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Abstract

Difficulties in studying genetic disorders come from phenomena of pleiotropism and genetic
heterogeneity which often produce phenotypic overlapping. The advent of next generation
sequencing (NGS) and a multidisciplinary approach, based on the interplay of clinic, genetic and
functional biology studies, give us the possibility to deep investigate and amplify/rewrite many
genetic conditions. An example of this synergic approach is illustrated in this work thesis whose
findings are: i) the identification of genetics variants known to be associated with Multiple Self-
Healing Squamous Epithelioma which we found to be involved also in the onset of Loeys-Dietz
syndrome, ii) expansion of the phenotypic spectrum of Bartsocas-Papas and Curly hair-
ankyloblepharon-nail dysplasia syndromes associated with mutations in Receptor Interacting
Serine/Threonine Kinase 4 (RIPK4), and identification of nectin-4 as a new player of the p63
molecular network modulated by RIPK4, iii) the identification of phenotypic variability resulting
from different mutations in Connexin 26 (GJB2) resulting in non-syndromic or syndromic hearing
loss. In conclusion, the studies presented in this thesis highlight the paramount importance for a
correct clinical and molecular diagnosis to plan a personalized medical approach based on individual
genetic makeup.



Introduction

Nosology is a branch of medical science that deals with the classification of diseases. An accurate
nosology is essential for prognosis, appropriate follow-up, therapy and is used extensively in public
health, to allow epidemiological studies of public health issues. In an earlier period, the physicians
named genetic diseases using their own names, patient’s names (i.e initials), or geographic
designations. It is easy to guess that different methods to classify the same disease led to a big
confusion among the physicians worldwide. Modern classification systems encourage an etiological
approach, by including the disease-causative gene/molecule or pathway, if known, in the condition
name. For example, a growing number of neurodevelopmental disorders (including so-called autism)
has been recognized as a result of single gene mutations (e.g. RERE-Related Disorders). Also in the
field of cardiovascular genetics, several cardiomyopathies are being linked to specific gene mutations
and the different underlying genetic defect changes dramatically the prognosis and the therapeutical
approach, as in the case of LMNA- or DSP-cardiomyopathy. In addition, over the last years, the
identification of the pathogenic mechanism of a growing number of genetic disorders led the grouping
of conditions under pathologically distinct “umbrellas” when convergent molecular mechanisms
were identified (e.g. cohesinopathies; meaning disorders caused by genes encoding distinct cohesins

or, similarly, rasopathies, etc.).

Another important topic in recognizing genetic disorders is the phenomena of pleiotropism and
genetic heterogeneity. Pleiotropism means "many from one": multiple phenotypic features from one
etiologic entity - one gene.! It means that mutations in one gene affect two or more traits; this is
because a gene codes for a protein which serves multiple purposes in the cell, and catalyzes numerous
reactions, interacting with various signal receptors or pathways. In this way, a single gene is able to
have a remarkable impact on different systems. Actually, even mutations that do not directly alter
any gene but are present in non-coding regions, such as changes in DNA copy number of protein-

binding motifs or structural changes that alter chromatin architecture, can have a pleiotropic effect.?

Mutations in the FBN1 gene encoding Fibrillin-1 represent an example of pleiotropic effect. Fibrillin-
1 binds to other fibrillary proteins and other molecules to form threadlike filaments called
microfibrils.® Microfibrils serve as “storage shelves” for the Transforming grow factor beta (TGFB)
ligand and release it in a regulated way.® TGFB ligand binds the transforming grow factor receptor
beta 1/2 (TGFBR1/2) on the cells’ surface resulting in the phosphorylation of downstream cofactors
(SMADZ2/3) which induce the transcription of target genes. Therefore, mutations in the FBN1 gene

reduce the amount of functional protein, which leads to decreased microfibril formation, impairing



tissue integrity and elasticity and deregulating the release of TGF[3, with subsequent alterations of
homeostasis and development of different tissues. Clinically, such mutations cause the Marfan
syndrome, which is characterized by aortic root aneurysms, aortic dissection and mitral valve
prolapse, joint hypermobility, limb elongation, scoliosis, iris transillumination defects and ectopia
lentis .3 Although at first glance the symptoms do not appear directly related to one another, we can
find a common denominator in the presence of Fibrillin-1 as a fundamental component of connective
tissue which, in turn, is a structural component of many elements such as bones, ligaments, muscles,
blood vessels, heart valves, eyes and joints, explaining the pleiotropic effects deriving from mutations

in this gene.

Genetic heterogeneity represents another critical concept for genotype-phenotype correlation and
therefore for the classification of diseases. It means “one from many", that is a similar phenotype can
be caused by several different etiologic factors, i.e. mutated genesl. The problem of a correct
molecular diagnosis is given by the overlapping of phenotypes which makes it difficult to associate
a specific feature with a single mutated gene. This is explainable because the products of different
genes are assembled each other to form a single multimeric protein involved in a unique function, or
are interconnected in a specific molecular pathway or different converging signaling pathways

contributing to the homeostasis and development of a tissue or organ.

Several examples of genetic heterogeneity exist and will be illustrated in this thesis. For examples,
ectodermal dysplasias (EDs) are a heterogenous group of hereditary disorders sharing structural and
functional abnormalities in tissues derived from the ectoderm.* Most of these diseases are also
combined with an abnormal development of structures derived from the mesenchyme. To date,
approximately 200 conditions of such disorders are known, and pathogenic mutations have been
identified in around 30 genes. Mutations in only 4 genes (Ectodysplasin A, Ectodysplasin A receptor,
EDAR associated death domain, WNT family member 10A) are responsible for most of the cases of
ED.* Biomolecular analyses identified two different pathogenic mechanisms through which these
mutations act. The first mechanism corresponds to disorders in which the interaction between the
ectoderm and the mesenchyme is impaired. The resulting clinical phenotype is hypoplasia or aplasia
of structures derived from the ectoderm. Development and differentiation of these structures fail due
to the absence of specific reciprocal signals between the ectoderm and the mesenchyme.* The second
mechanism corresponds to disorders in which there is abnormal function of a structural protein in the
cell membrane. Examples of structural proteins, including nectinl/4, connexins, plakophilin, whose
roles in adhesion and cell-cell communication is essential for maintaining tissue homeostasis and

controlling cell growth, development and response to different stimuli.* Clinically, these disorders
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are mainly characterized by skin abnormalities such as palmoplantar keratoderma, with or without

involvement of highly differentiated epithelia associated with deafness or retinal dystrophy.*

Hereditary connective tissue disorders (HCTD) are another example of conditions with overlapping
features caused by alterations in genes encoding components that regulate the structure and function
of the connective tissue.® These syndromes affect various organ systems such as skin, joints, bone,
eyes, lungs, heart and blood vessels and often predispose patients to aortic pathology and in particular
aortic dissection.® The discovery of these HCTD was followed by the identification of mutations in a
wide range of genes encoding for structural proteins (e.g., FBN1, COL1A1, COL3A1, COL5A1,
BGN), modifying enzymes (e.g., ADAMTS2, PLOD1), or components of the TGFp-signaling
pathways (e.g., SMAD2/3, TGFBR1/2 and TGFB2/3).” Almost all genes mentioned above are
involved in the organization of the extracellular matrix (ECM). ECM provides structure and support
to the surrounding cells and is involved in differentiation, cell adhesion, and cell-to-cell
communication. However, these genes do not explain all HCTD patients and many genes still await
their discovery. Three typical examples of HCTD are Marfan syndrome (MFS), Ehlers-Danlos
syndrome (EDS), and Loeys-Dietz syndrome (LDS). These syndromes show some degree of
phenotypical overlap of cardiovascular, skeletal, and cutaneous features, although the dissection of
the endophenotype allowed to address features specific for one syndrome rather than another. MFS
is typically characterized by cardiovascular, ocular, and skeletal manifestations and is caused by
heterozygous mutations in FBN1, coding for the extracellular matrix (ECM) protein fibrillin-1. The
most common cardiovascular phenotype found in MFS are the aortic aneurysm and dissection at the
sinuses of Valsalva. LDS is caused by mutations in TGFBR1/2, SMAD2/3, or TGFB2/3, all coding
for components of the TGF-signaling pathway. LDS can be distinguished from MFS by the unique
presence of hypertelorism, bifid uvula or cleft palate, and widespread aortic and arterial aneurysm
and tortuosity.® Compared to MFS, LDS cardiovascular manifestations tend to be more severe. In
contrast, no association is reported between LDS and the presence of ectopia lentis, a key
distinguishing feature of MFS. Overlapping features between MFS and LDS include, scoliosis, pes
planus, anterior chest deformity, spontaneous pneumothorax, and dural ectasia. EDS refers to a group
of clinically and genetically heterogeneous connective tissue disorders and all subtypes are
characterized by variable abnormalities of skin, ligaments and joints, blood vessels, and internal
organs. Typical presenting features include joint hypermobility, skin hyperextensibility, and tissue
fragility. Up to one quarter of the EDS patients show aortic aneurysmal disease. The latest EDS
nosology distinguishes 13 subtypes. Considerable phenotypic overlap is also observed between the
different subtypes of LDS and EDS, respectively, which makes the clinical diagnosis difficult and

