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ABSTRACT

The improvement of novel sequencing technologies is quickly transforming the scientific
investigation and the therapeutic treatments of rare genetic diseases, whasbarch is
hampered by the limited cohort of diagnosed patients andHwydifficulty of evaluatingthe

effect of Variants of Unknown Significance (VUS). In silico predictors represent the gold
standard of clinical bodies fointerpreting mutations identfied through sequencing
approaches. Unfortunatelynany of them are classifieds VUS, leading to wrong diagnoses
and inadequate treatment of patients. To address this point, MITEseq (Mutagenesis by
Integrated TIlES) is a novel saturation mutagenesis teglenthat allowsus to quicly 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 ofthe DNA Binding Domain antdé SAM domain), a transcription factiiat, besides

an oncogenic function, is maing/regulator of skin development. To follow the biological
activity of each generated varignive set up a very efficient conversion strategy from
fibroblasts to keratinoyteslike-cells (through P6KLF4 induction).Using the specific
1SN GAYy20@8(3Sa YSYOo Ndepatated thelchndedtel ard in@onveded ¢ S
cells, studied the enrichment of each variant in the different populations and rathet
according to the pathogenic effect. To expand such method to any diseBseng gene, we
developed a scRNAségsed platform. Through this approgale 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 milestonethie field of genetic disorders, providing the
scientific communitywith a robust (and easyto-use) functional tool to explore the molecular

bases of rare diseases.



INTRODUCTION

GENETIC DISORDERS

GeneticDiseases

At today,more than7000 genetic disorderand more than 4500 diseagkiving genedave
been classifiet and the number is continuously increasing thanks tovige application of
new NGS technologieShe genetic disordsrare dividedinto monogenc disordersand
plurigenic disorders(based on the number of mutated genes that contribuie the
pathological condition) that can lead taultifactorial or non-syndromic diseasefhased on
the number of phenotypes characterizing the conditiohhe latest OMIM data shows that
most genes cause one phenotype (more than 3200), while vergéencause more thrafour
phenotypes (250 genesMoreover, most of the disorders are drivery la single gene

perturbatior?.

In general, most diseases amainly caused by point mutations (missense, nonsense,
frameshiftf+5, but another big group of diseases is driven déxtensie chromosomic
alterations and, in turn, can be considerggnomicdisorders’. The effect of the different
types of mutations can lead to disease through alternatbtgécomes. In the case of nonsense
mutations the defectsare caused by the premature termination codon (PTC), which leads to
the retenction of mMRNA moleculas the nucleughat areidentified anddegradedthanksto

the cellular quality control checkpoistthrough Noncoding Mediated Decay (NMD$uch
processleads to the absence (in case 0 homozygous mutationfeoreduced amount (in
case of heerozygous mutations) of the protein that came causative ofa pathogenic
outcome. Alspframeshift mutations can lead to the formation of PTC and, in turn, to the
non-physiological amount of protein. Also in this case, the produn&NAcan bedegraded
through NMDB. For these reasonsvhen a nonsense or frameshift mutation is identified in a
patient, the clinical tests quickly lead to the diagnasigpathogenicity Strategies to treat
nonsense mutations have been developedotercome PTC by inhibiting the translation of

premature stop codorfs



In the case of missense mutatigrike scenario is more complicatethdeed,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 thdriven diseases. Indeed, the pathogenic condition could be wua
dominant negative effect of the mutated variamtith respect to the normal one or can
activate different pathways that perturb cellular homeostasis. This is the case, for example,
of a specific lass of rhabdomyosarcoma induced by mutationthemMYOD1 gene, in which

a mutation in the transcription fact@ ®NA binding domain changes its affinity for cMYC
targets resulting in theindudion of proliferation'®*% 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 disequilibrium in the pathway that
regulated?. Alsq loss of function mutations can belong to differag#tuses. The activity tfie
protein can be impairedby aminoacidic substitutiain the catalytic domain of the protein
(causing reduced affinity foits target9'3 or by the disruption of B structure due to
mutations in important stuctural positiors'®. Due to the diverse effects that missense

mutations can havegredictingtheir effectisa comprehensie problem for clinicians
Mutation effect prediction

Once a mutation is annotated through SG@nethods, the effect of such variant is evaluated
using in silico predictorsvhich apply the algorithms developed by the Amenc3ollege of
Medical Genetics and Genomics (ACMGEach predictorappliesa different system to
evaluate the effect of mutationsout, 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
calculatedat about 6580%, but it is probably lowerAmong the others: PoBnhen-2'% and

SIFT (Sorting Intolerant From Tolerdh@ire based on a multiple alignment method that
integrates the position of the variation in aD3structure to establish the putative
pathogenicity of the variant; MutPred®is based on a machine learning method trained with
about 250k mutations already classified as pathogenic or benign in Human Gene Mutation

Database(HGMD) Provear® is based on a computational machine learning that compares



the homology of thousands of sequencdsimilarity between variant sequence and

homologs)}o evaluate the importance of a certaingieue.

Following theACMGguidelines,each variant can be annotated in one of five categories
(depending on the scoring results obtained by applying the algorithoesjgn likely-benign,
likely-pathogenic, pathogenjcand Variant of Unknown Significan€€US).Frameshift and
non-sense mutations are often classified as pathogenic. Missense mutatians be
annotated as pathogenic only if a secamg demonstrationis provided (a second patient
with the same mutation or a biochemical/molecular demonstratioh protein activity
affection) If a second hit is not provide@ mutation predicted as LoE classifiedas likely

pathogenicUnfortunately, most identified mutations are classified as \&0570%)

VUS

Resolving VUSs is one of the biggest tasks for modern clinical geneti¢s thee pivotal
importance that this reflects for patientsvelfare and healthcare system efficiency. Indeed,
an inconclusive genetic diagnosis hampers the clinical flow and atteédsight cure or
preventive treatment for an individual. For example, resolving the problem of variants of
unknown significance for some oncogenes like BRCA1l and PR©AR lead to avast
improvement in lifespan for individuals with familiar breast cancer. Indeed, at today, about
8590% of missense mutations in BR1 are classified as VUS (data obtained by Varsome
databasé'), avoding preventive surgical treatment in relatives of breast caraffacted
patients. This represents a risk factor for the othedividuals carrying the sanmautations

and a possible future cost for the healtlare system. Moreover, thgroper assessment of
mutations effect could reduce the clinical tests requiredtfoe corred diagnosis, improving

clinicians' timeon patients treatment.



P63

P63 biology

The Tumor Protein 63 (TP63, also named P63) is a transcription factor that belohg® &3
family of transcription factors (together with P53 and FPZ3All the components of this
family share a vergonserved regiorthat comprises the canonicdlransActivation domain
(TA domai, the DNA Binding DomairDBD, and the Oligomerization DomaifOD). Like
P53, bothTAP63 and TAP73transcriptscan bind the canonical P53 targets, activate their
transcription and, when overexpressed, induce apoptésié Interestingly, while P53
mutations areprobablythe mostcritical cancer driver®, P63 and P73 mutations are very
rare in tumorg®. P63protein is encoded by the TP@@nethat islocated on thelongarm of
chromosome 3 (chr3:3928) and composed 6 16 exons. The gene owns two different
promoters (named P1 and B2jand transcriptionalstart sites that produce two different
classes of transcriptgrom the P1 the canonical TA transcripts (that share the TA domain
with P53) and from the P2 the noncanonicalk N transcripts with a shoer TA domain(see
Figurel) The two classes of transcripts are expressed in different tissue and are responsible
for different functions: TA proteins are expressed in germ cell lines, playigptal role in
cardiac development and inducing oocyte death as a phosphorylation resfiéhsthe kN
transcripts are key regulators efvery stratified epithelum in general andin particular,of
skin developmerif. kN transcripts are highly expressed in the basal layer of epifiglia
where they control many cellular functions, such as differentiation, proliferatzomd cell

death.

¢CKS 0Q NBIA2Y 2 Fwithi dtSnatideSeyofs tHatigiveSrigeNth & ke&kir

major P63 isoforms! = | ¥ R21 pbllcoh A& (KS Y2 dnistraffied NS a
epitheliaand owns a very regulated localization into the epidermis: litighly expressed in

the basal layers and its expression decreases toward the outer la$ferDuring
embryogenesis, P63 is one of the first genes expressed during sleéfopienent and in the

basal proliferative layer in postnatal fffe In the basal layers, P&Sfundamental to regulate

cell proliferation and adhesiofs The fundamentl role of P63 in tle regulation of

differentiation is not yet understood, but many mechanisms have been proposed: probably,



it is required duringskin stratificationwhile inhibitingthe expression of other markers of

differentiation®. wS OSy (it & = G2N] TFTNRY %K2dzQa tdged NB IS £ SR
binding and activatio?f. Indeed, the paper shows how the binding of P63 to its target

sequences is necessary but not sufficiéat gene expressionalso showingnany potential

cofactors that act asan activator of P6dound enhancers and promoterariong the

others,RUNX1, RXRand TFAPR). In another work, CTCF has been demonstrated to be one

of the main P63 partners in skin keratoyes®,

At the P63 @erminus region, SAM and TID domains are pectiidr A a Z9FA2 tNéYNa
terminus, TA domaim (TA and&N) are regulatois of P63 transactivation abilif§. The DBD is
the region that directly interact with the DNA through two zinc finger structufésThe
homology of P63 DBD witihat of P53 is very high (about 60%), but the binding on target
sequences is different: while P53 generates strong cooperatidirgs, P63 binding lacks of
cooperation and it is very wedak. The targets of P63 are very specific due to tireding
sequence that isimilar but not identical to the one of P%3* OD is also a very conserved
domain that allows the oligomerization of the protein (usually tetramer, in some cases
dimer) and the consequent activatith The SAM domain is a very conserved doniéin
(about 70 aapcross the evolutiothat allows some kinds of proteiprotein®’ or proteinrRNA
interactions’®, but its role in P63 bioby is not yet fully understod®4®. This class of domain

is widely present in largemultidomain proteins in every celcompartment suggesting a
pivotal role in aplethora of mechanisms: these proteins are involved in the regulation of
development, signaling, expression modulati@md transduction of signa$ In P63,the
SAM domain is encoded by exohg, 13, and 14 of the gene and shows the canonical
structure of thistypesof domains® with a monomeric structur&ontaining5 helix. These are
very close to each other , forming in the center an hydrophobic core with a compact globular
structure. The SAM domain dP63 has been identified for the first time by Thanos and
Bowe®, who hypothesized a role in proteprotein interactionbut, as previously reported,
thereisno evidence reported ithe literature. The TID domain is assentiakelement of the
protein that interads with the TA donain of the same protein and, bsnasking some
aminoacids decreasests transactivation potentidt. These observations suggest a specific
NRES 2F h  A&a27¥2 Ndu!, which sB®vYaldiordBFBke paktér of the



regulation(due to a more similar-@&rminus) A schematic representation tfie TP63 gene

andits proteinisoforms is showin Figure 1 (adapted from Gatti et al., 2639

» Promoter TA isoforms

Promoter AN isoforms V B
TA-P63a | L')—( (H
AN-PE3a (e (|
AN-PE3E (o o
AN-P63y ( [H @-(

[ ] TA Transactivation domain [] Secondary TA Domain (TA2)
[[] AN Transactivation domain B Sterile Alpha Motif (SAM)
[] DNA Binding Domain (DBD) [l

[[] Oligomerization Domain (OD) [l Unfolded Regions

Figurel. Schematic representation of TP63 gene and protein isoforfirig: gene represgation
showing the two different promoters with arrows, canonitakoforms splicing pattern with full line
and alternative and‘ isoforms splicing patterns with dotted lines. Adapted from Gatti et al. 20]



P63in disease

TP63 gene mutations mainllyad to developmental disorders and are loosely associafiéal
cancer. Interestingly, the pattern of mutations shows a strong genepimEnotype
correlation, with the mutations of the twenajor diseases (AEC and EEC syndrome) clustered

in specific regiort$ (Figure2)

[l EEC Syndrome G530V
[ AEC Syndrome F526L
L523P 1709DelA
C522G/WIR 1721DelC
D312H G518V 1742DelC
R227Q P309S L514F/S/V D597T 1787DelG
C269Y | R304Q C308S L513S/V R598L 1803DelC
S272N | R304W C306R 1510T 1596T 1859DelA
@~ oBD |~ ob [
R204Q R279C R280C T533P P551L
R204W R279H R280H Q536L F554S
R279Q R280S 1537T R555P
D544Y/V P558T
L545P G561D/V

Figure2. Schematic representation of the positions of AEC and EEC syndrome mutations on F
protein. EEC mutations mainly localize in the DNA Binding Domain of the protein, while AEC v
cluster in the @erminal domains.

