure 35). For both the domains, only 

the neutral mutants retained the same potential as the WT P63. On the other hand, every 

LoF mutants were not able at all to activate the KRT14 expression and, in turn, to induce the 

differentiation. Interestingly, two tested mutants of the same aminoacidic residue (R304) 

showed a cytoplasmic signal. This is a known consequence probably due to proteasome 

degradation impairment that leads to protein accumulation in the cytoplasm. Moreover, this 

observation suggests that the aggregation of SAM mutants is not due to the high number of 

molecules but only to the aggregation potential induced by the exposure of hydrophobic 

residues. 
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To quantify the precise transdifferentiating potential of each mutant, we used Opera Phoenix 

as a high content approach to compare the number of differentiated and non-converted cells 

(KRT14 positive) to evaluate the transdifferentiating potential of each P63 species under 

evaluation. Basically, in the analysis, we selected a threshold for the signal of P63 and KRT14, 

and then we analyzed the number of KRT14 positive (with a signal over the threshold) in the 

P63 positive population (with the signal over the threshold). Interestingly, every neutral 

mutant showed a conversion rate similar to WT P63, but one of them (G310Q) showed a 

Figure 35. P63 LoF mutations totally abolish transactivation potential. Immunofluorescence analysis 

directed against P63 and KRT14 showing the inability of LoF mutants to induce KRT14 expression.  On 

the top the DBD mutants, on the bottom the SAM mutants. 
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lower rate, probably due to the activation of KRT14 at lower levels. For this reason, we 

hypothesized that the action of this mutant decreased not only KRT14, but all the P63 

targets, and we checked for the enrichment score of the screening. Interestingly, the 

mutation showed a lower enrichment score in the screening, again suggesting a huge 

sensitivity and consistency. With this approa ch, we demonstrated that LoF mutants lose 

their activity entirely,  so they  are probably carriers of pathogenicity.   

  

 

 

To further confirm these observations, the same samples were also analyzed by Flow 

Cytometry using ITG̡4 as a conversion marker. As expected, this approach also confirmed 

the robustness of our screening approach, with the neutral mutants that can only 

recapitulate the WT potential for differentiation (Figure 37). Interestingly, with this approach, 

the G310Q mutant showed a lower induction ability, suggesting a partial loss of function that 

does not affect the total transactivation potential of the protein. In this way, we 

Figure 36. Every neutral mutants show a conversion rate similar to WT P63. Barplot showing the 

conversion rate (%) based on the ability of mutants to induce KRT14 expression with respect to total 

P63-positive population. 
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demonstrated the robustness of our method by activating canonical p63 targets only by 

silent mutants, whereas every LoF mutant lost the transactivation activity of WT p63. 

 

Figure 37. Flow cytometry analyses confirm the method's robustness. In addition, flow cytometry 

analysis shows the ability of silent mutants to induce ITGB4 expression. 

 

Transcriptomics validation 

We performed bulk RNAseq on every generated mutant to confirm this hypothesis and 

compared them with WT p63 and non-infected cells. Principal Component Analysis (PCA) 

showed a massive difference between silent and LoF mutations. Indeed, PCA evidently 

formed two groups: one with all LoF mutants and non-infected fibroblasts and another with 

silent mutants and WT P63 (Figure 38). 

Figure 38. PCA analysis clearly 

splits the groups of converted 

and non converted samples. PCA 

plot across all mutants samples, 

non-infected (NI) cells and WT P63 

colored by class (NI cells: pink; WT 

P63: Purple; LoF mutants: green; 

Silent mutations: light blue) 
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By differential gene expression analysis between LoF and silent mutants, we observed the 

presence of three different clusters of genes. One cluster was characterized by extracellular 

matrix, mesenchymal features, and other fibroblast-related GO terms. This cluster was 

enriched by LoF and non-infected mutants, confirming our previous observations with a 

highly quantitative and qualitative approach like transcriptomics. Another cluster, as 

expected, was enriched in neutral mutants and was composed of many skin-related terms 

(among the others: hemidesmosome assembly,  epidermis development, skin development). 

Interestingly, the other cluster was enriched again in neutral mutants but also showed a little 

random activation in LoF mutants. The GO terms enriched in this cluster were metabolism-

related, such as cholesterol biosynthesis and regulation of sterol biosynthetic process (Figure 

39).  