highlights the importance of molecular diagnostic confirmation.
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Hearing loss, isolated or syndromic, is another example of genetic heterogeneity facing difficulties
in reaching the molecular diagnosis. Hearing loss is the most common congenital sensory impairment,
affecting 1 in 500 newborns and 1 in 300 children by the age of four.® It is among the most
heterogeneous conditions, and the most common causes of permanent congenital sensorineural and
mixed hearing loss are congenital cytomegalovirus infection (CMV; 5%-20%), structural
abnormalities of the temporal bones (30%- 40%), and genetic causes (50%).1%1! Hereditary hearing
loss and deafness can be regarded as syndromic or non-syndromic. Syndromic hearing impairment is
associated with malformations of the external ear, with malformations in other organs, or with
medical problems involving other organ systems and more than 400 genetic syndromes have been
described.*? Non-syndromic hearing impairment has not been associated with visible abnormalities
of the external ear or any related medical problems; however, it can be associated with abnormalities
of the middle ear and/or inner ear and more than 6,000 causative mutations have been identified in
more than 110 genes. In both cases the most frequent genetic cause of congenital sensorineural
hearing loss (SNHL) is disruptions of GJB2, the gene encoding Connexin 26 (Cx26), the major

component of gap junctions in the cochlea.*?

McKusick, in the article entitled “On Lumpers and Splitters, or the Nosology of Genetic Disease”,
published in 1969, asserts that “In genetic nosology both lumping and splitting have a place: lumping
in connection with pleiotropism; splitting in connection with genetic heterogeneity”!. An approach is
considered as “lumpers”, when physicians prefer broader categories that include phenotypes sharing
common features despite some differences; on the other hand, “splitters” prefer narrower categories,
emphasizing variations rather than common features®. In this context, the genetic analysis by DNA
sequencing was considered the final stage of the diagnostic process in patients, and diagnosis was
made according to clinical manifestations and results of imaging and biochemical tests. However,
genetic analysis by Sanger sequencing is a highly manual and time-consuming chemical process with
a very low success rate, leading to problems in obtaining a diagnosis, as shown by a recent Australian
study which observed that 30% of patients who finally received a molecular diagnosis had waited
five or more years for their disease confirmation, 66% had consulted three or more doctors to obtain
it and 46% had received at least one misdiagnosis.'* The advent of next generation sequencing (NGS)
has made it possible to analyze the entire coding heritage or the entire genome (exome) in a few days
of work and has paved the way towards the identification of new molecular pathogenetic

mechanisms.*®



NGS has allowed a fast identification of pathogenetic mutations, and the number of new disease genes
has grown exponentially from year to year (Fig. 1).1° The possibility of sequencing and analysis of
the entire coding heritage and of the whole genome has also "rewritten” many genetic conditions,
from the etiological point of view.

The above-mentioned examples suggest two aspects very important: 1) the need for functional studies
to make precise correlations between the altered function due to the variant with the resulting
phenotype; 2) the “dissection” of the phenotype into endophenotypes, in order to find points of
contact between apparently different diseases and on the contrary sharing the same molecular
pathways. This approach is expected to rewrite entire chapters of human pathology by reclassifying
many clinical conditions according to the underlying mechanism, paving the way to personalized
medicine.

Precision medicine is expected to create diagnostic, prognostic, and therapeutic strategies precisely
tailored to each patient’s requirements, providing patients with an appropriate treatment, with
minimum adverse effects and maximum efficacy. In conclusion, the modification of the natural
history of genetic pathologies up to their "correction™ promoted by this new approach will lead to a
deeper vision of genetic diseases which, until recently, are relegated mostly to a status of diseases

diagnosable but not curable.

Gene discovery for rare diseases
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Figure. 1: Gene discovery for rare diseases






Chapter 1: Clinical and Genetic heterogeneity of Loeys-
Dietz Syndromes

1. Introduction

During my PhD work | focused on the study of LDS, which represents a type of HCTD. LDS is an
autosomal dominant disorder with a widespread involvement of different organ systems such as
craniofacial (e.g., craniosynostosis), skeletal (joint laxity and contractures), integumental (skin
hyperextensibility, dural ectasia) and ocular findings (e.g., strabismus).!” The worst complication
present in most of the patients affected by LDS and in general in subjects affected by some types of
HCTD is the high risk of developing thoracic aortic aneurysms and dissection due to defects in the
extracellular matrix composition which compromise the structural integrity of the aortic wall.
Notably, thoracic aortic aneurysms have been reported in patients of all age groups, including young
children.!® Regarding the genetic alterations identified in LDS, about two thirds of mutations are de
novo and one third is familial. All mutations causing LDS were found in genes involved in the TGF-
/5 pathway, which regulates a variety of cellular processes including growth inhibition secondary to
G1/S phase arrest, differentiation, apoptosis, immunosuppression, stimulation of connective tissue
deposition, secondary induction of angiogenesis, and probably maintenance of genomic stability.®
TGF-p induces these effects by activating the TGF-£ receptor, a heterodimeric complex composed of
type | (TGFBR1) and type Il (TGFBR2) subunits, which are both serine-threonine kinases with single
transmembrane domains.*® Both TGFBRI and TGFBR2 appear to be essential for TGF-p induced
effects on the cell.!® The TGF-B receptor is activated through a sequence of events that is initiated by
the TGFBR2 subunit binding to TGF-£ ligand. The activated TGFBR2 associates with TGFBR1, and
phosphorylates a glycine-serine rich sequence in TGFBRI. TGFBRI is then activated and can
phosphorylate downstream targets.**?° The TGF-S receptor complex activates both the canonical
signaling pathway, which includes SMAD2, SMAD3, and SMAD4, and the non-canonical signaling
cascades (e.g. PISBK/AKT, p38-MAPK, MAPK-ERK, JNK, etc.) to produce the full spectrum of TGF-
B responses.’® LDS has been initially associated with mutations present in TGFBR genes, one-third
of them have been identified in TGFBR1 (LDS1) whereas the remainder was found in TGFBR2
(LDS2).2 Moreover, pathogenic variants were found in other four genes causing distinct, yet
overlapping, LDS phenotypes nosologically classified as follows: SMAD3 (LDS3), TGFB2 (LDS4),
TGFB3 (LDS5), and SMAD2 (LDS6).222® Nowadays, different forms of LDS (LDS syndromes)
appear to reflect genotype-phenotype correlations in terms of genes/variants associated with a

prevalent phenotype.
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For example, LDS patients with pathogenic variants in SMAD3 displaying high frequency of
osteoarthritis®*, whereas patients with variants in TGFBR2 are strongly predisposed to develop
cardiovascular problems.?* It should be noted that a deeper genetic knowledge of mutated genes
associated with more aggressive forms of the disorder is of paramount value for the correct
management of patients and to plan appropriate prevention programs in clinical practice. In this

context, my work focalized on two aims/ aspects.