AEC syndrome

The Ankylokepharon-Ectodermal dysplasi€left lip/palate Syndrome (OMIM 102660), also
known as Hy-Wells syndrom#, is a rare autosomal dominant diseas®aracterized by skin
erosions (in particular ahe scalp), alopecia, dystrophic nails and teedhkyloblepharona
condition also known asnkyloblepharonfiliforme adnatum, characterized by stramdf
tissues that partially oentirely fuse the upper and lower eyelids) aokavageof lips and
palate®® (Figure3) Likemost of the other P63related disorders, the diseaserisinly caused

by point mutations irthe TP63 geneln particular, the causative mutations of AEC syndrome

I NB Of dzZa i SNBR Ay iaffeQingth€ SANEBNE the HD ddrifaing] k® GIA Sy S
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terminal domainsof the protein The mutations in the SABlomainare generallymissense
mutations thatlead to aminoacidic substitutio”s while the mutations in the TID domain are
mainlymononucleotide deletions that lead @frameshift and, consequently, to an aberrant
protein lengtt®. Interestingly, a similar phenotype is also observedhia case of akN
domain truncatiod’. However, n this casethe production of the protein stops few
nucleotidesafter the transcriptional start site, producing little peptidegith no P63like
effect. Interestingly, the transcription restarts at the next methionine codon, producing a
smaller p63 protein calledk W that lacls the transactivation domain ands typically

expressed, imeageramounts, in normal human keratinocytes.

Figure3. 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; Tyg
example ofankyloblefaron fusion of eyelids)
(Adapted from McGrath et al. 2001)




The disorde affects in the same way males and females. From literature data, less than 100
affected patients have been identified, but the correct incidemtehe population is very

hard to study. The disorder has a neonatal onset, with the 75% of the affectedduals
showing severe skin erosions, desquamatioand cornification defects at birth.
Unfortunately, skinerosionslead to secondary diseases because of the infections that can
occur (due to the defect in epidermal barrier building) and are cured vewi\sl sometimes

lasting years. In some cases of very severe disease, the severity of skin erosions can lead to
life-threatening complications, such as seps#ismostcases, the skin defects disappear on
average irb yearsput not in the ear regions. Abothe other manifestations, nails and teeth
dystrophy occurs in 7B0% of cases, palate and tittavagen 80%, ankyloblgharon in 44%

and hearing loss in 4G%

At today, a cure for the disease domat exist, and all the treatments are directedainstthe
specific symptoms. Indeed, in many casesrgical treatment can improve many
representations, such asnkyloblepharonlip and palate cleavagand teeth dystrophy. On
the other hand,for skin erosionsa permanent cure does not exighe onlytreatmentis a
conservativetherapy with antibiotis to prevent skin infections. Indeed, patients are
routinely treated with dilute bleach soak and antiseptic solutions, limiting secondary
problems due tobacterial or mycotidnfections. Recently, a therapy for partial skin rescue
has been developed by Alilam and collegué8, who discovereda compound that, besides

it does not reduce protein aggregation, induces skin differentiatittrat ameliorates the
condition However, he nature of the disease is not yet fully understood, and in particular
the nature of skin erosions is unknowRrobably, the mutated proteins lose the ability to
drive cell differentiation leading to adhesion defects. Indeed, many studies demonstrated
that P63 is acrucial regulator of many celtell and celimatrix proteins, representinghe
primary mediatorin desmosomes, hemidesmosomes, adherent junctjamsl tight junctions

formation and regulatioff. Moreover, a role in ZNF750npaired activation has been

demonstrated by Zarnegar and collegblesRecently,a A 8 A SNRP Qa INRdr] aK2 g

mutants of P63causing the disease generadggregaion with P63 itself or with the other

10



members ofthe P53 family (P53 and P?3)thus probablyprevening P63from actingas a

transcriptional regulator of dodermal and skin genes.
EEQG syndrome

Ectrodactyly, Ectodermal dysplasia, cleft lip/palate syndroméEBG syndrome, OMIM
604292) is also a rare autosomal dominant diséas¢hat can be considered like the
prototype of P63related disorder because of the presence of every possibleaB§8ciated
phenotypes.A key feature is theectodermal dysplasiawhich can lead to one or more
defectsin skin, hair, nails, teetrand glandgFigure 4) Like the other P68elated disorders,
EEC3 is caused by point mutationstiie TP63 genewhich mainly clusterinto the DBD
domairf?. Interestingly, along the domain, mutations in 5 residues represent 90% of known
causative mutations (R204, R227, R279, R280, R304y were demonstrated to lead to
somehow different manifestations. Indeed, the presence of syndactyllipoand palate

cleavageis variable between thdive hotspots, with the mutations in R227 that show a

higher different behavior.

Figure4. EEC syndrome maphenotypes From top to bottoma
child with completecleft lip and palatedeletion of central finger
of right hand, syndactyly in hand and in the feet (adapted fror
Augello et al. 2015)
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The incidence ofhe disease is calculated in about 1/90000 in the general population, but a
correct evaluation is also very hard in this caBegeneral, affected individuals show limb
abnormalities in 680% of the cases, where for limb abnormalitegs 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 they&aiows and
eyelashes. Teeth defects are very common, aghypodontia and mbormed teeth. On the
other hand, nail dysplasia and sweating defects are uncommon or absentl&deageof
palate and lip is very common ardfects soft palate, hard palateand lip (each alone oa

combination of 2 or 3}.

As for AEC syndrome, a cure for the disease does not exist, but the spgTiitomscan be

specifically treated through clicaél approaches to correct smanage therff.

The specific molecular mechanisms underlying the disease are not yet fully understood.
However, i is known thathe five most important hotspots are allocalizedon the CpG island

and are probablycrucial for the affinity of P63 protein for DNA binding si&sFor this
reason, probably many target promoters cannot be regulated the presence of such
mutations.L Yy NB OSy (i g¢gdtamly Showetas alt€éd erihander landscape in EEC
mutant keratinocytes wherethe epidermal regulatory regions decrease and, in the
meantime, some neuronal ectodermal and mesodermal enhancers are offenkd a
subsequent workof the same group,through a scRNAseq approackt, has been
demonstratedthat EEC mutants loséé capacity to repress mesodermal enhancers and, in

turn, the transactivation activityo induce cellular terminal differentiatiéf

Other P63related disorders

The spectrum of P638elated disordersis genemlly associated with one or more of these
manifestations ectodermal dysplasia, limb defectsnd cleft lip/palate. As previously said,
EEC3 is the prototype of such disorders because the affected patiemtdhave all those
manifestations. InterestinglyLimb Mammary Syndrome (LMS) alsbares thisfeature,

resemblingthe phenotype of EEC3 in a milder Waydowever the two diseases cannot be

12



considered overlapping because of the differegénetic localizaton of the causative
mutations. Indeed, while EEC3 mutations cluster in the DBD domainiitgions have

been identified irboth the N-terminal andthe Gterminal redons ofP63°.

AEC syndrome owns only ectodermal dysplasia amelhvage among its specific
manifestations, bulimb defects can occur in rare cas€mn the other hand, &p-Hodgkin
syndrome (RH3)resembles AEC phenotypes, but skin defects aiten less severe and
ankyloblepharon does not occtdr Sincethe only real difference beteen AEC and RHS is the
absence of ankyloblepharomand this manifestatioraffectsless than half of AEC patients,
nowadays the two conditions are considered overlappjrand patients are diagnosedith
AEC syndromeMoreover, the localization of the mutabns is overlapping because RHS

mutations usuallyall in the SAM and TID domain, wher®st AEC ones clustér

Acro-DermatoUnguatLacrimalTooth (ADULT) syndrome owns a high overlapping wafith

the reported syndromes, butleavagehas never been reportéd Most patients showed
mutations in the same aminoacidic residue of the DBD R298. This aminoacidrasfahe

5b! O60AYRAY3A odzi KFa 06SSy NBLI2 NI Sfetmsfivehicha Sy
usually have no transcriptional activity, probably altering the transcriptional regufdtion
Split hand/foot malformation 4 (SHFM4) is the only reymdromic disease due to mutations

in the P63 gen&. The localization of the mutations of this disease is not spemwificcan be

found along the entire gerfé&7’¢. A summary of diseaseondition relatiors is reported in

Figure 5.

Figure 5P63related disorders are
characterized by combinations of specific
conditions.EEC and LMSah every hallmark
and are considered the hallmarks of P63
RAA2NRSNRE® ! 5! [ ¢ ae,
cleft lip and palate. AEC and RHS only shoy
clefting and ectodemal dysplasiaSSHFM4
syndrome only shows limb defects. (Adapte
from Rinne et al. 2007)

CLEFT LIP
AND/OR
PALATE

ECTODERMA
DYSPLASIA

SHFM4

LIMB
DEFECTS
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Although P63 shars extensive homology with P53, itanissensemutations are rare in
cancer’. Instead, its dysregulation @ften found in many skin cancers, such as Squamous
cell carcinoma and Basal cell carcind#fd Moreover, P63dysregulationis also implicated

in some norkskin cancers, such dsing Adenocarcinomda.JAD and Lung Squamous Cell

carcinoma l(US{, where it maintains the basal proliferative niche of the cancerous tfsue
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FUNCTIONAAPPROACHES TO PROTEIN FUNCTION PERTURBATI

Functional genomis

Functional genomics is a novel field developedi KS S NI & wHnnnQ RdzS
human genome sequeng&®® Then, with the development of NGS applicatidhstarted to
play acrucialrole in basic and translational research by fastgrthe experimental design

and deepenngthe consequent discoveries.

The ttNY aFdzy QUuA2yltf 3ASy2YAOQa¢ ilSedyiatheSady v 3
dynamics of many cellular processes, such pastein interactions translation and
transcriptioral regulatiorf*. All these processes can be dissected in physiological systems or
in relation to external perturbationsSuch 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 geneiah technologie® allowed the researchers to desigigh content
experiments such as CRISPR screenings, MitRAsaturation mutagenesisuch as MITE

(Figure 6)

Oligo pool synthesis on silicon platform

sgRNA pool Regulatory elements pool Aminoacidic variants pool

U6 prom - sgRNAL — R r EECEETEEE. oo — Tile ORF Tile

U6 prom sgRNA2 — Tile | ORF Tile

U6 prom sgRNA3 TGS S—— - Tile orRf W [ile

U6 prom | sgRNA4 —i CRE3 —REPORTER\— BC3 — Tile I orF Tile

U6 prom SgRNAS — CRe4 I_ REPORTERM— BCa — Tile ORF I Tile
CRISPR Screening MPRA: Regulatory regions analysis MITE: Protein functional screening

Figure 6 High throughput DNA oligo pool technologies applications to functional genomiiigo
pools are synthesized on a silicon platform and can be designed to be used as (from left to rigl
sgRNAgool for CRISPR screening; Regulatory elements to be cloned upstream of reporter prc
Massive Parallel Reporter Assaminoacidic variants to be cloned into ORF of interest in protein
mutagenesis approaches for functional screenings (MITE).
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CRISPR screenifitfy and Perturb-secf® approaches ar@owerful tools to identify the genes
involved in particular pathways or cellular resposs€hey are based on the generation of
comprehensive libraries of SgRNA that target every gerthkarhuman genomehat can be
tested in pooled or arrayed experimental design (FigureBy) studying the enrichment of
such guides after a treatment or a spEcistimulus researcherscanidentify genes involved
in several processdsuch agranscription regulatio’, cell signalin¥y, and proliferation®l), in
the regulation of cellula organelles (such as mitochondfiaor lysosome¥) and in the
regulation of cells differentiation (such as the induction of diétic cell$* and the epithelial
to-mesenchymal transitiol}). However, he main limiation of this technology is the
presence, for most of the genes, of paralogues gene that can compensate sorfatibwe
lack of the target gene. Thghenomenonresults in a less evidé experimental resulthat

can be lost in the enrichment analysis of the screening.