 

We hypothesized that neutral mutants regulate this pattern of genes during cell 

reprogramming, which is a very stressful process in which a cell must rebuild the entire 

cellular machinery to adapt to the new transcriptional regulation. Indeed, during every 

cellular conversion, there is an initial step in which, after the differentiation signal (such as 

the overexpression of P63-KLF4 in this case, OCT4-KLF4-SOX2-cMYC in iPSCs 

reprogramming159 or MYOD1 in terminal myotubes differentiation160) cells undergo a cell 

Figure 39. Differential expression analysis reveals the existence of 3 gene clusters. Left: Z-scored 

normalized counts heatmap showing differentially expressed genes (FDR < 0.05; |LFC| > 1) between 

LoF and Silent P63 mutants. Right: Top 10 GO BP Terms enriched in each cluster (see methods) of 

differentially expressed genes. 
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cycle block for few days. This phenomenon is due to the need of the cell to change the 

chromatin conformation to allow the induction of the new genes needed in the new cell 

state161. Then, in many cases, cells restart the proliferation, such as in the case of iPSCs and 

iKCs. Anyway, the milder differential expression of this group of genes is probably due to the 

very stressful iKCs conversion that, indeed, with the original protocol, leads to a high cell 

apoptosis induction.  

Moreover, by comparing WT vs. NI cells and silent mutations vs. LoF mutations, we observed 

that a comparable number of genes were differentially expressed (respectively, 2439 and 

1613). Most of them (927) were commonly differentially expressed in the two analyzed 

comparisons; among them, there were many known P63 targets (Figure 40). Interestingly, 

the most differentially expressed gene in both comparisons was KRT14, suggesting that our 

immunofluorescence validation directed against KRT14 is much more informative than we 

expected due to its key role as a P63 gold target. Indeed, the on/off activation shown by the 

immunofluorescence experiments is further corroborated by the fact that KRT14 is probably 

the most affordable P63 target.  

Figure 40. WT P63 and neutral mutants show a similar pattern of regulation. Bottom: Volcano plots 

resulting from the differential expression analysis between LoF vs Silent mutants (left) and NI cell vs 

WT P63 (right). Commonly differentially expressed genes are highlighted in purple. Some P63 known 

targets are reported in the plot.  Top: Venn diagram showing the number of commonly differentially 

expressed genes between the two comparisons. 
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scRNAseq approach 

Strategy design 

To overcome MITEΩǎ ƭƛƳƛǘŜŘ application due to the need for a biological assay to evaluate the 

functional activity of each tested variant, we developed a system to use the transcriptomic 

signature of every single cell as a biological output (Figure 41). The rationale of this approach 

is the feature of every exogenous genetic material to induce a transcriptomic modification in 

the host cell. Indeed, our observations (data not published) show that the GFP 

overexpression in the human fibroblast BJ-T cell line induces the differential expression of 

over 500 genes. To this end, if overexpressed in his WT form, every possible disease-driving 

gene can induce a modification of the transcriptional regulation. Such modification can be 

compared with the one induced by the overexpression of a known LoF variant of the same 

protein, obtaining, in this way, a transcriptomic signature. By quantifying the enrichment of 

such transcriptomic signature in the analyzed population, we hypothesize to reveal if a cell 

received a neutral or a LoF variant of the protein. Indeed, neutral mutation should induce the 

same signature as the WT protein, while the LoF should show an impairing. Once identified 

the positive and negative cells, by coupling the cell barcode with the mutations of interest, 

we can unveil if a protein variant is potentially pathogenic or not.  

 

We cloned the plasmid libraries containing P63 mutations previously described in a BC-

containing vector to test this approach. In particular, we transferred the entire cassette 

containing the EF1h  promoter, the Myc_P63-KLF4-Blast_Resistance, into the BC-containing 

ǾŜŎǘƻǊΣ ǿƘŜǊŜ ŀ ōŀǊŎƻŘŜ ƛǎ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ оΩ-proximal region.  

Figure 41. Rationale of the strategy to couple scRNAseq and MITE  
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In order to couple each MITE mutation with the Barcode present in that specific plasmid, we 

set up a PCR-based strategy where we first amplified the portion of the vector from P63 

mutations position (upstream of SAM or DBD) to the barcode. Then, the obtained fragment 

was phosphorylated and self-ligated. The obtained circular fragment carries the MITE region 

with the plasmid barcode. By amplifying the portion containing such regions, we obtained a 

small DNA fragment that can be easily sequenced (see Figure 42 and methods for more 

details).  