The first year of this thesis was dedicated to LDS. First aim was to perform a retrospective multi-
center study on clinical and mutational analyses in 24 novel LDS families with 34 patients. A
systematic overview of LDS patients’ features for each mutated gene was conducted to verify if
observed genotype-phenotype correlations fitted current knowledge about mutations involved in
LDS. Second aim of this study was the analysis of two atypical novel variants in TGFBRL1, leading
to the formation of prematurely truncated proteins in two unrelated LDS patients. In fact, looking at
the molecular spectrum of TGFBR1 mutations identified in literature, most of them are missense
changes affecting residues located especially in the kinase domain, while a small part of them
involves the receptor domain. Occasional small deletions, small insertions or gross
insertions/deletions have been described. Surprisingly, almost all missense mutations are predicted
to result in loss of kinase function of receptors® and lead to paradoxically upregulation of TGF-5
signaling, causing chronic consequences such as an increased accumulation of phosphorylated
SMAD?2 in the aortic wall.”?® Of note, conversely nonsense mutations in TGFBR1 have been shown
to result in a distinct syndrome featuring skin cancer phenotype termed “multiple self-healing

squamous epithelioma” (MSSE).?

In summary, we amplified the knowledge of genotype-phenotype correlations, in the context of LDS,
by comparing our data with published studies. In addition, we described for the first time two novel
variants in TGFBR1 which escape nonsense-mediated mMRNA decay (NMD) and lead to paradoxical
upregulation of the TGFf signaling pathway, thus contributing to the identification of a novel class

of LDS disease-causative mutations.
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1.1 Results-Aim 1

In this work we describe 34 patients from 24 families with 24 different variants in four distinct LDS-
related genes identified in the proband of each family by direct sequencing. The majority of variants
affected the TGFBRL1 (9/24) and TGFBR2 (10/24) genes, four families showed variants in SMAD3,
and 1 patient carried a TGFB2 variant. No variants were identified in SMAD2 and TGFB3. Fifteen
variants affecting TGFBR1, TGFBR2, SMAD3, and TGFB2 were novel, while nine in TGFBR1,
TGFBR2, SMAD3 were previously reported either in the literature or in the ClinVar database. Among
the novel variants, 10 missense substitutions and one in-frame deletion altered two highly conserved
amino acid residues p.(Lys232_11e233del) in TGFBR1 gene and were predicted to be pathogenetic
by several in silico prediction algorithms. Moreover, the variants respected all the pathogenetic
criteria reported in the American College of Medical Genetics and Genomics (ACMG) guidelines.?’
Likewise, the novel ¢.480del variant in TGFB2 and the ¢.862_871+8del variant in SMAD3 were
classified as pathogenic by in silico prediction. Indeed, for the first variant, the prediction results in a
frameshift and formation of a premature termination codon p.(Phel60Leufs*14) that probably
activates nonsense-mediated mMRNA decay (NMD). Concerning the other variant, the prediction
results in an abnormal splicing since the canonical splice donor site is lost. Differently, for the
€.263+6C>T variant in TGFBR2 and the ¢.1009+1G>A variant in SMAD3 we corroborated their
pathogenicity demonstrating an effect on the splicing process on fresh blood samples. In detail, the
first variant was classified as possibly pathogenic according to the ACMG, since it creates a new
splice donor site 6 bases downstream of the wild-type donor with retention of 4 nucleotides of intron
3, formation of a stop codon (p.Arg114*) and activation of NMD. The second one was classified as
pathogenic, since it abolishes the canonical splice donor site of exon 7 causing in-frame exon skipping
(p.Arg292_Gly337del). So, a systematic overview of LDS patients’ features for each mutated gene
was conducted to verify if observed genotype-phenotype correlations fitted with data present in the
literature. Overall, we confirmed a significant phenotypic overlap for TGFBR1/2, SMAD3, and
TGFB2 patients (Table 1), and we have better defined the prevalent phenotype associated with

mutations in each gene.
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Table 1. Comparison of the clinical features observed in previously reported and LDS patients

described in this cohort for each distinct gene.

TGFBR1 TGFBR2 SMAD3 TGFB2 SMAD?2 TGFB3
ClimiealTeatuzes wp,  ThsCobon o, ThisCohom y  ThisCohon o ThsCohort oy
Hypertelorism +tt 10/12 (84) ot 6/12 (50) ++ 4/9 (44) ++ 11 + ++
Strabismus + 1/12 (8) + 1/12 (8) + 0/9 + 0/1 - -
Malar hypoplasia +++ 8/12 (67) +++ 9/12 (75) ++ 9/9 (100) ++ 171 ++++ ++
Bifid uvula/Cleft palate 44+ 3/12 (25) ++++ 5/12 (42) ++ 2/9 (22) + 11 - ++
Dolichocephaly +++ 11/12 (92) +++ 7/12 (58) + 3/9 (33) - 0/1 4+ -
Hernia +4++ 4/12 (33) +++ 6/12 (50) ++ 5/9 (55) ++ 11 ++++ ++
Striae ++ 5/12 (42) ++ 3/12 (25) ++ 3/8 (37) ++ 1/1 ++ +
Pectus deformity +++ 5/12 (42) +4++ 7/12 (58) ++ 6/9 (66) ++ 171 ++ +++
Scoliosis +4++ 10/12 (84) +4++ 8/12 (67) ++ 3/9 (33) ++ 11 ++ +4++
Arachnodactyly +++ 5/12 (42) +++ 6/12 (50) ++ 1/9 (11) ++ 11 ++ ++
Talipes equinovarus ++ 1/12 (8) ++ 5/12 (42) + 1/9 (11) + 0/1 - ++
Osteoarthritis ++ 0/11 ++ 0/10 ++ 3/6 (50) + 0/1 ++++ ++
Cervical spine malformation/instability + 1/11 (9) + 2/9 (22) + 0/3 - 11 - +
Dural ectasia ++ 1/11 (9) ++ 3/8(37) +++ 1/4 (25) ++ 7n + -
Mi:fi::::;cfl?;ﬁgpse ++ 5/12 (42) ++ 7/10 (70) ++ 5/9 (55) ++ 171 ++ ++
Arterial tortuosity +H+++ 3/11 (27) ++++ 5/11 (45) ++ 1/6 (17) ++ 11 + +
Aortic root aneurysm ++++ 12/12 (100) ++++ 9/12 (75) +++ 719 (77) +++ 0/1 ++++ ++
Arterial aneurysms +++ 5/12 (42) +++ 5/11 (45) + 2/9 (22) + 0/1 + +
Aortic dissection ++++ 3/12 (25) ++++ 212 (17) ++ 1/9 (11) + 0/1 - ++

Lit: Literature. Frequencies of clinical feature associated with LDS were scored as: — absent/infrequent; + <25%; ++ 25-50%; +++ 50-75%; ++++ >75%.