Pooled CRISPR screen Arrayed CRISPR screen
Model
Cell lines, primary cells, organoids, ~ Cas9-expressing Cas9-expressing cells
model organisms (in vivo screens) cells in bulk \ ] in separate wells

= 4
Perturbation CRISPR gRNA library Cells perturbed in
CRISPR knockout, interference, separate wells —\
activation, base editing, P~
A i ¢ Cell oo &=
RmeEdic .@: {P:'.& — '@ p:rtsurbed '@ {;,];7‘ —_— ":—N"\’Q‘"
P e B in bulk B e B N
Challenge — Cells challenged in separate wells
Cell survival and proliferation, ‘/ — & @ (for example with a drug)
drug treatment and resistance, '@ @A
virus/pathogen infection, <@
metabolic challenges Cells challenged in bulk s —
(for example with a drug) (&

Read-out ) gRNA enrichment/ Molecular phenotyping
Sequencing-based counting depletion
of gRNA frequencies,
single-cell RNA sequencing, gRNA o ““-“ Drugs
multi-omics profiling, imaging & @ sequencing % ~ - I Knockouts

'@ ——— n: LS -

™3 o = © Genes
L

log, (fold change)

Figure 7 CRISPR screeningn be coupled witHPerturb-seqin different manners to provide a wide
variety of information. Pooled CRISPR screenings allow to work in an easier manner (pool) bt
makes the drugs screening and analysis more complicated due to the need to recognize
perturbations at single cell leve\rayedCRISPR screening are harder to handlegllLfor 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 tharebearchers tscreen
thousands of regulatory regiento identify tissuespecific enhancers, nevsynthetic
regulatory regionsor regulatory regions that specifically respond to a stimlughe
technology is based owgloning little DNA fragments(100-200mer) acting as regulatory
regiors upstreamof a minimal promoter that drives thexpression of a reporter gene (a
fluorescent protein or a luciferadiée protein) After the desired stimulus, cells are
harvested for enrichment studieand the enriched regulatory regions are identified through
NGS approacheqFigure 8) With this tecimique, researcherscould answer many
fundamental questions, such as which is the correct position and spacing of a TF binding
site”’, which are many tissuspecific regulatory regiof$ and how some diseases are
influenced by the sequence of namoding DNA. However, he primary limitation today is
represented by the general experimental noise that leads to a high number ofrfatsive
elements, which, in turn, means that the technique e¢d@entify only the elements that show

a very high induction.

== Luciferase [iEGI—, Count mRNA tags
Infect o [I— R T
‘L ~L* % - S @EEE D
[— 90
ChiP-Seqmaps  Synthetic DNA et Luciferase [Tag b— ~10M cells
H3K27ac/TF GRE ||brarY/ Count 13,000-27,000
- — "= )
L ,\plasm|d tags mRNA tag counts
[ Tuciferase |
i Ludferse BRGE—, Reporter vector library [ 192
13,000-27,000 distinct [ 700 13,000-27,000
plasmids [ 38 | plasmid tag ocunts
—1 Ludferase Fseg— I 250
— Luciferase [IRGN—

Plasmid pool with 3’ barcodes

Figure 8 Example of Massive Parallel ReportéAssay workflow.Selectedregulatory 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 celigery low MOI, from which the
MRNA counts areetrieved. In parallel, plasm&ibrary undergoes sequencing to obtain the starting
enrichment of the library.
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Saturation mutagenesis

Saturation mutagenesis is a powerful molecular biology approach #fatvs studying
multiple variants of the same gene to understand how the genotype perturbation is reflected
at a phenotypic levein a forward genetics approachResearchers developed different
strategiesfor this method, divided into random mutagenesisdasite-directed mutagenesis
approaches. The random mutagenesis approactesesentedthe vast majority of the
application for tens of years due tbeir easiness and theelativeimmaturity oftechnologies

for site-directed mutagenesisThe mutagenesis is performed on a plasmid containing the
CDS of the gene of interest. For random mutagenesis, the plasmid undergoes cycles of PCR
using errorprone conditions (polymerase with no proof reading actiatyd altered bufer
concentration induce errorsduring the amplification) that randomly introduces DNA
sequence variations into the CHB% A similar result caalso be obtainedising mutagenic
chemicalsor UV rays The main limit of this methodology tise total absence of control o

the added mutationson each molecule because ortlye average number oérrors can be
adjusted through the experimentalsetup. This limit leads to ehallengingcomputational
work for mutation identification and due to the limited length of secomngkeneration
sequencing appraches, to the relative impossibilitpf identifying CDSs carrying two

different mutations in fapositionsof the same OREene.

Nevertheless, this approach allowed many successful applicatismsh as the direct
evolution of biological and nohiological®® proteins with high enzymatic activityTo

overcome these limitations (i.eto improve the control & the experimental design),
researchers developed a method farontrolled random mutagenesis name8eSaM
(Sequence Saturation Mutagesis)® that allows amplifying DNA fragrents containing
every possible nucleotide substitution alotige desired sequenc@-igure 9) This allowed to
overcome thepreviously described limits buhaintaininga verypoor balance between DNA

species in the reaction.
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To overcome this limit, researchers developed other methods based on degenerated
oligonucleotide used as a primer for DNA amplificatiéh This approactimits the number

of analyzed sequences to the saturation of a small DNA fragment, allowing the users to have
more experimenal control and facilitating the interpretation dhe results. However, a

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

described.

Recentlya novel method for sitelirected saturation mutagenesisalled PALS (Programmed
Allelic Serieshas been developed to assay thousands of protein variardvéry controlled
manner due to the production of oligonucleotides on microarraletes®®. This approach
allowed researchers to identify thessentialaminoacidic residues for Gal4ctevity by

scanning thevariations of theentire protein sequencéFigure 10)

@ Parallel synthesis on microarray @Clone PALS libraries
I ITNTTIT Py
[ TTTITTIT : ¥ X\ e
N an T | X\ LY >
@Anneal and extend on WT template ,. e
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Figure 10PALS (Programmed Allele Sequencing) workfl@mn the lef the mutagenesis frcess
from top to bottom: synthesis of oligonucleotides on microarray plate; extension on WT templa
RSANI RIGA2Y 2F 2¢ &AGNIYRT FYLIEAFAOLIGAZY RN
a degradable template; Final amplification of muisoopies. On the rigl{from top to bottom) the
process of sequencirand tagging: the PALS libraries are cloned and random barcodes are ad
The sequencing allows to identify on one read the target gene, on the other read the moleculay
barcode. The barcodes allow the final interpretatighdapted from Kitzman et al. 20)
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Over the saturation mutagenesis method appliedexogenous genetic material that is then
provided to cells,lte development of CRISPRapproaches allowed tperform site-directed
saturation mutagenesisapproachesin vivo by taking advantage of cellularepair
mechanism¥¢. This protocolallows directly testing mutations in the endogenous gene,
which is therefore subjected to physiological regulation. The main limitation is the
dependencyon the position ofthe PAM sequence (which limits the coverage of saturain
mutagenesis) andhe CRISPR system efficiendgvertheless, this approach recently allowed
to study the effect of missense mutations the BRCA1 gene, one of the most critical

oncogenesvhose mutations are mainly predad as VUS (Varsome dat¥)
MITE

The development of high throughput DNA oligoductiontechnology allowed to generate
novel sitedirected saturation mutagenesis approach, named Mutagenesis by Integrated TilEs
(MITE}®® enablingusers to test thousands of defined protein variants in a single experiment
by coupling with sequencing approachdhe method is based oproducingsmall ssDNA
fragments (156800mer) containing every desired mutation (inserteduring the
experimental design and thesynthested in the central region. At the extremities, two
constant regionsof 10-20mer act as homology regions for high @#nt cloning using
methods like Infusiolf® or Gibson Assemblf. Each of these oligonucleotide psis a DNA
fragmentthat is cloned into the desired CDS direearizedplasmid in whiclthe region- that

has to bemutagenizel - has been removed by inverse PCR. In this way, by producing multiple
non-overlappingMITE libraries in subsequent regions of a CDS, the operatanatagenize

a gene's entire coding sequen(Figure 11)This metlod 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 aleu#ansivecontrol

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

the interpretation.

21



Tile A1 Tile A2 Tile A3 ]
WT + 847 single AA variants WT + 874 single AA variants WT + 874 single AA variants
[ 1 [ | [ \
I _ | | (I [ 1
K [ 1] K [ 1] K [ 1
CIX - CIX ] CIX ] Pool A
. . . WT + 2541
H : . . single AA variants
T X 1T 1] (| X T 1] 1 X 1T 1
I X C 1 XT 1 1 X1 1
| (- - X - X1 |
~
L ATG... [ TAA]
ORF template — >< i _
1 [ 1] [T | 1 | ]
[ K 1] [ K | [ IX [ ]
[ TX 1] [ TX | :
Pool B : : 1 X1 ]
WT + 2375
smgle AA variants | l X l ] [ I X l | l [ Xl ]
1 XT ] 1 XT ] * E——— '
e
L1 X ] [T X1 WT + 627 single AA variants
L J L J
Tile B1 Tile B2
L WT + 874 single AA variants WT + 874 single AA variants -

Figurell. MITE strategyssDNA oligos are synthesized to cover the complete ORF of the desirt
gene and to induce every possible aminoacidic substitutions. Oligos are designedyfaint A y
non overlapping constant regions that allow to easily clone the tiles into the linearized vector o
interest through ligation free methods. (Adapted from Melnikov et al. 2014

The principal limit at today is the needor a biological assay to separate populations of
neutral andactivity-affected protein variants. Thigroblem limits its applicationmainly to
oncologic project in which cell survival or proliferation is the main effect to dieserved.
Indeed, most of the applications published are about the study of main oncogenes, such as
P531kl3 MAPK1/ERRY, PTENS, and CDK4/6%. The only application of this technology

not related to cancer studies swork whee researchers analyzd®PARG variants that can
lead to lipodystrophy predispositid¥. In summary, MITE potential for genetic diseases

driving genanutation pathogenicity prediction has not yet been fully exploited
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NGS

History of sequencing

The discovery of DNADSstructure by Watson and Crick in 1953 revolutionized the world of
biology**¢. Indeed, from that momentthe scientific community's attention moved to the
research of a method to decipher the DNA sequences contaitiegyenetic information. At

that time, some strategies to infer protein sequences were already available, but DNA
sequencing led to new tasks because of the minor heterogeneityhe nucleotides
compared with aminoacids. Moreover, DNA sequences are longer than proteins, and this
increase the level of difficulty in its interpretation. Thecientific community's effortéed to

the development of many new technologies (for example, DNA amplifiddfprwhose
applications revealedheir crucialimportancein DNA sequencing. The real revolutiomas
raised with tke development of the application of polyacrylamide for gel electrophoresis,
whichallowed a higher resolution and, in turn, the possibility to discriminate DNA sequences
that differed by one nucleotide.The first sequencing methods were discovered vergkjwi

from this discovey: the fragmentation techniqu&® and the dideoxy techniquél. While the
fragmentation techniqueas considerd the real first method discovered, the second one by
Sanger revealed an incredible potential theétrough the subsequent improvementked to

the so-called pre-genomic erak y i KThe bdisic (eaf Sanger sequencing based on
using marked radiolabbed or fluorescent dideoxy nucleotides that work as chain terminators
during DNA amplification. Thadministration of such nucleotides together witktandard
deoxy nucleotides generas DNA chains of different lengthThese amplification products
were run on polyacrylamide gels to discriminate chains of different lesigénd the
sequence was recovered. The maturity of this technology led to the Human Genome Project
consortium, wich started in the US and involved hundreds of research groupgsirope ad

Asia. This global effort led to theomplete humanDNA sequence in 20883 opening the

scenario of the genomic era.

Ly & KS the évdllion dfrs€liencing methods becaimeredibly quick, leading to the
development of novel technologies that revolutionized the ldsrof genetics and genomics.

Actually the bases for the secorgkneration sequencing technologies were discovered in
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theS | NI & dn Q3 mauweienoigki&ie appledt® Human Genome Projestly in

the last years of the projectindeed, in 1993Nyren, Pattersonand Uhlen created a new
sequencing strategy called pyrosequenéfigThe techniquavas based on two main steps:
adding one speciesof nucleotides per cycle and a luminescent reaction induced by
nucleotide incorporation read by a light sensor. This approach represented the base for
deweloping454 automated pyrosequencer (developed by life Science and then acquired by
Roche).The possibilityof sequencinga high number of samples in a single reactionaon
micrometer scale represented the beginning of Second Generation Sequencing. Brea&ut

of this technology was thé&olexatechnology of bridge amplification(then acquired by
lllumina)?3, which allows a very highshort reads sequencinthroughput with a very low
error rate. The method is based oh RRAY 3 pQ FtYyR 0Q I RFLIGSNE (2
sequenced during library preparatioisuch adapters are composed two sequences: an
anchor sequence that allowsindingthe DNA fragment to the flow cell surface and a so
called SBS (Sequencing By Synthesw)jch works as a primer for both the bridge
amplification and the sequencing raam. The bridge amplification is the key innovation of
this technology, improving the number of molecular clones in a defined region (claster)
enhancing the specific fluorescent sigoélthe flow cell regiorwhen a nucleotide is added
Through this pproach, the sequencing signal can be detected with a microscope that
acquires a pictureof each nucleotide addition, enabling the software to reconstitute the
sequence of each clusteBubsequent bioinformatic analysis assigns each cluster to a sample
through a sample indexthe evolution of this method allowumina to be, at today, the
world leader inthe sequencing field, despite di evolution of thiggneration sequencing
approachesAcross the second generation approachiesy Torrent technology ibased on

the electric field change induced by nucleotide incorporationnmlactrolytic solution.