 

In parallel, plasmid barcodes were coupled with cell barcodes. Starting from the amplified 

Ŏ5b! ŦǊƻƳ ǘƘŜ млȄ оΩ ǎŎwb!ǎŜǉ ƭƛōǊŀǊȅ ǇǊƻǘƻŎƻƭΣ ǿŜ ǎǇŜŎƛŦƛŎŀƭƭȅ ŜƴǊƛŎƘŜŘ ǘƘŜ ǊŜƎƛƻƴ ōŜǘǿŜŜƴ 

the plasmid barcode and the 10x indexes (cell barcode and Unique Molecular Identifier, 

UMI). This fragment directly underwent library construction and sequencing thanks to its 

relatively short size that is compatible with Illumina sequencing (less than 1000 bases). In this 

way, by coupling the plasmid barcode with both cell barcodes and Mite mutations, we could 

associate each cell with the specific mutant received with the transduction.  

 

Figure 42. Strategy to couple P63 mutations and plasmid barcode. Schematic representation of the 

coupling strategy: the plasmid Is PCR amplified to obtain a linearized fragment with the sequences of 

interest at the extremities. The fragment is self ligated and PCR amplified to obtain a small linearized 

fragment with only the sequences of interest (MITE patch and barcode). Sequencing libraries are 

performed and sequenced. 
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scRNAseq transcriptomic signatures 

BJ-T cells were transduced with the lentiviral libraries of mutants, each carrying the 

mutations in the DBD or in the SAM domain. As a first step for scRNAseq analysis, we 

identified the clusters of converted and non-converted cells based on the expression of 

specific markers: converted cells were those expressing keratinocytes markers such as 

KRT5/14, ITG̡4; non-converted cells were those were fibroblasts markers, such as ANPEP, 

COL6A2, and PDGFRA, were enriched (Figure 43).  

 

 

Figure 43. scRNAseq shows the existence of two populations. UMAP plots showing the 

expression of fibroblasts (left) and iKCs (right) signature markers 
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Through this approach, we observed that no intermediate population existed over those of 

converted and non-converted cells: cells expressed or not P63 targets. This data confirmed 

our previous hypothesis about the behavior of P63 species as an activity switcher: the 

mutants can transactivate P63 targets and, in turn, induce the differentiation, or they are not 

(Figure 44).  

 

 

Figure 44. Characterization of transcriptomic clusters. UMAP plots highlighting the fibroblasts-

related clusters (bottom) and iKCs-related clusters (top) 
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Once we identified the two populations, we evaluated the best way to identify the 

transcriptomic signature to identify whether a mutation is a neutral variant of a LoF. Using 

bulk RNAseq data produced during the single mutants validation, we compared fibroblasts 

transduced with WT P63 and induced to differentiate with non-transduced fibroblasts or 

fibroblasts transduced with L514F or R304Q mutants (as a proof of principle) and induced to 

conversion. Once we obtained the list of differentially upregulated genes with WT P63, we 

selected the top 500, 250, 100, 50, or 10 genes to identify which cells showed enrichment in 

such signatures (Figure 45). As a first positive control of the method, we could observe that 

the enrichment was evident only in the converted population cluster, confirming that the 

selected clusters were effectively composed of iKCs. Notably, the fewer genes we used for 

the signature, the more accurate the analysis was. This is crucial for the putative expansion 

to other disease-driving genes. Indeed, the nature of P63 as a critical transcription factor 

leads to the differential expression of thousands of genes. However, for many proteins like 

cytoskeleton or membrane protein, the transcriptomic effect due to their overexpression 

could be minimal, and, in turn, the application of a minimal number of genes for the 

transcriptomic signature would be necessary. For this reason, we selected the signature 

composed of the top 10 genes as the best signature for our purpose to be used as proof of 

principle. Interestingly, most cells were equally enriched by all the three transcriptomic 

signatures tested (WT-non infected cells, -L514F, and -R304Q), confirming the previously 

described feature of P63 activity as an on-off switcher.  
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Identification of mutations effect through scRNAseq 

Once we identified the cells expressing the transcriptomic signature of our interest, we 

divided the cell into the population of converted and non-converted cells (Figure 46). 

 

Figure 45. Bulk RNAseq comparisons allow to identify transcriptomic signatures. UMAP plots 

showing the transcriptomic signature made by the top 10-50-100-250-500 (from left to right) 

differentially expressed genes in the comparisons WT P63 with non infected fibroblasts (top), L514F 

(middle) and R304Q (bottom) 
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Using the bulk MITE as an experimental control, we tried to assign each mutation to one of 

the populations (see methods). This approach seemed to work correctly for some mutations, 

as shown in Figure47, with neutral mutants only present in the converted population and LoF 

mutants only in the non-converted one. 

Figure 46. The transcriptomic signature allows the identification of two cells groups. UMAP plots 

highlighting the converted cells (purple) and non converted cells (green)  














