A major involvement of the cardiovascular system (ascending/aortic root aneurysm and mitral valve
abnormalities) was found in all TGFBR1/2 mutated patients; the only patient with a TGFB2
pathogenic variant showed absence of aneurysms but revealed mitral valve prolapse and
insufficiency, mild arterial tortuosity and varicose veins; three SMAD3-mutated families presented
very mild cardiovascular anomalies, with only mitral valve prolapse registered in the proband and
early osteoarthritis; the latter, considered as a hallmark of patients carrying mutations in SMAD3, was
described only in one family, although segregated in the proband and in his father. Recurrent
craniofacial dysmorphism such as hypertelorism, malar hypoplasia, micrognathia and highly arched
palate, cleft palate and/or uvula, cutaneous features with translucent skin, striae and facial milia,
hernias and skeletal manifestation like pes planus, pectus deformity, marfanoid habitus, and scoliosis
are phenotypes present in all LDS patients. No mutations were identified in SMAD2 and TGFB3
genes. To date, 9 likely pathogenic variants in SMAD2 have been described in 15 subjects displaying
a broad range of features, including aneurysms, tortuosity of the entire arterial tree, and coronary
artery dissections, even in the absence of prominent connective tissue characteristics.?® Concerning
TGFB3, 15 different variants were reported in 56 individuals presenting with phenotypic overlap
between LDS and MFS.?° In conclusion, our results show that cardiovascular phenotype is a prevalent
alteration in the presence of mutation in TGFBR1/2, while the presence of mutations in other genes

involved in TGFp pathway results in mild cardiovascular disfunction.
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1.2 Results-Aim2

1.2.1 Patients and clinical features

Family 1 consisted of two affected relatives, the proband (P1) and her father (P2). Family 2 consisted
of a female proband (P3). The proband (P1) in family 1 was a 20-year-old-girl, second child of non-
consanguineous parents. No anomalies were noted at birth. On physical examination, she presented
with apparent ocular hypertelorism (Figure 2a, i), broad uvula with a median raphe. Her skin was
velvety and slightly translucent with visible subcutaneous veins. Ocular features included high grade
myopia. Musculoskeletal findings consisted of combined thumb and wrist signs. Since her father was
affected by aortic aneurysm and dissections, she started serial echocardiographic examinations at a
very young age, uncovering progressive aortic root dilatation, from the age of 14 years. Decreased
bone mineral density was documented at dual-energy X-ray absorptiometry (DXA) scan at the age of
20 years. Five years later, echocardiography revealed trivial mitral valve regurgitation and a 40 mm
aneurysm of the aortic root, also confirmed by total body magnetic resonance angiography (Figure
replacement with coronary arteries reimplantation (Figure 2a, iv). Involvement of other vascular

districts (including coronary circulation) or vascular kinking were excluded.

Her father, P2, was the first child of healthy non-consanguineous parents. He was born at term with
normal growth parameters, while neonatal course was characterized by cleft palate and bilateral
inguinal hernia both surgically corrected before 1 year of age. His medical history was notable for
early-onset aortic disease: aortic root aneurysm was first treated at the age of 10 years with aortic root
replacement by means of a 25 mm homograft, while six years later the aortic valve was replaced with
a Starr-Edwards mechanical valve for homograft dysfunction. At the age of 25 years,
echocardiography revealed aortic arch aneurysm (70 mm) requiring total arch replacement. Starting
from the age of 37 years, he underwent several surgeries, including descending thoraco-abdominal
aortic replacement and aortic arch replacement for pseudoaneurysm at the site of previous surgical
anastomoses. At the age of 41 years, computed tomography (CT) angiography showed tortuosity and
elongation of the entire aorta and tight kinking of the descending aorta with thickening of the wall
(Figure 2b, iii). Three years later, aortic arch dissection and aneurysmal dilatation of the left and right
coronary were evident (Figure 2b, iv-v). Additional vascular findings included ectasia of both carotid
artery bifurcations, abnormal course of both internal carotid arteries, anterior cerebral arteries with
fusiform ectasia of the anterior communicating artery, tortuosity and elongation of both vertebral

arteries and of the basilar arteries. DXA scan performed at the age of 42 years documented decreased
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bone mineral density. On physical examination, at the age of 45 years, apparent ocular hypertelorism
was noticed together with midline raphe of tongue and uvula (Figure 2b, i-ii). Orthopedic assessment
was remarkable for low muscle bulk, pectus excavatum, severe scoliosis, limited hip external rotation,
pes planus, and laxity of small joint. Cutaneous findings included facial milia, thin skin with visible
subcutaneous veins and skin striae. The last CT angiography at 47 years documented aneurysmal
dilatation of the partially thrombosed left ventricular apex of heart, worsening of the aneurysms and
tortuosity of the entire aorta and its main side branches, dissection flap with eccentric parietal
thrombotic apposition of the abdominal aorta aneurysm with the occlusion of the left renal artery
(Figure 2b, vi). Paraseptal emphysema of the left middle pulmonary lobe was also present. Due to
sudden rupture of the abdominal aorta aneurysm, he died at the age of 48 years. In family 2, the
female proband (P3) was initially evaluated at the age of 7 months because of craniofacial
dysmorphism. Family history was uninformative, but pregnancy had been obtained by assisted
reproduction techniques and oocyte donation (no available data on the donor were available). On
examination, length was 71 cm (97" centile) and weight 7.2 kg (25" centile). She displayed mild
apparent ocular hypertelorism, triangular face, and highly arched palate. Arachnodactyly was
particularly evident. Ophthalmological examination was normal. An echocardiography at the age of
3 years and 9 months showed normal anatomy, with a mild dilation of the aortic root (Z-score +2.27).
Psychomotor development was initially reported as normal; however, at the age of 5 years she was
diagnosed with attention deficit hyperactivity disorder. On re-evaluation at the age of 5 years and 7
months height was 113 cm (50" centile) and weight 18 kg (10" centile). Head circumference was 51
cm (+0.3 SD). She displayed mild hypertelorism with downslanting palpebral fissures, a long face
with malar hypoplasia, pointed chin, high-arched palate (with normal uvula), and dental crowding.
She had pectus excavatum and displayed strikingly long fingers of hands and feet, with palmar length
8 cm (75-97" centile) and the middle finger 6.5 cm (>97" centile).
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Figure 2. Clinical and instrumental findings in family 1. a) Patient P1 (proband). (i) Facial gestalt
with hypertelorism at the age of 20 years. (ii-iv) Magnetic resonance angiographies performed at age
25 years showed aortic root dilatation before (ii and iii) and after surgery (iv). b) Patient P2. (i) Facial
appearance with hypertelorism at the age of 45 years, (ii) midline raphe of tongue and uvula. (iii-vi)
Total body computed tomography angiographies documented tortuosity of the entire aorta and tight
kinking at age 41 years (iii), dissection of the aortic arch (iv), left and right coronary dilatation (v,
straight and curve arrows, respectively) at 44 years, extension of the dissection at age 47 years with
involvement of supra-aortic branches and abdominal aorta (vi) and left renal occlusion (arrow).
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1.2.2 Genetic analysis

In view of the patient’s phenotype, highly suggestive of a syndromic heritable thoracic aortic disease,
a custom NGS panel was run including all LDS-associated genes and those of overlapping disorders.
The heterozygous c.1342dup variant and the heterozygous ¢.1335_1338del variants were identified
in TGFBR1, respectively from family 1 and family 2, and subsequently confirmed by Sanger
sequencing (Figure 3). The relatives of both families did not show the pathogenetic variants. The
variants were located in exon 8 and both were predicted to cause a translational frameshift and a
premature stop codon. The ¢.1342dup and ¢.1335_1338del variants had not been previously reported
in the literature and were absent from all following-listed databases: dbSNP, gnomAD, Genome of
the Netherlands, Montalcino Aortic Consortium, LOVD and HGMD.
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Figure 3. Genetic analysis. View of exon 8 of TGFBR1 (NM_004612.4, NP_004603.1) with the
Alamut Visual 2.15 software showing the near positions to the c.1342dup, p.(GIn446Profs*15)
(yellow circle) and ¢.1335_1338del, p.(Cys446Asnfs*4) (yellow box) frameshift variants identified
by NGS panels in P1 and P3, respectively. Sanger sequencing and segregation analysis confirmed the
presence of the ¢.1342dup variant in the proband of family 1 (P1) and in her father (P2, not shown),
and of the ¢.1335_1338del variant in the proband of family 2 (P3), which was absent in her father

(©).
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1.2.3 Search for similar TGFBR1 variants in available databases

In the ClinVar database, an identical c.1342dup variant was mentioned (RCV001209677.2),
classified of uncertain significance and associated to a “familial case of thoracic aortic aneurysm and
dissections” without further information. In the same database, another very closely located and
similar variant ¢.1302_1303dupTG in TGFBR1 exon 8 (RCV000243082.2), leading to a frameshift
and prematurely truncated protein p.(Asp435Valfs*8) was also classified of uncertain significance

and associated with an unspecified “cardiovascular phenotype”.