Such methods are based on the idea of overzanthe onlytwo real limitatiors of Second
Generation Sequencing: the reads lengihd the PCR amplificatiorindeed, lllumina’s
Sequencing by Synthesis technology alleequencing DNA fragments up to 5000 mer,
making the computational reconstruction of long sequences very .h@kdrdgeneration
sequencing technologies use different approachesnterpret a sngle intact native DNA

molecule sequencap to 30kb Themainapproaches were:
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1 Nanopore technology¥, based on the passage ofwzhole DNA molecule through a
nanopore thankto the action of a DNA helicase. The signal of the molecule passing
through the hole is read by a sendbat analyzes the density of current flow through

the pore translating it ito DNA sequences.

1 Single Molecule Real Time (SMRT) techndtédpy Pacific Bio is based aietecting
fluorescent nucleotidesat amplifcation 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 lllumina problems but introducem ones, like the
throughput and the high error rate that, instead, represent tiréicaladvantge of Illumina
sequencing. For this reason, the Third Generation Sequencing technologies never became
gARSt @& LW ASR I|a Lt ft dzy DNA fRguendn aflicadidraged & ¢
clinical applications, where Whole Genome Sequencing technologids\Véhole Exome
Sequencing protocols for Illumina instruments are the best for prast ratio. An

exemplificativeevolution flow of sequencing technologies is provided in Figure 12.

First generation Second generation Third generation
(next generation sequencing)
2E s
B E = o

Sanger sequencing 454, Solexa, PacBio

Maxam and Gilbert lon Torrent, Oxford Nanopore
Sanger chain termination lllumina
Infer nucleotide identity using dNTPs, High throughput from the Sequence native DNA in real time
then visualize with electrophoresis parallelization of sequencing reactions with single-molecule resolution
500-1,000 bp fragments ~50-500 bp fragments ‘ ’ Tens of kb fragments, on average
Short-read sequencing Long-read sequencing

Figurel2. Evolution of sequencing technologigstom left to right are shown the first, second anc
third sequencing technologies thitheir main approacheg:irst generation technologies were

represented by Sanger sequencing, Maxam and Gilbert sequencing and their evolutions. Secc
generation sequencing is represented by Roche 454, Solexa (lllumina) bridge amplification an
lonTorren. Third generation sequencing platforms are represented by PacBio and oxford Nanc
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Nowadays the postgenomic era is opening new scenarios for sequencing technologies
because of the improving need for long reads sequendhay enables discriminating

between different alleles (for DNgequencing) and different RNA isoforms

Through the evolutionof DNA sequencing technologies, the cost decreased exponentially,
while theyield 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 handyi¢le
increased fom 10 kb/day/machine to the actudl,000,000,000. This means more accessible
precision medicine for everybody at a minor cost for the worldwiealthcare systems.
Importantly, as shown irHgure 13, the development of Second generation Sequencing

between2000 and 2010 represented the real breakout irgbtechnologies.
RNAseq

RNA sequencing is one of the main applicaioiNextGeneration Sequencing technologies,
enabling the user to evaluate from both qualitative and quantitative poiwit view the
nature and the amounbf the transcripts present in theamples analyzedrhe development

of RNAseq methaslallowed aconsiderabé step forward in the analysis of transcriptome if
comparedto microarray$?®. Indeed microarrays sufferedaitical nonspecific binding ofhe
probes, affecting the evaluation of RNAs with high similarity. On the other hand, RNAseq
allows ahigh sequencinglepth coupled withvery lowanalysisnoise enabling the discovery

of novel transcript®”. Indeed, microarrays are limited to the presence of probes designed on
known transcriptswhile sequencing technologies offer an unbiased method to analyze every

fragment in the sample.
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Figurel3. Cost/productivity comparison during evolution of sequencing technologi€som the

initial sequencing approaches by Sanger to the actual high throughput technologies the amou
sequences analyzed x day increased from 10 to 1B, while the cost decreasetdD$ to less than

penny x kilobase.

Furthermore,RNAseq technologies have been developed to analyze different classes of RNA
molecules mMRNA, rRNA, small RNAsd non-coding RNAS® Moreover, mRNAs can be
FylFrftel SR o0& aSljdzSyOAy3 RAFFSNBYy(H LER2NIA2YyaA
sequencing?®>  DGE Digital Gene Expressi)'3C, and WTS \Whole Transcriptome
Sequencinl3 pQ YR 0Q XY dz€helpfil yirdpredisel INEntifing
transcripts' abundance arahalyang how they change under specific cellular perturbations.
WTSnheeds more laborious handling (Figure 14) bas the significantadvantageof allowing

the detection of different istorms, known or unknown. Moreover, WTS laso been used

for the first attempts for singkeell RNA sequencity, thanks to its low input need if

compared with the other method<lQpg vs. 56100ng).

. :pw—m: Figure 14. Workflow of a Whole Transcriptome
B e I experiment.In cells RNA is continuously
e EEEEEE— transcribed starting from DNA as an immature
e E—) strand that undergoes splicing. Once extragte«
o r— W™ the mature mRNAs retrotrascibed and then
= T TS S S S S R SR fragmented to obtain short DNA species with

Sngersequenceg 0001 1REARIRATARARIRALRALA UMI barcodes that allow to reconstitute the
e S entire transcript. Final libraries are sequenced
and computationally analyzed to study the
expression and the splicing occurring in the
experimental condions. (Adapted fromLowe et
al. 2017)
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SscRNAseq

The development of bulk RNA sequencing technologies represented a breakentbling

the researchers to precisely measure ti@nscriptomic variation®ccurring in a population
The technique provides information abotitousands of genes in a single assay, overcoming
the limits of microarrays and RReal Time PCR approaches. Howgthex readout provided

by bulk approacheisthe average expression of tlamalyzedpopulation, limiting itgpowerin

all the cases where the populations own a higgterogeneity such as cancer studies or
cellular differentiation.In the last ten years, many methods to measure the transcriptomic

signatures at single cell levedve been developed to overcome this problem

The first approaches for scRNAseq were basedaeparatingsingle cells in different wells by
flow cytometry or progressiveample dilution Then, thanks to the development of highly
sensitive RNAseq protocolgach well (i.e. each cell) became a different RNAseq
samplé3®3134 These methods represented the first attempts for singgél transcriptomics
but had a limited throughput (the number of analyzed cells in a sieglgeriment was
limited to 100400 cells x experimeniwith rare cases of high throughput experiments with
~10k cell$®). Therefore, wateil emulsion methods (also called dropleased methods)
have been developed to overcome these limitationhrough these approacke celb
belongingto the same sample are dividento little water drops in a oil emulsiort*¢37 As a
result, nost drops contain a single cell and all theagents necessary to addnique
combinations ofindexes toassignthe RNAmolecule to aspecific cel(Figure 15) At today,
the most used technology for scRNAseq is the 10x platf&yavhich allows generatingin a
single day libraries of thousands of cells (up~&0k cells x sampleup to 8 samples x

capture.

Moreover, concerningthe other dropbased techniques, the 10x mettiallowsdetectinga
very high number of transcripts (up te8k genes detected per cell). This allowedthe last
years to reveal many aspestof cancer biology that could never be understood without a
high throughput scRNAseq approdth Moreover, s&NAseq allowed to study the
mechanisms bsome kinds of cell differentiation, such as muscle differentiafiot! or

neuronal differentiatiod*?, and some aspects of immune system cell developftént
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Bead. The tagged RNA from collected cells is retrotrancribed and amplified to generate the cC
cDNA undergoes to library prepai@ and sequencing tgenerate the transcriptional profile of eau

cell. (Adapted from 10x website)

Recently, researchetsied to adapt scRNAseq to additional applicasdaking advantage of
the strategy used for the library construction. To thisddemany strategies for Perturbeq
KIS 6SSy RS@OSt2LISR: |ff2Ay3a GKS dza SNA
NEIA2Y 27F (KS “INotady & rRcer studyNshovaddldktd. Jdentify known
mutations inserted in a CDBy usingl & LIS OA F A (hsene@during tN&OspéTific
cloning“® (Figure 16) This work represesta novel application that could be very important

in functional studiegbut that is still limited to known couples of mutatidrarcode.
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Figurel6. Application of Perturbseq to evaluate the effect of coding variants impa€n the left:
schematic representation of the position of ORF containing coding variants, plasmid barcode ¢
polyA signal. Cell barcode is added next to the polyT adtpthhe sequencing of plasmid barcode; (
the right: experimental workflow showing thecloning of mutated variants containing a downstre
barcode, cell transduction and Pertusleq. (Adapted from Ursu et al. 2022)
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AIM OF THE STUDY

The genmic eraprofoundy changed the approach of researchers and clinicians to genetics.
Before the revolution carried out by secogeéneration sequencing, the discovery of novel
pathogenic variants and their role aiteringcellular or systemic homeostasis wasmpered

by the limited information provided by sequencing technologies. In this scenario, the
development of high throughput sequencing approaches e the discovery of a huge
number of mutations that, in most cases, clinicians could intgrpret. Forthis reason, in

silico predictors based on different algorithms became incredibly important to help
physiciansproviding a more accurat diagnosis. The problem was the high confusion
determined byeach tool's diverse approaches atitkir low sensitivity.To standardize and
control the application of such tools, in 2Qt6e American College of Medical Genetics and
Genomics (ACMG) published the guidelines for the interpretation of genetic variants,
introducing, over the macro categories of Pathogenic andiggemutations, a new group of
variants named Variants of Unknown Significance (VUS). A VUS is a mutation that, following
the ACMG guidelines, doesot satisfy the parameters to be classifiems benign or
pathogenic. The introduction of such category wasessary to safeguard the patients by
providing only sure diagnoses, but its necessary stringency led to the predictiatf of the
mutations identified as VUSs. To overcome the problem, functional genomics approaches

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

For this reason, methods like Mutagenesis by Integrated TilEs (M&r&)vel sitedirected
saturation mutagenesis approachhave been developed anchainly applied to cancer
research. Indeed, the afipation to genetic disorders was hampered by the limited
functional assay$o evaluate the activity ofuch ahigh 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 link@ea8
gene mutations, but the two maiudisorders, the AEC and the EEC syndrostesvy the
critical feature of having a high genotypephenotype correlation, with their causative
mutations clustering in specific portisiof the protein. We took advantage of this featuog
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designing MITE librargeto 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 developmentelated genewhose mutations arghe driver of rare genetic
disordeas. 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 gubol
analysis. Finally, we aim to identify a methodotcercome MITE's limitatiodue 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 toimprovethe cellular lifespan and the growing conditionsBa, HLFand RPEcells

were immortalizedhroughhTERTentiviraltransduction as previously reported.

All cell lines were grown in DMEM/F12 (Euroclone # ECMO0095) supplemented with 10% FBS
(Euroclone #ECS0186L), 1x Glutamax (Thermo #35050061), 1XNEAA, 1x (Thermo #1114003
2-Mercapto-ethanol (Therm #21985023 HygromycirB (Invitrogen #10687010).

Fibroblasts to keratinocytedike cells conversion

Every cell lingvas transduced with a lentiviral polycistronic vector containing-kié8 at MOI

15 in thepresence of polybrene (Sigma #T603G) 4ug/ml. After 2 days from transduction
cells were splitted and plated at 20% confluegnagd the medium was supplementeditiv
blasticidin (Thermo #A1113903) 10 ug/ml for 4 days. After antibiotic sele¢hermedium

was changed with 50% fibroblast medium+50% keratinocytes medium (LonzaGKl@M
BulletKit #192060) and supplemented with 1x Revitacell (Thermo #A2644501).twter
days the medium was switchedo 100% keratinocytes medium supplemented with 1x
Revitacell. The nedium was changed every two days till day 14 when cells were harvested or

fixed.