1.2.4 Bioinformatics and functional analyses

We first performed transcript analysis on cDNA from blood lymphocytes of patients P1 and P3 by
assessing the relative abundance of the wild-type (wt) and mutant transcripts through deep sequencing
of a 593 bp fragment encompassing both variants, thus demonstrating that both mutant alleles escaped
NMD. Biallelic expression was also confirmed by Sanger sequencing of an RT-PCR product on
cDNA obtained from patient’s P2 dermal fibroblasts. Both p.(GIn448Profs*15) and
p.(Cys446Asnfs*4) variants are predicted to result in truncated proteins within the STK domains
lacking the last 43 and 56 amino acid residues, respectively. The architecture of the cytoplasmatic
kinase domain characterized by a N-terminal lobe (N-lobe), where the ATP binding and catalytic site
lies, and a C-terminal lobe (C-lobe) associated with kinase activity regulation. Three alpha helices G,
H, and | at the C-lobe constitute the GHI helical sub-domain, which is conserved in all the eukaryote
protein kinases (EPKS). In general, this sub-domain regulates the kinase activity of the N-lobe by
allosteric control, the oligomerization status, and the interaction with macromolecular substrates.-3!
As shown in Figure 4, 3D modeling of the truncated variants p.(GIn448Profs*15) and
p.(Cys446Asnfs*4) displayed that the mutants completely miss this motif and that the loss of the GHI
helical subdomain disrupts the interconnection between the C-lobe and the N-lobe. Indeed, the two
mutated proteins lack a conserved, crucial salt-bridge (E382-R482), thus probably altering the
phosphorylating activity.
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Figure 4. Bioinformatics studies a) Protein structure modelling of the TGFAR1 kinase domain
variants. Above, schematic representation of the wild type (wt) TGF-beta receptor type-1 (TGFAR1)
protein as compared to the truncated forms identified in this study lacking respectively the last 43 and
56 amino acid residues (SP: signal peptide, TM: transmembrane domain, GS: glycine- and serine-
rich sequence domain). Below, cartoon representation of the 3D structures of the cytoplasmatic kinase
domain of the TGF/AR1 protein variants described in this study. On the left, the wt structure (residues
200-503; PDB code: 1VJY) is shown, while the 3D models of the p.(GIn448Profs*15) and
p.(Cys446Asnfs*4) variants are displayed in the middle and on the right, respectively. The N-terminal
lobe (residues 200-286) and the C-terminal lobe (residues 287-503) are displayed respectively in
green and pink cartoons for each protein, while the GHI helical subdomain (residues 439-503), which
is almost completely lost by the both mutants, belonging to the C-terminal lobe is shown in magenta.
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Western blot analysis (WB), performed with three different antibodies directed to distinct regions of
the TGFAR1 protein, failed to reveal the truncated form of the receptor in total protein extracts.
Interestingly, densitometric analysis showed that full-length TGFBR1 protein levels were not
significantly reduced in patient P2’s cells (Figure 5a). Canonical TGF /£ signaling pathway, explored
in patient’s P2 dermal fibroblasts by immunofluorescence microscopy (IF), revealed SMAD2
activation under steady-state culture conditions. Both total SMADZ2 and its phosphorylated form were
present at significantly higher levels in the cytoplasm and nuclei as compared to control fibroblasts
(Figure 5b). Concerning non-canonical TGF/g signaling, IF showed augmented levels of
phosphorylated p38-MAPK (p-p38) in the patient’s cells’ nuclei as compared to control cells. WB on
whole cell extracts revealed an approximately 7.5-fold increase (p <0.001) of the phospho-p38/p38
ratio in patient’s cells as compared to control cells, thus confirming increased p38 activity (Figure
5c¢). In addition, non-canonical ERK-mediated TGF/£ signaling was analyzed by WB which revealed
a 1.6-fold increase (p<0.05) of the phospho-ERK/ERK ratio (Figure 5c), suggesting ERK1/2
activation in patient’s cells. Consistent with the role of TGFZsignaling as a potent driver of fibroblast-
to-myofibroblast transition, a-SMA was improved in patient’s cells (about 30%), while control cells
showed diffuse staining in the cytoplasm and perinuclear region (Figure 4b). WB analysis confirmed
an about 5-fold increase (p <0.001) of a-SMA levels in patient’s fibroblasts as compared to control

cells, in line with increased myogenic differentiation in LDS fibroblasts (Figure 5b, c).
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Figure 5. Molecular and cellular studies. a) Illustrative images of WB results for TGFBR1
performed on fibroblasts from patient P2 and two healthy donors (C1, C2) with three different
antibodies directed to distinct TGFBRL1 regions: a mouse monoclonal antibody directed to aa 26-125
(SantaCruz); two rabbit polyclonal antibodies directed to aa 150-250 and the central intracellular
region (AbCam and Cell Signaling Technology, respectively). Vinculin (VINC) and GAPDH were
used as internal loading control for normalization. The graph shows quantitative results (presented as
fold change) of the TGFBRL1 levels achieved from 6 independent experiments, which revealed no
significant differences between patient’s and control cells. Error bars represent the mean value + SD.
b) IF of SMAD?2 and its phosphorylated form (p-SMAD2; pS465/S467), p38 and its phosphorylated
form (p-p38, pT180/Y182), and of a-SMA demonstrated enhanced canonical and non-canonical
TGF/ signaling and partial a-SMA cytoskeleton organization (about 30% of positive cells) in patient
P2 dermal fibroblasts as compared to controls (C). The experiments were repeated three times and
images of control cells are representative of two different cell strains; scale bar: 8 um. c) Illustrative
images of WB results for ERK1/2 and p-ERK1/2 (pT202/Y204), p38 and p-p38 (pT180/Y182), and
a-SMA performed on fibroblasts from patient P2 and two healthy donors (C1, C2). GAPDH and
vinculin (VINC) were used as internal loading control for normalization. The graphs show
quantitative results (presented as fold change) of the p-ERK1/2/ERK1/2 ratio, p-p38/p38 ratio, and
a-SMA levels achieved from 3 independent experiments, which confirmed increased TGF 4 signaling
and o-SMA levels in patient’s cells. Error bars represent the mean value+SD (*p<0.05;
*¥%p < 0.001).
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1.3 Discussion

TAAD is the worst manifestation of several HCTD (such as MFS, LDS, vascular form of EDS,
arterial tortuosity syndrome?*), and the identification of mutated genes and thus biological pathways
involved in these syndromes is of paramount importance for the management of the patients and for
the development of personalized medicine. Genetic testing guides management strategies to enable
better outcomes for patient mortality and morbidity. Study of the specific genotype may suggest the
appropriate timing of aortic repair and allows for screening of at-risk family members.? For this
purpose, over the past decade NGS analysis led to the identification of genes involved in the HCTD,
thus allowed to set up NGS panels for screening in order to address correct diagnosis, early treatment
strategies, and appropriate follow-up in mutated individuals. Importantly, association studies are
required to provide relevant information about the distribution and the nature of gene variants that
may significantly influence age of onset, severity, and clinical penetrance of genetic disorders
allowing a risk stratification analysis. Deciphering of the genotype-phenotype correlations and, more
in deep, the correlation between variants and severity of the disease, is a major goal of human genetics
since early interventional strategies may prevent life-threatening complications. Literature data
already provided a general indication about the spectrum of disease severity for LDS, from the most
to the least severe form: LDS1=LDS2>L.DS3>LDS4>LDS5.%3 My work had the purpose to broaden
the clinical and molecular spectrum of LDS, corroborating and expanding previously delineated
genotype-phenotype correlations. The first part of my work (aim 1) confirmed that patients with
mutations in TGFBR1/2 have a major involvement of cardiovascular system, whereas a mild
cardiovascular feature was observed with mutations in SMAD3 and TGFB2 genes. Moreover, we
identified new variants in LDS genes and summarized the clinical data of these patients, especially
their vascular phenotypic data, which could provide further refinement of our knowledge of LDS.
Therefore, additional clinical and genetic data on LDS from around the world should be collected and
analyzed hopefully to define gene-specific vascular treatment guidelines for LDS, rather than treat

them all with the same approach.

In the second part of my work (aim 2), it was observed for the first time the involvement of two
truncating variants in the TGFBR1 gene involved in the onset of the LDS. To note, such variants are
predicted to cause TGFBR1 haploinsufficiency, archetypical of MSSE rather than LDS. Interestingly,
the data show that the frameshift mutation found in our patients, in the same way as the missense
variants, leads to paradoxical TGF g signaling accordingly with the LDS phenotype. Even though it
has not been possible to reveal the truncated form of the receptor by WB but observing normal levels

of full-length TGFBR1 protein, an hyperactivation of TGF/ pathway in the absence of stimulation
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was evident in the patient’s cells. In addition, we observed an increased level of a-SMA in fibroblast
and considering that a high level of this protein is common to all syndromic and non-syndromic aortic
diseases'’, we can assert that the above-mentioned variants are involved in aneurysm development.
Anyway, both our newly reported variants, together with two similar alterations listed in the ClinVar
database, were classified as variants of uncertain significance according to current guidelines?. In
conclusion, we expanded the allelic repertoire of TGFBR1 gene mutations associated with LDS
including truncating variants, and we demonstrated the pathogenicity of the new two variants by
functional study, highlighting the importance of clinical genetic databases integrated with functional

data for the correct interpretation of genomic variants.
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1.4 Material and Methods

1.4.1 Genetic investigation

Molecular analyses of patients P1 and P2 were achieved in the laboratory for genetic testing at the
Division of Biology and Genetics, Department of Molecular and Translational Medicine, of the
University of Brescia. Genetic testing was performed on genomic DNA purified from peripheral
blood leukocytes by standard procedures. The proband P1 was characterized by using an in-house
amplicon based NGS panel and the lonTorrent platform. Briefly, two panel pools of the custom
“connective tissue panel — CTP” (TGFBR1, TGFBR2, SMAD3, TGFB2, TGFB3, SMAD2 (LDS types
1-6), ABCC6, ACTA2, ADAMTS2, B3GALT6, B4AGALT7, CBS, CHST14, COL1Al1, COL1A2,
COL3A1, COL5A1, COL5A2, DSE, FBN1, FKBP14, FLNA, MED12, MFAP5, MYH11, MYLK,
NOTCHL1, PRKG1, SLC2A10, SMAD4, SLC39A13) were generated with the AmpliSeq Designer tool
(Thermo Fisher Scientific). Panel libraries were produced using the AmpliSeq Library kit 2.0, which
includes reagents for generating amplicons with the lon AmpliSeq primers and the Ion Xpress™
barcode adapters, following manufacturer’s protocols (Thermo Fisher Scientific). Library template
preparation was performed with the lon 520 & lon 530 kit — OT2 on the lon OneTouch 2 instrument
and sequenced on the lon S5 instrument with the lon 520 chip, as previously reported.*® Basecalling
and sequence alignment against hgl9 genome assembly were performed with the lon Torrent Suite
software v.5.0.2 and genetic variants were identified by the lon Torrent Variant Caller v.5.0.2.1.
Further evaluations, including copy number variation (CNV) analysis, were performed with the lon

Reporter software 5.6.

Whole exome sequencing was performed in P2 using the lon Proton platform and the AmpliSeq
Exome RDY kit for library preparation following manufacturer's protocols (Thermo Fisher Scientific
Inc.). Briefly, libraries template preparation was achieved using the lon Pl Hi-Q OT2 200 kit on the
lon OneTouch 2 and sequencing run was performed with the lon Pl Hi-Q Sequencing 200 kit. The
templated lon Sphere Particles (ISP) were enriched for positive ISP using the lon OneTouch ES and
sequenced on lon Proton with the lon PI chip v3. Basecalling and sequence alignment against hg19
genome assembly were performed using lon Torrent Suite software 5.16, and genetic variants were
identified using Torrent Suite Variant Caller pipeline 5.16. Variants were decomposed and
normalized using vt tool,3! filtered for quality as previously reported® and by using GARFIELD-
NGS,* and annotated using ANNOVAR.3* Variants were filtered according to the following criteria:
i) minor allele frequency (MAF) < 0.01 in 1000G and GnomAD v2.1.1 databases; ii) predicted to

alter protein product, namely missense, stop-affecting or splice-affecting variants; iii) not present in
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our internal database of WES experiments (n > 500); iv) not classified as (likely) benign in the
ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/). Filtered variants were prioritized based on
their CADD,* DANN,3 and M-CAP?’ scores to retain most likely deleterious variants. RVI1S*® and

GDI* scores were then used to rank more intolerant genes.

Molecular analysis of patient P3 was achieved in the Laboratory for Genetic Testing, Clinical
Genetics Unit, Department of Women and Children's Health, University of Padova. NGS of genomic
DNA purified from peripheral blood leukocytes was carried out by using a custom-made Agilent
HaloPlex HS kit (genes: ACTA2, COL3A1, FBN1, FOXE3, LOX, MFAP5, MYH11, MYLK, PRKG1,
SMAD3, TGFB2, TGFB3, TGFBR1, and TGFBR2) on a MiSeq sequencer (Illumina). Data analyses,
including CNV analysis, were performed using the Agilent SureCall software, as previously
reported.“® Specific parameters are available upon request.

To exclude other possible variants contributing to the phenotype, Clinical Exome analysis was
performed, using TrusightOne Expaned Kit (Illumina) and a NextSeq 550 sequencer (Illumina),
according to the manufacturer's protocols. We initially excluded variants with read depth (RD) <10
or alternate allele (ALT) variant frequency (VF) <20% and known artefacts (from our internal
database). For potentially recessive defects, we excluded variants with MAF > 1%, and then variants
in genes harboring a single heterozygous variant.

We considered only functional variants (missense, stop- or splice-affecting, and CDS indels) and
excluded variants found in homozygosity in healthy controls (gnomAD 2.1 and 3.1). For potentially
dominant defects, we excluded variants with MAF > 0.01%, we included only functional variants
(missense, stop- or splice-affecting, and CDS indels) and excluded those present in our internal
database. Finally, we excluded single variants in known recessive genes.

Both TGFBR1 (NM_004612.4; NP_004603.1) novel variants were confirmed by Sanger sequencing
on an ABI 3100XL Genetic Analyzer (Applied Biosystems) and electropherograms were analyzed
with the Sequence Scanner 2.0 software (Applied Biosystems). The variants nomenclature was
generated with the Alamut 2.5 software (Interactive Biosoftware, Sophia Genetics) and variants were
reported following the guidelines of the Human Genome Variation Society (HGVS,

http://www.hgvs.org/mutnomen).

1.4.2 Skin biopsy and cell cultures

Primary fibroblasts were established from a skin biopsy of patient P2 and two age- and sex-matched
healthy donors by standard protocol. Briefly, a 3 mm-punch arm biopsy was deprived of the
epidermis, mechanically dissected and the dermis fragments were set up under a coverslide in the

presence of Earle's Modified Eagle Medium (MEM) supplemented with 2 mM L-glutamine, 100
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pg/ml penicillin and streptomycin, and 20% FBS (Life Technologies) at 37 °C in a 5% CO2
atmosphere. After 3—4 weeks, confluent cells were harvested by 0.25% trypsin/0.02% EDTA
treatment and expanded. Secondary cell cultures were grown in the presence of MEM supplemented

with 10% FBS. Cells were analyzed between 2" and 4™ in vitro passage.