Immunofluorescence

At the end of conversion protocols, cells were dixgith 4% PFA 2 NJ wm i Subskgiientw ¢
permeabiliation was performed with 100% Ethano{to obtain the strongest
permeabilization as possible to detect nuclear siginals T 2, Nlockedvth a Blocking
solution composedf 5% BSA and 0.5% Triton in PBS for 40 minates,stained with the
desired antibody (listed belowpr 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) dependng on the primary antibody used, for 1hn the end,

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

Primary atibodies: antiP63 (clone 4a4, Abcam #ab735), datll4 (clone Poly19053,
Biolegend #905303), anMycTag (clone 9E10, Santa Cruz-48¢ antiKLF4 (clone
EPR19590, Abcam #ab215036)

Secondary Antibodies: Alexa Fluor 568 -ambiuse (#A-11009), Alexa Fluor 488 anmhouse
(#A28175, Alexa Fluor 488 antabbit (#A-11009, Alexa Fluor 568 antabbit (#A-11011)

Lentiviral production and transduction

Every lentiviral production was made in X293T scelith a protocol developed in our
laboratory to improve the efficiency and consistency of the lentiviral preparatieinst, @lls
were transfected at subcdluency(9599%)with a mix of thedesiredLentiviral plasmid and
packaging plasmidsThe day afterthe medium was changedo a medium containing
DMEM/F12, 20% FBS heat inactivatedd 1x Glutamax.This passage was assential
modification of canonicdkntiviral production protocol: from one sidéhe use of 20% FBS in
place of 10% guarantees higher nutrition to cells under stress; on the other side, the
inactivation ofthe medium avoids the action of complement proteins (present in the serum)
against wrions, improving in this way the production efficiency. 48h lateg supernatant
was harvested anéllitered with a 0.45um filter and incubated ON the presence of 1x PEG.
The day after, lentiviral preparation was centrifugechd the supernatanwas discarded.
Finally, the pllet was resuspendedt 1:100 of original volume ia free medium for long
term storage.The PEG precipitation of Lentiviral particles s amlvantageoustrategy to
improve the stability at80°Cfor longterm storage, allowing ut use the same lentiviral
preparation for experiments performed attemporal distance of years. Moreover, the PEG
precipitation eliminates the presence of contaminants (like FBS) from the preparation,
allowing to use of the same lentiviral preparatiols@for experiments in cells that grow
minimal medium (like iPSCs).entiviral concentration was calculated through lentix gostix
(Takara #631281 This strategy neexh first laborious quantification of lentiviral particles (by

integrating Reallime PCR quantification and Flow Cytometry titratidgthdwever, ti 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 usinyypLe, washed once with autoMACS® Running BgfACS®
Separation Buffer (Miltenyi #13091-221) and spinned.The use of autoMACS® Running
Buffer ¢ MACS® Separation Buffer from tpeotocol's beginning is an improvement we
appliedto increase the cell viability due to the presence in the buffer of BGAllpellets

were resuspended in a solution containing the desired antibody or due (listed below) diluted
in autoMACS® Running BuffeMACS® Separation Bufind incubated at 4°C for 1h. Then
cells were washed twigealways in autoMACS® Running BUffBIACS® Separation Buffer
and then filtered with a 40um filter to avoid the presence of cell clumps. Prepared samples
were then analyzedwith FACS Arialand sorted in different tubes in case of MITE

experiments.

Antibodies and Dyes: ariD104 (ITiG!, BD Bioscience #555720)

Rna seq

RNAseq was performedizd A y 3 (-Based QuarS¢gdtechnology (Lexogen), allowing
more precise quantifa@tion of transcripts amountHowever, his method's disadvantage is

the impossibility of distinguishingetween different isoforms of the same gene if they own
0KS a4lYS 0Q LRNIA2Y® LYy GKAA OFaSszI 2dzNJ Lldz
soiKS 0Q5D9 GSOKy2ft 23 Befotellibiary (prigdarativn?2 ANA samgisi |
were extracted with RNeasy mini kit (Qiagen #74104) or RNadvance cell V2 kit (Beckman
#A47943) and diluted to 50 ng/uL. The libraries were generaitid QuantSeq 3' mRNBeq
Library Prep Kit FWD for Illumifiaexogenpccording tathe manufacturer's specifications or

by halving the origingl recommended volumes without compromising library quality. One
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or two sets of 96 library pools were sequenced on a SE100 cyclesvaBely flowcell

(Mlumina).

lllumina NovaSeq base call (BCL) files were convertedHASTQ fikethrough bcl2fastq
(Mlumina) Sequence reads were trimmed using bbduk software
(https://sourceforge.net/projects/bbmap/ - bbmap suite 37.31) to remove adap
sequences, pobA tails and lowquality end bases (regions with average quality below 6).
Alignment was performed with STAR 26°@n GRCh38. The expression levels of genes were

determined with htseecount 0.9.147

Pool library prep andQC

Oligo pool libraries for mutagenesis were synthesized from Twist Bioscience like ssDNA oligos
of 200mer (10x every species), P@rphfied using KAPA HiFi polymerds® a low number

of cyclesNext, the backbone was prepared by inverse PCR amplification with Q5 polymerase
(NEB #BMO0493S)). To improve thning efficiency an intermediate CCDB resistant
cassetté*® was cloned in plee of the mutagenesis library witthe Gibson assembly
strategy, inserting restriction sites for Pacl (NEB #R054¥®) a ratio of 1:2.5 betweethe
backbone and CCDB inseftingle colonies were isolateglasmid DNA was isolated with
QiaPrep Miniprepkit (Qiagen #27104) and digested with Pacl to identify positive clones.
Once selected a positive clonine obtained vector was cwtith Pacland run onan agarose

gel. Finally, he band of the desired size was purified and cloned with the oligo poohjibra
using Gibson assemblyAt 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-§2folds). The assembly reaction was jfied with
magneticbeads, and half of the reaction was transformed into electrocompetent.CEfis
purification step increased the efficiency of beeria transformation by almost 2 foldand

the same fold was obtained hysingelectrocompetent bacteriaf compared with chemically
competent bacteria used for therst tests To check tharansformation efficiency1:200 of

the reaction was platedand the number of colonies was manually counted the day after
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The cloning procedure was considered positieansformation efficiency guaranteed more
than 10x clones compared to the number of variants in the librayhigh filter at this

passage allowsbtaininga very high complexity library in tHellowing passages.

The plasmid library was used to produdhke lentiviral libraryneeded forthe conversion
protocol. We used an aliquobf lentiviral preparationto extract RNA (Zymo RNA extraction

mini kit, #R1054that was reverse transcribed with VilolV superscript (Thermo #11756050).

Another aliquot ofthe lentiviral library was used to transduce cedishigh MOJ from which
we extracted genomic DNA through phesablloroform extraction and ethanol purification.
Due to the needor pure DNA for the subsequent sequencing library prepana another

step of purification with beads was performed at this point.

The pasmid DNA, viral cDNAand gDNAwere PCR amplified with custom oligos containing
lllumina sequencing adapters for 15 cycles. Purified DNA was sequenced on Illumina Miseq
using MiSeq Reagent Kit v2 3@0cles (Illumina #M$02-2002). This step of sequencing is
essentialquality control that allows to analyze the complexity of tested mutational libraries

that can decrease at each step (plasmidiscells).

Mite-seq

To increase the efficiency of gDNA recovery from Facs sorted célis MITE experiment,
the Lysis buffer was prepared considering the FACS flow buffer Hichwhe cells are
separated) as the water, and then the other reagents were added (SDS, NdGhesn
incubated ON with Proteinase K prior purificatiodNAwas then extracted with phenal
chloroform extraction and purified with ethanol precipitatioWe usedthe phenot
chloroform protocol because, after comparison with colubvased Kkits,it showed higher
efficiency ingenomic DNA recovery (probably due to a sizeaftibf the columns)Purified
DNA wadurther purified with Ampure beadsand thenPCR amplified with KAPA HiFi for 15
cycles and sequenced with MiSeq Reagent Kit v2cg0@s or Nova$e6000 SP Reagent Kit
v1.5 300 cycles (lllumina #20028400).
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Bioinformatics analysis MITEseq

Reads were aligned using bwa (v. 0.A%%) a reference fasta file containing all the possible
mutations inserted bythe MITE approach.hen, the enrichment of each mutation in each

sample was evaluated by considering only perfect alignments using samtools (¥°1.13)

The enrichment score of each mutation in the different populasiavas calculated by
comparing its enrichment in the transduced cells and in the lentiviral library (compared to

the WT sequence)ls suggested in the original MITE pagéfollowing the formula:

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

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

in the nonconverted population to the one of the converted population.

The phenotypic score was calculateddweraginghe enrichment score of every mutation at

each aminoacidic position.

The aggregate effeadbf each aminacid substitution was calculated by the sum of every

enrichment score for that substitution.
Coupling MITEsetp scRNAseqvith barcode

A 10nt barcode was cloned into plvx efla_GFP into Bsu36l site. Then, the obtained plasmid
and the plvxP6&LF4 carrying MITEseq libraries were cut with Mlul and Clal (NEB #R0198S
and R0197S#). The obtained digestions were run on agarosangethe band of the desired

sizes vas purified with a DNAgel extraction kit. Purified fragments were incubated ON at
16°C with T4 Ligase (NEB #M0202M), purified with AmpureXP baaddransformed with
endura electrocompetent cells. The efficiency of transformation was calculated by plating

1/200 ofthe transformation reaction.
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Sample preparation for singleell RNAseq

For each timepoint, cells were detached using Tryp¥press (Thermo #12604j.single cell

gems generation with Chromium was performed immediatelgrvhasted cells were
centrifuged at 300 g and resuspended at the final cell density of 1000 cefishe single cell

in autoMACS® Running BufleMACS® Separation Buffer (Miltenyi #181-221) 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 twiceDIMEM/F12 containing

20% FBS to remove DMSO traces and maintain cell availability. Subsequerarstepe

same for fresh used and frozen cellsvo replicates were used for each lentiviral library

transduction each containing cells from 2 independenperments.

scRNAseq libraries were generated usitZhromium Single Cell 3' Reagent Kits User Guide
(v3.1 Chemistry Dual Indes) Chromium Single Cell 5' Reagent Kits User Guide (v2 Chemistry
Dual Index)depending on the expament. Before beingloaded o chromium chips, alls

were filtered through a 40 um cell strainer (Biosigma, 010)98Ad Il viability and
concentration were checked by visual inspection using Trypan Blue (Logos Biosystems,
L12002). Then, aliquots of 40k cells were loaded into chram device for droplets

generation for each capture

Singlecell RNA seq libraries were produced accordingh®Y | y dzF | Cpiiottaddls axdD &

sequenced on Novaseq 6000 (Illumina).
ScRNAseq

ScRNAseq data preprocessing 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 perforsied u

the cellranger count pipeline. Human pbeilt genome index has been applied (hg38
genome reference and GRCh38 annotation, including prateding, linc, and antisense
RNAs). Cells with less than 2,500 detected genes and mitochoadsatiated reasl
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.Eifgt

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.regressnargu
ScaleData) cell cyetdependent variability associated with data. Finally, we reduced data
dimensionality using the function RunPCA, whose first 15 principal components were used to
generate a ddimensional UMAP graph (RUnUMAP) and cluster celigi¢ih an unsupervised
graphbased 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 Conveided Nonrconverted populations.
Mutants generation

The oligos for the generation of mutant plasmids were designed wglent tool. The
plasmids were PCR amplified withCloneAHi-i PCR Premix (Takara #639298), run on
agarose gel 0.8%and the band of the desired size was cut and extracted @wilbNA gel
extraction kit (Zymo). Once extracted, the DNA was digested with Dpnl (NEB #R0176S)
restriction enzyme and then purified withmpureXP beads. The plasmid was transformed in
Stellar competent cells (Takara #6367,&8)d the bacteria ggw ON at 30°CFinally, sgle
colonies plasmid was extracted with QiaPrep Miniprep kit (Qiagen #27104) and sequenced by

sanger to identifythe corred clones.
Differential expression analysis

Differential expression analyses were performed using edgeR (v. 3%341)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 (wpgulated) or <1.5 (downregulated).

scRNAsedarcode coupling bioinformatic analysis
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Barcode approach: paireehd reads were merged to allow the association of mutations with
their relative barcode using flash (v. 1.2X#%) Merged reads were then aligned to a
reference fasta file aataining all the possible mutations inserted by MITE approach. We used
samtools (v. 1.13)° to keep only perfectly aligre reads with a correct barcode. Reads
containing celbarcode/UMI sequences, extracted using tibbls (v. 1.1.2P4 are then
aligned to these barcodes (used as reference) via bowtie2 (v. 24 Binally, aligned reads

are deduplicated and counted with UNtols (v. 1.1.2p%

No-barcode approach: first, we extracted ebdrcode/UMI sequences from R2 using UMI
tools (v. 1.1.2) and associatéaiem with the same read mate in R1. These latter reads were
then aligned to a referere 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 silicopredictors

The aminoacidic sequence &N-P63alpha was submitted to the MutPredRolypher2, SIFT
or Provean onlingools with every tested substitution. The threshotd assign the likely
Pathogenic outputvere the default ér each of them. In case of different threshold provided,

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

SDS/NATIVAPAGE

RPN {5{kt! D93 OStfa 66SNB f 2 R-BS&captogthahot. Bov Y A
BNPAGE, cells were lysed in native Ilysis buffer [25 mM Tris (pH
7.5),150mMNacCl,2mMMgCI2, 20 mM CHAPS, 1 mM DTT and protease inhibitors].Collectec
cells were incubated 1 h on ice in the presence of benzonase (MerckMillipore). Protein
extracts wee then mixed with 20% Glycerol and 5 mMCoomassib@Gand loaded on@3

12% Novex Bisris gradient gel for BNPAGE (Thermo Fisher Scienyific
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RESULTS

SYSTEMS SETUP

Immortalized cells generation

Different cell linedrom different embryo germ layers were mortalizedto obtain a more
robust system to develop the project. The cell lines that tested to identifythe more
consistent ad efficient systemto test the effect of P63 variants were: BJ (human foreskin
fibroblasts ectodern), RPE (Retina Pigmentdagithelium ectodern), and HLF (Human Lung
Fibroblasts mesodern). Before testing the cells on P63 driven conversigrto improve the
lifespan andreduce the basal stress, every cell line was transduced with a lentiviral vector
containing hTERT genel4®hich codifies for human Telomerase Reverse Transcriptase. The
2OSNBELINBaarzy 2F (KAa 3ISyS AYLINROSE OSttaQ tAF
lengththat usually happens at every cell divisidss a test, every cell lineas cultivated until
passage 45showing aregular proliferation rate andmorphology After stabilizing TERT
immortalized cell lines, an aliquot of them was analyzed to check the karyotype status. All
three cell lines showed aormal diploid karyotype and could be used for fueth

experiments.