1.4.3 Immunofluorescence microscopy

To investigate SMAD2 and its Ser465/467 phosphorylation, fibroblasts derived from patient P2 and
two healthy donors were grown on glass cover slides at 37°C in a 5% COzatmosphere for 72 h. Cells
were fixed 7 min in 3% PFA/60 mM sucrose, permeabilized for 1 min and 45 sec in 0.5% (v/v) Triton
X-100 and reacted for 2 h respectively with 1:300 anti-SMAD2 monoclonal Ab (mAb) (Cell
Signaling Technology, clone 86F7) and with 1:100 rabbit anti-phospho-SMAD2 (Ser465/467) Ab
(Cell Signaling Technology, #3101). The analysis of p38 MAPK and its Thr180/Tyr182
phosphorylation was performed on cells fixed in cold methanol, permeabilized for 1 h with 0.5%
(v/v) Triton X-100, and immunoreacted respectively with 2.5 pg/ml anti-p38 MAPK mAb (Abcam,
clone M138) and 5.0 pg/ml rabbit anti-pT180/Y 182-p38 MAPK Ab (Abcam, # ab4822). To evaluate
the a-smooth muscle actin (a-SMA) cytoskeleton organization, cells were fixed in cold methanol and
reacted for 1 h with 1 pg/ml anti-a-SMA mAb (Sigma Chemicals, Clone 1A4). After washing in PBS
1x, cells were reacted for 1 h with the Alexa Fluor®488 anti-rabbit and Alexa Fluor®594 anti-mouse
IgGs (Thermo Fisher Scientific, #A32731 and #A32742, respectively). IF signals were acquired by a
CCD black-and-white TV camera (SensiCam-PCO Computer Optics) mounted on a Zeiss
fluorescence Axiovert microscope and digitalized by the Image Pro Plus software (Media

Cybernetics). The experiments were repeated three times.

1.4.4 Western blotting

To analyze protein expression in cultured dermal fibroblasts, cell extracts of patient P2 and two
healthy donors were prepared on ice with RIPA buffer (Tris—=HCI pH 8, 50 mM, NaCl 150 mM,
sodium deoxycholate 0.5%, sodium dodecyl sulphate (SDS) 0.1%, NP40 1%, NaF 50 mM, sodium
orthovanadate 10 mM, protease inhibitor cocktail from Roche). Protein concentration was determined
using Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad, #5000006). Proteins were loaded
in equal amounts on 10%-15% SDS polyacrylamide gels (SDS-PAGE) and transferred to
nitrocellulose membranes (Hybond-C, GE Healthcare). After transfer, membranes were blocked for
1 hin 5% BSA/TTBS (20 mM Tris—HCI, pH 7.5, 500 mM NacCl, 0.05% Tween 20). The desired
proteins were detected by incubating overnight at 4 °C with the following primary antibodies in 5%
BSA/TBS: rabbit anti-phospho ERK1/2 Ab (T202/Y204) (Thermo Fisher Scientific, #MILANSR,
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used at 1:1000), rabbit anti-ERK1/2 Ab (Thermo Fisher Scientific, #13-6200, used at 1:500), rabbit
anti-phospho p38 (T180/Y182) Ab (Cell Signaling Technology, #9212, used at 1:500), rabbit anti-
p38 MAPK Ab (Abcam, cat. #ab4822, used at 1:500), mouse anti-a-SMA mAb (Sigma-Aldrich,
#A2547, used at 1:500), rabbit anti-GAPDH Ab (Santa Cruz Biotechnology, #sc-25778, used at
1:1000), mouse anti-vinculin mAb (Santa Cruz Biotechnology, #sc-73614, used at 1:1000), rabbit
anti-TGFBR1 Ab (abcam, #ab31013-500), mouse anti-TGFBR1 Ab ( Santa Cruz Biotechnology, #sc-
130348), rabbit anti-TGFBR1 Ab (Cell Signaling Technology, #3712S) . After incubation with
primary antibodies, each membrane was washed 5 times with 1x TTBS for 15 min at room
temperature. Subsequently, membranes were incubated with 1:10.000 diluted HRP-conjugated
secondary antibodies (GE Healthcare, anti-mouse #NA931V and anti-rabbit #NA934V) in 5%
BSA/TTBS for 1 h at room temperature. Antibody binding was detected with the ECL plus detection
system (GE Healthcare) and acquired with ChemiDoc Touch Imaging System (Bio-Rad
Laboratories). The densities of the specific bands were quantified and normalized with GAPDH and
vinculin as internal loading control by using the Image Lab software (Bio-Rad Laboratories). The
relative expression values of p-ERK1/2/ERK1/2 and p-p38/p38 ratios, and of a-SMA were
normalized to “1” in control cells (mean of two different cell strains), and then the corresponding
expression fold changes were calculated in three independent experiments. Statistical analysis and
graphs were obtained with the GraphPad Prism 8.0.2 software according to unpaired two-tailed
student’s t-test and considering a p-value of less than 0.05 as significant; error bars in the graphs were

generated using = SD.
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Chapter 2: RIPK4 regulates cell-cell adhesion in epidermal
development and homeostasis

2. Introduction

Genetic heterogeneity can result in overlapping phenotypes, as in the case of genodermatoses such
as distinct forms of EDs. Indeed, features such as cleft lip and/or palate, oral synechiae, pterygia and
syndactyly have been observed in patients carrying pathogenic variants in Tumor proteion 63 (TP63)
or Interferon regulatory factor 6 (IRF6) or Poliovirus receptor-related protein 4 (PVRL4) genes.34%
Biallelic variants in Receptor-interacting protein kinase (RIPK4) also cause a genetic syndrome
characterized by ectodermal derivates defects, variably associated to craniofacial (ankyloblepharon,
cleft lip and/or palate, oral synechiae), limbs (pterygia), and/or genital anomalies.3® Distinct mutations
in RIPK4 are associated with clinical variability ranges from an early lethal phenotype observed in
Bartsocas-Papas syndrome (BPS or autosomal recessive Popliteal Pterygium Syndrome - PPS;
OMIM#263650) %7 to the milder form termed Curly Hair, Ankyloblepharon, and Nail Dysplasia
(CHAND; OMIM#214350).394° RIPK4 is a member of the RIP serine/threonine kinase family,
widely expressed in embryonic and mature tissues and key regulators of cellular response, host
defense and skin barrier integrity.** Structurally, RIPK4 is organized in two domains: the highly
conserved N-terminal region, composed of a catalytic N-lobe and regulatory C-lobe; and the C-
terminal region, consisting of a protein-protein interaction domain with 12 ankyrin repeats, which
modulate RIPK4 function and specificity. RIPK4 exists in three distinct forms: underphosphorylated,
phosphorylated and hyper-phosphorylated. The protein is initially synthesized as an
underphosphorylated soluble form that is quantitatively converted to a detergent-soluble protein, at
least in part, by the intrinsic catalytic activity of kinase domain itself.*? Through its kinase activity,
RIPK4 phosphorylates IRF6, leading the latter to nuclear translocation and trans-activator function.
To note, RIPK4 and IRF6 were known to operate in the same biological processes important for the
induction of keratinocyte differentiation.*®

In turn, their expression, together with that of several components of junctional complexes, is
controlled by p63, the master regulator of epidermal development.444°

In this work we characterized two siblings seen in our disease outpatient clinics and seeking for a
genetic diagnosis of their disorder. They showed novel biallelic mutations in RIPK4 leading to a
distinct EDs dominated by hair and nail anomalies, cutaneous syndactyly and hyperkeratosis a
phenotype similar to that observed in patients with mutation in PVRL4. So, the aim of this study was

to show the pathogenetic effect of these two new variants and to decipher the etiopathogenetic
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mechanism underlying the clinical convergence of the phenotypes derived from mutations in RIPK4,
PVRL4 and observed in EDs.