Fibroblasts to keratinocytes conversion assay setup

Thepublishedcellular conversion from fibroblasts to keratinocydése cells through the joint
overexpression of P63 and KLF4 was a very inefficient pracesn by the transduction
with two different retroviral vectors carrying one transcription fac¢fér Since we needed the
highest conversion efficiencgossible for our screeningve decided toset upa new protocol
to maximize theconversion rate To this endwe generated a polycistronic lentiviral vector
that expresses a P63KLF4Bladicidine resistancecassette under the control othe EF2
promoter. The choice of this promoter was driven by the ndeda eucaryotic endogenous
promoter to avoid the methylatioroccurring on viral promoters during cell division that
could alter theconversion efficiencylhe design of ouconstruct hagnanymain advantages:

the polycistronic cassette allows twrmalizethe expression of the two transcription factors
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in each cellensuring that each transduced cell receives both the transcription factors that
are expressed with a comparable efficiendge use of a lentiviral vector in place of a
retroviral one makes the system more efficient and safer (retroviral vectors are rknow

integrate upstream of oncogenes oftgn
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PLVX_EFla_p63_2A_KLF4_IRES_BLAST_11853

11,853 bp

J3j0woud 133

Figurel7. Snapgene view of the polycistronic lentiviral vectofhe pLVX lentiviral vector contains
EFY promoter regulating the expression of the polycistronic cassette. The cassette codifies fol
Myc-tagged P63, KLF4 and the blasticidine resistance gene (BLASTTY). T2A sequence is place!

P63 and KLF4. IRES sequence is placed between KLF4 andBleA®Eitions of MITE libraries or
DBD and SAM comains are highlighted in red.

Moreover,studying the cell morphology of human fibroblasts during cell fate reprogramming
made itclear that it is a very stressful process ingcapoptosis in many cells. For this
reason, we developed a new protocol in whiclafter the antibiotic selection, cells are

graduallyinduced to differentiate into a medium with characteristics that are ensuitable
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for the differentiating cells the first day after the end of the selectiqday 7)the medium

was changed with a 50% fibroblast medid50% keratinocytes medium with the addition of

€@
@ @4 P> Y% @
<5 @@ —— 50%Bimed  Kermed (e} ) )

+KLF4 +50% Ker med +Revitacell
+Revitacell

Figure 18. Scheme of the optimized conversion protoc@®JT cells are transduced with lentivi
particles carrying the polycistronic cassette containing both P63 and KLF4. After 7 days m
switched to 50% fibroblast medium + 50% keratinocytes medium + Revitacell. On day 9 me
switched to 100% keratinocytes medium + revitacell. On day 14, the conversion is stopped
analyses.

Revitacell reagentFigure 18) The day afterthe medium waschangedo 100% keratinocytes
medium+Revitacell mediunThe administration of Revitacglhich contains ROCK inhibitors
and antioxidants, allos/for redudng cellular stress and helps to reduce cellular senescence.
Through this approach, cells appearedgdestressedand conversion efficiency improved.
However, m our protoco) conversion last44-15 days because cells start to show apoptosis

induction from that moment

Figure 19.
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In order to understandvhich of the three cell lines was the more suitable system dar

experimentswe performed immunofluorescence analyses directed against P63 (to select the
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population of induced cells) and KRT14 (to select the converted (eitg)re 19) By high
content analysis made withthe Operetta Phoenix systemye could observe that BU cells
showed a higher conversion efficiency if compared with the other two cell lines: 80%

efficiency for the BJ, 60% for the HaRd 50% for the RREigure 20)

% OF POSITIVE CELLS IN DAPI POPULATION Figure20. BJT cells show the

100 higher rate of conversion.
— Barplot showing quantitative

50 B P63 ONLY analysis of P63 (red).and
- PE3-KRT14 P63+KRT14 (green) in total ¢

L population
0
HLF-T RPE-T BJ-T

To further investigate theonversion efficiencywe also performed RNAseq analysis on the
three cell linescomparing norransduced cells with &msduced cellswhich underwent
conversion protocolBy differentialgeneexpression analysiall three cell lines showed the
overexpression of several P63 targets, but theTB:klls were able to activate uoh more
skin- and P63related terms by gene ontology analy§isgure 21)

HLF-T RPE-T BI-T

77 78 187

O ikC : . 5 ‘ ! ;
O CTR 210 =_— 1} 232 .| 230 = I

“log10(FOR)

-log10(FDR)

10G10(FDR)
Figure21l. RNAseq analysis shows a higher number of gkiated differentially expressed genes in
BJT.On top: Zscored normalized counts heatmap showing differentially expressed genes (FDR
ILFC]| > 1) betweemon-infected and converted cells for each cell line. On bottp®Belected P63
related GO Terms significantly enriched (FDR < 0.@Bgicomparisons



By gene ontology on differentially expressed genes, we selgébtedenes related tplasma
membrane gene ontology term® identify a potential antigen fopopulation sorting.We
F2dzyR L¢Din | 1y26y tco Gl NBSIQG.ZThelayftiBody] S NJ
against ITG4 was tested in flow cytometry experiments all three cell lines, showing

results in line with immunofluorescence and transcriptomics dataaddition, ells were

HLF-T RPE-T BJ-T

WT

Count
PR T e

Conv .:

stained intransducedand nontransducedconditionswith anti-ITG 4 antibodes and BJT
cells showeda higher induction of conversiothat allows splitting the populations of

converted and norconverted cellgFigure 22)

For these reasons, Blwaschosen as the system for all the following experiments.

Figure22. Flow cytometry analyses confirm the higher conversion rate iATBJTGB4 protein
expression measured by flow cytometry analysis on CTR cells and iKCs on three different cell

MITE library generation

Using our novel efficient cloing workflow (see Methods)we generatedtwo lentiviral
libraries (one for the SAM domain and another for the last portion of the D&Yaining
about 1200 P63 variants eacBach library was generated independently according to the

following steps:
1 Inverse PCR to obtain tHmearizedplasmid backbone

1 CCDB fragment PCR to add homology regions and cloning into the backbone
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1 Enzymatic digestion tlinearizethe backbone and discard the CCDB cassette

1 PCR amplification of DNA oligo pools containing the eésiariants and cloning into

the backbone

The obtained libraries were subsequently used to produce lentiviral particles and to
transduce the cellsSinceeach step (plasmigirionscells) could represent a bottleneck in
library complexity,we tested the abundance of each speciaes each passage of the
experimentalworkflow. To this endwe PCR amplified the plasmid DNA, the cDNA obtained
from viral RNA and the genomic DNA obtained from transduced celN&S analysis
demonstrated that more thn 97-99% of the variantsvere equally represented in each

population (falinginto a standard curve less two standard deviatiofisyure 23)
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Figure23. Quality control sequencing shows high levels of library complex@arves showing the
distribustion of mutations abundance at each workflow checkpoit. Top: DBD mutants. Bottom:
mutants. Fromeft 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 transdutteziprobabiity that each cell
receives one viral copy &out80%.In order to identify the MOI that allowsansducinghe
20% of cellswe performed transduction of BJ cellswith a scalar amount of lentiviral
particles The tested MOI were: 0.1, 0.5, 1, 5, 16, 20, 30, 50. To understand how many
cells underwent lentiviral infection, 72h after the transductieells were fixed and stained
with anti-KLF4 antibody (that is cloned downstream P63 and allows to ideoftifye cells
that received lentiviral copigsAfter the stainingwe 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 BdJI cells were transducedith lentiviral libraries, each in an independent exjnent.

At the end of thel4 day conversion protocol (see Methodsgells were detachednd
stained with antlTG 4 antibody for subsequent FACS analy@se Methods) Flow
cytometry sorted cellsn two different populations of converted and naonvered cells
based on the expression of IT4& The parameters used for the cell sorting were selected by
analyzing, as controls nanfected fibroblastsinduced to conversiorand converted iKC
transduced with WT P63Ve sorted the cellxorrespondingo the fraction with the minor

signal of ITG4 in noninduced fibroblasts for the nenonverted population and the fraction

with the higher signal in converted cells for the converted one (an exemplificative FACS graph

is shown in Figur4).
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Figure24. FACS spectrum after library transductionTGB4 protein expression measured by flow
cytometry analysis onells transduced witlibraries on mutants

From eachsample we extracted gDNAand by massively parallel sequencjnge could
comparethe enrichment of each variant identified with its enrichment in the lentiviral library
(that represents thelibrary starting enrichmen). In this way, we could generate the
Enrichment scoreyhichallowed usto quickly characterize if gpecific mutation can affect or

not P63 transactivation activityThe heatmap in Figure25 representsthe cumulative
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Enrichment score calculated by comparing the enrichment of each mutation in the two
populations of converted and neconverted cells. Sahe higherthe cumulativeenrichment
score, the more that mutation is enriched in the noonverted populationand, in turn,we
hypothesize thatthis affects the protein activityAs a positive control of thenethod's
robustness we checked the score ofi¢ leadingknown causative mutations of the diseases
(for example L514F and C522G tine SAM domainR304Qand R279Q ithe DBD domain)
Interestingly, all the mutations that lead to a pathogenic condition were enrichélde non

convertedpopulation, 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 aminoaicidsubstitution(shown on the left in Figur@5). As
expected, prolinesubstitutions were the more damaging variations by inducingmost
casesa severe enrichment in the neconverted population. On the same line, also charged
and bigaminoacids like glutamate, tryptophan, arginjrend aspartate had a catastrophic
effed on protein function. On the other side, little and neutral aminoacids like cysteine,
alanine, methioningand lysire showed a low impact on P63 transactivation potential and
were mostly enriched in the converted populatiofhese observations representgood

quality check for the robustness of our screening method.

Enrichment score
H -
Ny onN

z
>

Figure25. MITE screening allows mechanistic characterizatioHeatmap showing the-Zcored
enrichment score of every tested mutatievith relative position on P63 protein. On the leBurve
showing the aggregate effect of each type of substitution along the domains
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In order to identify the mutational hotspots (wre LoF mutations accumulate) in the
analyzedregions, we generated thBhenotypicscore by averaging the enrichment score at
each aminoacidic positionFigure 26) We also compared the phenotypic score of
aminoacidic substitutions with the score of the WT protein at each positoch valuevas
variable because of the synonymous mutation insertethimplace of the WT imll the cases
where a codon used irthe WT sequencwas not the most used following the human codon
usage.In this way we could also analyze the effect of synonymous mutationsictvinave
usually been considereabn-pathogenic, but recent discoveries are opening new horizons on
this.15” Alsq with this approach we could observe that the residues with known causative
mutations are often in mutational hotspots. Moreover,ighapproach could identify new
mutational hotspotswith no evidencein ClinVarfor P63related disorders (G297/A307 and
R311 in the DBDI.531, L548, 1550 and 1562 in the SAM domain). Interestingte
accumulation of mutational hotspots seemed to be different in the two regions: DBD was
mainly characterized by two big hotspowhile the SAM domain was characterized by many

little hotspots (24 aminoacids each).

@ Known hotspot @ New putative hotspot -—- WTscore —— Tot mut score

Phenotypic score

Figure26. Phenotipic score allows the identification of mutational hotspot&raph showing the
phenotypic score of every aminoacidic residue wittbatinuous line (red circles: new putative
hotspots; black circles: known hotspots) and WT score with a dotted line

Comparison with in silico predictors

Since at today, in silico predictors represent the gold standard in clinical genetics, we
decided b compare our enrichment score with the output @fidely used predictors
accepted by the AmericaCollege of Medical Genetics and Genomics (ACHlilelines
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Polyphen2, Sift, MutPred2, ProveaiVe did not change the default setup for each predictor
to mimic the analyses that geneticists perform routinelfgain, the threshold used for
pathogenicity prediction wathe default scores or, like for MutPred2 predictor, we used the
more stringent parameteradvised by the guidelineso avoid the possibility ofalse positive
predictions.Each of thenshoweda very high rate of pathogenic prediction s that did not
correspond to  the transactivation  ability tested in our screeningFigure 27)Moreover, the
results seemed to behighly variable among the predictors, leading to the impossibitify
identifying the best predictor for clinical applicationl. was clear that, especially for the
DBD,many mutations classifiedas neutral fom MITE were predicted to be pathogenic by
predictors, leading to wrong diagnoses in case of prediction performed for a patient
mutation. This result suggestie need in clinical genetics for novel functional metholdse

MITE to evaluak the effectof protein variations

DBD SAM

MutPred2 PolyPhen-2

Provean

SIFT

Figure27. In silico predictors evaluation of tested sequencéteatmays showing thescoresof every
tested mutationalong the two domains. From top to bottom: Polypkh2nMutPred2, Provean, SIFT
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To better visualize thgastdifference between MITE functionaltput and the readout of in
silico predictors, we generated correlation dot plots compare the two scoring systems
(Figure28) directlyThrough this approach, we could also determine which of the in silico
predictors is more similaras possibleto our functional output. It seenmed clear that
MutPred2 predition for the SAM domairshowsa higher correlation with ourscreening
approach while the prediction for DBD is disruptiv€or this reasopwe consider MutPred?2

the more reliable in silico tool fdhe evaluation of protein variants

PolyPnen

e PR LT

Figure28. Every in silico predictors show low correlation with MITE outpiotplotsshowing the
correlation of MITE (x axis in every plots) with each predictor. Top left: Mutpred2. Béeftim
Polyphen2. Topright: Provean. Bottonright: SIFTBlue dots: DBD mutations. Orange dots: SAM
mutations)
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Mechanistic characterization

By hierarchical clustering, we were ableseparateeach mutationinto the groups oNeutral

or LoF. Then, by calculating the number of LoF mutations at each aminoacidic pegition
could confirm the existence of the mutational hotspots identified throube phenotypic
score (Figure 29) Moreover, by integratingthis accumulation of putative pathogenic
mutationsinto 3d structures of the two domains, we could evaluate the tolerance of each
residue to aminoacidic substitutions and, in turn, its importahae protein structure and
activity. We colored each aa based on its tolerance to gofen 025%, yellow 250%,

orange 5075%,andred 75100% of LoF mutatior(&igure 29)
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Figure29. Integration between MITE data and 3D structures allows hotspots characterizatoom
bottom to top: P63 regionmutagenized; rectangle indicating the chemical nature of the aminoa
residue (green=apolar @mphipathic yellow=polar or charged)Barplot showing the percentage
LoF mutations at each aa positidiolerance test made otie analyzed portion dbBDdomain (eft)

and theSAM domair{right). Colors from green to red show the percentage tolerance to mutatiol
each aminoacid (25%: geen; 2550%: yellow; 5/5%: orange; 7800%: red; not mapped: grey).

In this way, we could correlate the hotspots with th® 8tructures of the domainsand
consequently, we could speculate the motivatimn their different accumulation in the two
domains from a structural point of view. As already said, in the,i&DLoF mutations are
accumulated in two big hotspots that, by the superimposition with th& sdructure, we
could identify as the portion that interéswith the DNA, directly or indirect)yoy stabilizing
the binding. This suggests a key role not anlyhe zinc fingerstructuresbut alsoin the
surrounding portions. On the other handpF mutations inthe SAM domain accumulate in

the domain's hydropbbic core probably leaéhgto the misfolding of the proteinThis agrees
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with the AEC syndrome phenotyp& which it was observed that p63 affecting mutants
aggregate withP63 itself or with the other members de P53 family P53 andP73).

Interestingy, 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 structureqFigure 29) In the SAM domainthe less tolerant aacompase the
hydrophobic core, whiclis indeed amphipathicor apolar aminoacids. In the DBD, on the
other side, theless tolerantaais the one that interacs with the DNA and, indeed, they are

polar and charged aminoacids.

Evolutionaryconservation analysis

To demonstrate the importance of aminoacids Aoferant to variationsfor protein activity
and stability, weevaluated the evolutionary conservation of each residues a first
approach we performed multiple manual alignmens of the two regions of interest in
different classes of organisms near or far in the evolution (for the, i@Dsequence of P53
and P73 have been analyzed). By the alignmigrgeems clear that the aminoacids with a
highmutation toleranceare less conserved axss the evolution, while most of the conserved
residuesshow a higher vulnerabilityFigure 30) These data suggested assentialrole of

amino acids improtein stability and activity.
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To further validate these dataand provide an unbiased resultwe used ConSurf
(https://consurf.tau.ac.il/consurf_index.phptool*®®. ConSurf is @ioinformatic tool that
analyze evolutionary conservation by integrating th® g&odel of the protein (or domain)
with the alignment of the sequence with its homoloddsing default parameters, we
analyzed the crystallographic structure of the two domains (IPBB code: 2RMNSAMPDB
code: 2Y9U)The results confirmed our hypothesis, with the LoF hotsprots our screening
showing a higher conservation scorebioth the analyses performed-urthermore, 8 shown

in Figurdl, the translation of the evolutionary conservation timee 3D structure is mostly
comparable with the same model colored following the tolerance score obtained by the

previous analysis.
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Figure31. Consurf analysis confirm the high power of MITFEom bottom to top: P63 regions
mutagenized; rectangle indicating the ConSurf score of each aminoacidic residue (purple=con
blue=non conservedBarplot showing the percentage of LoF mutations at each aa pasitgnleft:
translation of Consurf sge on 3D structure ofthe analyzed portion obBDdomain op) and the
SAM domair(bottom).Tolerance test made atie analyzed portion dbBDdomain (eft) and the
SAM domair{right). Colors from green to red show the percentage tolerance to mutations of ea
aminoacid (625%: green; 250%: yellow; 5/5%: orange; 7300%: red; not mapped: grey).
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SinceConSurf scoring is based on tt@nservation of the entiranalyzed sequenc@vith the
less conserved aminoacid agsed with the lowest score and the most conserved with the
higher) we decided to repeat the analysis on the predicted3 structure by AlphaFold

Protein Structure databasehifps://alphafold.ebi.ac.uk). This approach allowedis to

evaluate the conservation of the desired regions in the context ofcthraplet protein (i.e,

to understand the importance of the analyzed sequences compared with the rest of the
protein). Ths analgis's first precise data showdte relative higher conservation of DBD
residues compared with those of the SAM domain. Indeed, in the, DE&Dfound the
aminoacids with the higher conservation score, as expected bytbsin's important role

in regulatirg gene expressioim developmentapatterns (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 (andin turn, their importance for protein activityjor both the DBD and the
SAM domain. In the DBD, as observed by the analysitheo isolated crystallographic
structure, the DNA interacting residues and their flanking regions were thé cooserved

with respectto the total protein. On the same line, the aminoacid RZ9$ose mutations

are causative of ADULT syndromie) very conserved also respscthe total protein,
suggesting a role in DBD activation or stabilization. In the SAM dontae 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 activitywhichis also reflectedoy their role in P63elated diseases.
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Figure22. ConSurf analysis on the entire P63 structure reveals kg role of DBDFrom bottom to
top: P63 regions mutagenized; rectangle indicating the ConSurf score of each aminoacidic res
(purple=conserved, blue=non conserveBarplot showing the percentage of LoF mutations at ea
aa position Translation of Cdurf scores on predicted P63 3D structure
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P63 Mutants validation

To confirm the robustness of oyool screening we generated vectors carrying different
types of P63 variantto be tested in single transductionselonging to different groups:
Neutral mutations (H556A, T5271, G310Q, G2p3khown causative mutations of the
diseases(L514F, C522G, R304Q, R279F mutations in the same codons of known
causatives(L514D, C522D, R304T, R2788) new mutational hotspots with nevidence
reported in Clindr databasgL531E, L531R, G297L, R31Ad)shown in Figurd3, from the
rankingof mutationsbasedon 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. Interestiraflgpughthe screening of the two
domairs has been done in different experiments, the obtained scores are ovebdgp

suggesting, one more time, the high consistency of the method.

@ Known causative mutations
@ New LoF in Known hotspots
© New putative hotspots

@ Neutral mutations

o WT

ENRICHMENT SCORE

©G297L

Figure33. Potential pathogenicity ranked list of P63 mutan®otplot showing every P63 tested
mutants (x axis) ordered following the enrichment score (y axis). WT P63 and mutants selecte
validation are highlighted: red circle= known causative mutations; blue circle=new loF in know:
hotspots; orange circles=new putagivotspots; violet circles=neutral mutations; green circles=W
P63
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All  the generated mutants were tested through biochemical (Nafaege,
immunofluorescence, flow cytometry) argenomics (transcriptomics) approaches, and new

validatiorsin vivo (Medaka fishes) are yet to be concluded.
Biochemicalalidations

NativePage analysis was a crucial validation for our screening because of the feature of only
AEC mutants generating aggregatiddels were transducedwith a lentiviral vector and
harvested after 72h of overexpressioAsshown in Figure 34he WT P63 didot show any
aggregation, and in the same way alst the tested mutants ofthe DBD domain(both
neutral and LoF)Alsqg the neutral SAM mutants from our screening didchot increase
aggregatiortendency, confirming thenethod's robustnesdnstead, &ery tested LoF mutant
generatedhigh levels of aggregation, suggesting a real pathogenic pateotithe tested
mutants with no mutations identified in affected patients. This functional result is a key point
for our validation becausdor the first time we could discriminate the differential action of
DBD and SAM mutants ad@monstrates the impdance of high throughput experiments in

the characterization of diseases.
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Figure34. Every LoF SAM mutants show aggregation propensifigstern blot analysis on SIPAG!
(bottom) and NativePAGHEtop) on BJT extracts after transduction with WT or mutants P63 of S,
or DBD doamins.Soluble P63 runs mainly as a monomer

61



As a control of the impact of mutatigron the transdifferentiation potential of P63 variants,
we induced the differentiation towards iKCs, and after 14 daysamayzed the sanips by
immunofluorescence directed against P63 and KRFigure 35)For both the domains, only
the neutral mutants retained the same potential as the WT P63. On the ¢i&radt, every

LoF mutants were not able at all to activate the KRT14 expressionnatualn, to induce the
differentiation. Interestingly, two tested mutants of the same aminoacidesidue(R304)
showed acytoplasmicsignal. This i® known consequenceprobably due to proteasome
degradation impaiment that leads toprotein accumulatia in the cytoplasm. Moreover, this
observationsuggests that the aggregation of SAM mutants is not tdue high number of
molecules but only to the aggregation potential induced by the exposure of hydrophobic

residues
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Figure35. P63 LoF mations totally abolish transactivation potentlallmmunofluorescence analys
directed against P63 and KRT14 showing the inability of LoF mutants to induce KRT14 expres
the top the DBD mutants, on the bottom the SAM mutants.
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KRT14

KRT14+P63

Toquantify the precise transdifferentiating potential of each mutant, wedu®pera Phoenix

as ahigh contentapproach tocomparethe number of differentiatecand nonconvertedcells
(KRT14 positivejo evaluate the transdifferentiating potential of each P&fecies under
evaluation Basically, in the analysiwe 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 therabhold). Interestingly, every neutral

mutant showed a conversion rate similar to WT P63, g of them (G310Q) showed a
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lower rate, probably due to theactivation of KRT14t lower levels Fa this reason we
hypothesized thatthe action of this mutantdecreased not only KRT14, but all the P63
targets, and we checked for the enrichment score of the screening. Interestingly, the

mutation showeda lower enrichment score in the screeninggain suggesting a huge

sensitivity and consistencyvith this approa ch, we demonstrated that LoF mutants lose
their activity entirely, so they are probably carriers of pathogenicity.
WT
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Figure36. Every neutral mutants show a conversioate similar to WT P63Barplotshowing the
conversion rate (%) based on the ability of mutants to induce KRT14 expression with respect t
P63positive population.

To further confirm these observations, the same samples were also analyzed by Flow
Cytometry using ITIG as aconversion marker As expectedthis approach also confirmed

the robustness of our screening approach, with the neutral mutants that can only
recapitulate the WT potentidbr differentiation (Figure 37)Interestinglywith this approach,

the G310Q mutantisowed a lower induction ability, suggestingpartial loss of function that

does not affect the total transactivation potential of the proteinin this way we
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demonstrated the robustness of our method lagtivating canonical p63 targets only by

silent mutants, whereas every LoF mutant lost the transactivation activity of WT p63.
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Figure37. Flow cytometry analyses confirm themethod's robustness. In addition, flow cytometry
analysis showshe ability of silent mutants to induce ITGB4 expression.
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Transcriptomics validation

We performed bulk RNAseq on every generated mutant to confirm this hypotlagsis
compared them with WT p63 and nanfected cells. Principal Component Analysis (PCA)
showed amassie difference between silent and LoF mutations. IndeB€A evidently
formed two groups: one with all LoF mutants and rofected fibroblasts and ano#r with

silent mutants and WT P@Bigure 38)

¢ Figure38. PCA analysis clearly
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By differentialgene expression analysis between LoF and silent mutamés observed the
presence of three different clusters of gen@mne cluster was characterizdéxyy extracellular
matrix, mesenchymal featuresand other fibroblastrelated GO terms. This clustevas
enriched byLoFand noninfected mutants, confirming our prious observationsvith a
highly quantitative and qualitative approach like transcriptomics. Another clusteas
expected,was enriched in neutral mutants and was composd#dnany skirrelated terms
(among the others: hemidesmosome assembly, epidermigldpment, skin development).
Interestingly the other cluster was enriched again in neutral mutants but also showed a little
random activationn LoF mutants. The GO terms enriched in this cluster were metabolism
related, such as cholesterol biosyntheaisd regulation of sterol biosynthetic procegsigure

39).

hemides mosome assembly (GO:0031581)

comification (G0:0070268)

epidermis development (G0:0008544)

regulation of neurofibrillary tangle assembly (G0:1902996)

skin development (GO:0043588)

tissue development (G0.0009888)

regulation of somitogenesis (G0:0014807)

cell migration (GO:0016477)

negative regulation of inner ear auditery receptor cell differentiation (GO:0045608)
negative regulation of mechanoreceptor differentiation (GO:0045632)
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tube development (G0:0035295)

circulatory system development (GO:0072353)

tube morphogenesis (60:0035233)

regulation of mesenchymal stem cell differentiation (GO:2000739)
extracellular matrix assembly (G0:0085029)

extracellular matrix organization (G0:0030198)

extracellular structure organization (G0:0043062)

anatomical structure morphogenesis (G0:0009653)

external encapsulating structure organization (GO:0045229)

blood vessel development (GO:0001568)

cholesterol biosynthetic process (G0:0006695)
secondary alcohol biosynthetic process (G0:1902653)
sterol biosynthetic process (G0:0016126)

regulation of sterol biosynthetic process {GO:0106118)

regulation of cholesterol biosynthetic process (G0:0045540)
regulation of cholesterol metabolic process (G0:0090181)
regulation of alcohol biosynthetic process (G0:1902930)
regulation of steroid biosynthetic process (G0:0050810)
alcohol biosynthetic process (GO:0046165)

cholesterol biosynthetic process via lathosterol (G0:0033430)

Figure39. Differential expression analysis reveals the existence of 3 gene clustefs.Z-scored
normalized counts heatmap showing differentially expressed genes (FDR < 0.05; |LFC| > 1) bt
LoF andsilent P63 mutantRight:Top 10 GO BP Terms enriched in each cluster (see methods)
differentially expressed genes.

We hypothesized that neutral mutants regulate this pattern of genes during cell
reprogramming,which is a very stressful process in which a cell mebtild the entire
cellular machinery to addpto the new transcriptional regulation. Indeed, during every
cellular conversionthere is an initial step in which, after the differentiation signal (such as
the overexpression of Pe8LF4 in this case, OCHUF4SOXZXMYC in iPSCs

reprogramming®® or MYOD1 in terminal myotubes differentiatit¥f) cells undergo a cell
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cycle block for few days. This phenomenon is due to the needhefcell to change the
chromatin conformation to allow the induction of the new genes needed in the new cell
state!®l. Then, in many casesells restart the proliferation, such @sthe case of iPSCs and
iIKCs. Anyway, the mildéifferential expression of thigroup of genes is probably due to the
very stressful iKCs conversion that, indeed, with the original protdéeats to a high cell

apoptosis induction.

Moreover, by comparing WT Ml cells and silent mutations MsoF mutatios, we observed

that a comparable number of genes were differentially expressed (respectively, 2439 and
1613). Most of them (927) were commonly differentially expressaedthe two analyzed
comparisonsamong them there were many known P63 targe(sigure40). Interestingly,

the most differentially expressed gene in batbmparisons was KRT14, suggesting that our
immunofluorescence validation directed against KRT14 is much more informative than we
expected due to its key role @sP63 gold target. Indeed, ¢hon/off activation show by the
immunofluorescence experiments is furtheorroborated by the fact that KRT14 is probably

the most affordable P63 target.

WT vs NI Silent vs LoF

1490

949 -.1225

Figure40. WT P63 and neutral mutants show a similar pattern of regulati@wottom: Volcano plots
resulting from the differential expression analysis between LoF vs Silent mutants (left) and NI «
WT P63 (right). Commonly differentially expressed genes ahdidtiged in purple SomeP63 known
targets are reported in the plotTop:Venn diagram showing the number of commonly differentia
expressed genes between the two comparisons.
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scRNAseq approach

Strategy design

To overcomeMITE) & f applisafidBdRe to the needfor a biological assay to evaluate the
functional activity of each tested variant, we developed a system to use the transcriptomic
signature ofeverysingle cell as a biological outp{iRigure 41) The rationale of this approach

Is the feature of evergxogenougyenetic material to induce a transcriptomic modification in
the host cell. Indeed,our observations (data not published) show th#te G-P
overexpression irthe human fibroblastBJ3T cell line induces the differential expression of
over 500 genes. To this enfloverexpressed in his WT form, every possible disegiseng
genecan induce a modification of the transcriptional regulati@ich 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 papioin, we hypothesize toevealif a cell
received a neutral or a LoF variant of the protéimdeed, neutral mutation should induce the
same signature as the WT protein, while the LoF should show an imp#&meg. identified

the positive and negative cellsy lwoupling the cell barcode with the mutations of interest,

we can unveil if a proteinariant is potentially pathogenic or not.

ASSOCIATION BY SEQUENCING

AAAAAAAAAAAAAA
Rl CB ummmmm/\/\ MITE

Figure4l. Rationale of the strategy to couple scRNAseq and MITE

We cloned the plasmid libraries containing P63 mutations previously described in a BC
containing vector to test this approachn particular, we transferred the entire cassette
containingthe EF1 promoter, the My P63KLF4Blast_Resistangénto the BGcontaining
BSOG2NE 6KSNB | 0l-pldixin®l &gionad LINBaSyd Ay GKS o0Q
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In order to couple each MITE mutation with the Barcode present in that specific plasmid, we
set up a PCRased strategy where we first amplified the portion of the vector from P63
mutations position (upstream of SAM or DBD)the barcode Then, the obtained fragment

was phosphorylated and sdifjated. The obtained circular fragment carries the MITE region
with the plasmid barcodeByamplifying the portion containing such regignge obtaineda

small DNA fragment thatan be easily sequenced (s€egure 42 andnethods for more

details).
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Figure42. Strategy to couple P63 mutations and plasmid barco@ehematic representation of the
coupling strategy: the plasmid Is PCR #fiel to obtain a linearized fragment with the sequences
interest at the extremities. The fragment is self ligated and PCR amplified to obtain a small line
fragment with only the sequences of interest (MITE patch and barcode). Sequencingdibrarie
performed and sequenced.

In parallel, plasmid barcodes were coupled with cell barso&¢arting from the amplified
O5b! FTNRY GKS mMnE o0Q &a0Owb! &SIl f A0 N} NE LINERC
the plasmid barcode and the 10x indexes (cell barcode and Unique Molecular Identifier,
UMI). This fragment directly underwetibrary construction and sequencing thanks to its
relativelyshort size that is compatible with lllumina sequencing (less than b@66s)In this

way, by coupling the plasmid barcode with both cell barcodes and Mite mutations, we could

associateeach cell with the specific mutant received with the transduction
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scRNAseq transcriptomic signatures

BJT cells were transduced with the lentivirdibraries of mutants, each carrying the
mutations in the DBD or in the SAM domaiks a first step for scRN&g analysis, we
identified the clusters of converted and naonverted cellsbased on the expression of
specific markers converted ce$ were those expressing keratinocytes markers such as
KRT5/14, ITGI; nonconverted cells wereghose were fibroblasts markers, such as ANPEP,

COL6AZand PDGFRA, were enrich@digure 43)

Fibroblasts markers Keratinocytes markers
ANPEP KRT14
COl:SAZ i
KRTS
UMAP_1 ? i E UMAP_1 2
PDGFRA TGB4

[ 5 3 0 H
UMAP_1 UMAP_1

Figure43. scRNAseq shows the istence of two populationsUMAP plots showing th
expression of fibroblasts (left) and iKCs (right) signature markers
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Through this approaclwe observed that no intermediate population existed over those of
converted and norconverted cellscells expressed or not P63 targethis data confirmed
our previous hypothesigbout the behavior of P63 speciess an activity switcher:the
mutants cartransactivate P63 targets and, in turn, induce the differentiatmmtheyare not
(Figure 44)

Clusters associated to keratinocytes
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-8 -4 0 4
UMAP_1

Clusters associated to fibroblasts
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o
’
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Figure44. Characterization of trascriptomic clusterslUMAP plots highlighting the fibroblasts
related clusters (bottom) and iK@slated clusters (top)
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Once we identified the two populatios, we evaluated the best way to identify the
transcriptomic signature to identify whether a mutation is a neutral variant of a Usig
bulk RNAseq datproduced during the single mutants validatione compared fibroblasts
transduced with WT P63 and indat to differentiate with nortransduced fibroblasts or
fibroblasts transduced with L514F or R304Q mutants (as a proof of prinaiplehduced to
conversion Oncewe obtained the list of differentially upregulated genes with WT P63, we
selected the top 50, 250, 100, 50or 10 genes to identify which cells showed enrichment in
such signaturegFigure 45)As a first positive control of the method, we could observe that
the enrichment wasevident only in the converted populatiorluster, confirming that the
selected clusters were effectively composefdiKCs Notably, the fewer genes we used for
the signature, the more accurate the analysis wHSis is crucial for the putative expansion
to other diseasealriving genes. Indeed, the nature of P63 asriéical transcription factor
leads to the differential expression of thousands of gertdswever,for many proteins like
cytoskeleton or membrane protejrthe transcriptomic effectdue to their overexpression
could be minimal and, in turn, the application of aninimal number of genes for the
transcriptomic signature would be necessaRor this reasonwe selected the signature
composedof the top 10 genes as the best signatdoe our purpose to be used as proof of
principle. Interestingly, mostells were equ$y enriched by all the three transcriptomic
signatures tested (Wion infected cells;L514F and -R304Q), confirming the previously

described featuref P63 activity asraon-off switcher.

72



TOP 10 DE GENES TOP 50 DE GENES TOP 100 DE GENES  TOP 250 DE GENES TOP 500 DE GENES
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Figure45. Bulk RNAsegomparisons allow to identify transcriptomic signatures MAP plots
showing the transcriptomic signature made by the top58100-250-500 (from left to right)
differentially expressed genes in the comparisons WT P63 with non infected fibroblasts $o4, |
(middle) and R304Q (bottom)

WTVS. R304Q 1| | ¥ L L U

Identification of mutations effect through scRNAseq

Once we identified the cells expressing the transcriptomic signature of our interest, we

divided the cell ito the population of convertd and nonconverted cellg§Figue 46)
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Figure46. The transcriptomic signature allows the identification of two cells groupdMAP plots
highlighting the converted cells (purple) and non converted cells (green)

Using the bulk MITE as an experimental control, we tried to assign each mutation to one of
the populations (see methodsyhis approach seemed to work correctly for some mutations
as shown irFigure47 with neutral mutants only present in the converted pogtion and LoF

mutants only in the nortonverted one.
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