2.1 Results

2.1.1 Patients and genetic analysis

The proband is a male individual seen at 32 years of age displaying early scalp alopecia, sparse, curly
and brittle hair with tendency to break. At birth, cutaneous syndactyly affecting digits 3-4 was
evident, while he was told by his parents to be born with closed eyes and that the thin line of skin that
joined the eyelids had been surgically removed at birth. His younger sister, seen at age of 27 years,
suffered from an overlapping phenotype dominated by abnormal, brittle, uncombable and sparse hair,
nail dysplasia and cutaneous syndactyly of hands and feet. Her nose was large with broad base and
distinctive pseudo-cleft starting from the nostrils were evident. The skin was thin and dry with
hyperkeratosis observable at the skin folds of the hands and at the soles (Figure 6). The siblings were
born from non-consanguineous healthy parents. Based on the patients’ clinical manifestations
compatible with EDs, in particular with Ectodermal Dysplasia Syndactyly Syndrome (EDSS1,
OMIM#613573), PVRL4 gene was first analyzed by Sanger sequencing, and disease-causative
mutations were excluded. Since the EDs show a spectrum phenotypic resulting from mutations in
several genes, we decided to carry out a clinical exome sequencing in order to generate datasets from
constitutive DNAs of both affected siblings and identify variants in known disease-causative genes.
The variant filtering process led to the identification of 37 single nucleotide variations shared by the
siblings in 9 distinct genes, including two heterozygous missense variants in the RIPK4 gene
(NM_020639.2): ¢.722G>A (p.Arg241His) in exon 5 and ¢.1283C>T (p.Pro428Leu) in exon 8
(Figure 7). These two variants were classified as damaging/deleterious by a variety of prediction
algorithms, including PolyPhen, SIFT and Provean. Sanger sequencing confirmed the inheritance of
the ¢.722G>A and ¢.1283C>T variants from their mother and father, respectively. Neither change
affected exon splicing as witnessed by normal exon 5 and exon 8 amplification by reverse

transcriptase (RT)-PCR analysis of the RNA purified from patient cultured keratinocytes.
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Figure 6. Clinical findings in RIPK4 mutated sibs. Clinical and histological presentation of the
affected siblings. Upper panels, images from the proband, lower panels from the younger sister,
showing early alopecia with sparse, curly, and brittle hair, cutaneous syndactyly affecting toes and/or
digits, dysplastic nails, hyperkeratosis observable at the soles and at the skin folds of the hands, broad
nasal base with pseudo-clefts starting from the nostrils, and oral synechiae. Histopathology of the
lesional skin from the plantar region of the proband shows epidermal hyperplasia with marked
hyperkeratosis and focal parakeratosis, initial spongiosis, and lymphocytic perivascular dermal
infiltrate. Hematoxylin-eosin staining. Scale bar 200 um.

31



| O

p.Pro428Leu /| p.Arg241His /

N R }

p.Arg241His /
p.Pro428Leu

p.Arg241His /
p.Pro428Leu

C.722G>A
4

GTGAAGGGCCACC?,CCCCGAGCTGCCGC
I:1
GTGAAGGGCCACC#CCCCGAGCTGCCGC

11:3

|
PRVAN

GTGAAGGGC CACC G CCCCGAGCT GCCGC

1:1

1:2

c.1283C>T
4

AAGATCCTGCAGC*®,GCAGGACGTGGACCT

AAGATCCTGCAGC

:GCAGGACGTGGACCT

AAGATCCTGCAGC*,GCAGGACGTGGACCT

ATCC TGCA

CC GC

AGGAC GTGG ACCT

Figure 7. Pedigree of the family and electropherograms showing the segregation of p.Arg241His

and p.Pro428Leu mutations. Arrow indicates the index patient (I1:1) from whom the plantar skin

biopsy (lesional) was obtained for histological, electron microscopy and immunofluorescence

analysis. Asterisks indicate patient (11:3) from whom the primary keratinocyte cell line was created.

On the right, Sanger sequencing chromatograms of exons 5 and 8 of RIPK4 gene (NM_020639.2)

showing the compound heterozygous variants (arrows)
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2.1.2 Effect of mutations on RIPK4 activity

Modeling studies of newly identified RIPK4 mutations showed that arginine 241 locates in the C-
lobe of the kinase domain that contains the dimerization site and regulates the kinase activity. The
interaction between Arg241 with other residues are crucial for protein stability and function of the
protein. We hypothesized that the loss of this interaction, due to the p.Arg241His mutation disrupts
both the tight interconnection network between the C-and N-lobe of the RIPK4 kinase domain and
the propensity to form active homo-oligomers. Instead, p.Pro428Leu falls in the ankyrin repeat and
lies in between two phosphodegron consensus sequences, recognized by ubiquitin E3 ligases.
Mutations in proline residue may alter the protein local conformation and impair the interface regions
that mediate interaction with regulatory kinases or the proteosomal complex. To ascertain the
pathogenicity of the two novel mutations, wild-type and mutated recombinant RIPK4 were
ectopically expressed in HEK293 cells. Expression of RIPK4 protein carrying the p.Arg241His
variant resulted in completely loss of the hyper-phosphorylated pool, suggesting that this mutation
inhibits the RIPK4 activity. Differently, the variant p.Pro428Leu variant only reduced the
autophosphorylation activity (Figure 8).

RIPK4-WT RIPK4
+ WT 241H 428L

ciPp -
e l — <«—Hyperphosphorylated form

Figure 8. Novel identified variants interfere with RIPK4 activity.

In vitro phosphorylation analysis showing impaired auto-phosphorylation of RIPK4 mutant proteins.
Myc-tagged wild-type (WT) and mutated (241H and 428L). RIPK4 recombinant proteins were
transiently expressed in HEK293 and the presence of the hyperphosphorylated form was assessed by
immunoblotting on total cell lysate using anti-Myc antibody. To confirm the hyperphosphorylated
status of RIPK4-WT protein, the cell extract was treated with calf intestinal phosphatase (CIP) before
immunoblotting (left panel). The data are representative of two independent experiments.
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2.1.3 Functional effect of the RIPK4 missense mutations on IRF6 and p63

The effect of RIPK4 mutations was investigated by evaluating activation and subsequent nuclear
translocation of the RIPK4 phosphorylation target, IRF6, following their co-expression in HEK293
cells. By western blotting, IRF6 was mainly detect in the cytoplasm of the mock co-transfected cells,
and an increased nuclear localization was observed in cells co-expressing wild-type RIPK4. However,
IRF6 nuclear translocation was significantly reduced when it was co-expressed with the mutant
RIPK4 proteins, either p.Arg241His or p.Pro428LeuFIG. These results indicate that the novel
identified RIPK4 mutations lead to functionally defective proteins. In particular, the p.Arg241His
abrogates the kinase function, while the p.Pro428Leu, even though still able to preserve RIPK4 kinase
activity, affects its ability to activate IRF6 and partially prevents IRF6 nuclear translocation (Figure
9a). In addition, while no significant differences were observed in TP63 expression at transcriptional
level, accumulation of p63 protein was revealed by western blotting in in vitro patient differentiating
keratinocytes, likely imputed to the reduced IRF6 activity (Figure 9b)

Consistent with the concept that p63 expression is principally restricted to cells with high proliferative
potential and is absent from the cells that are undergoing terminal differentiation*®, we found high
level of p63 protein and reduced expression of ectodermal differentiation marker (data not shown),
suggesting a defective terminal differentiation process in patients’ cells. Moreover, a strong reduction
of abortive cell colonies was observed, compatible with a reduced number of terminally differentiated
cells and augmented clonogenic potential, as demonstrated by the Colony Forming Efficiency assay
(Figure 9c). In conclusion, RIPK4 defective function in patient Kkeratinocytes affects

proliferation/differentiation pathways causing a dysfunctional p63/IRF6 regulatory loop.
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Figure 9. Novel identified variants interfere with RIPK4 activity.

a) In vitro IRF6 activation assay showing impaired activity of mutant RIPK4 proteins. HA-tagged
IRF6 protein was transiently co-expressed with Myc-tagged WT or mutated (241H and 428L) RIPK4
proteins in HEK293. Thirty hours after transfection, protein fractions enriched for nuclear or soluble
cytosolic components (nuclei and cytosol, respectively) were separated and analyzed by western
blotting using anti-HA antibody to evaluate the IRF6 subcellular distribution. Anti- Myc antibody
was used to confirm recombinant RIPK4 expression, anti-GAPDH and anti-Lamin B1 antibodies
were used as cytosolic and nuclear fractions loading controls, respectively. On the right, graphical
representation of the relative ratio between nuclear (active) and cytosolic (inactive) IRF6, calculated
on 4 biological replicates, is shown. p-values were calculated using two-tailed paired t-test. *p<0.05.
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b) Altered expression of keratinocyte differentiation markers in patient cells. Total protein extract
from patient (Pt) and control (CTR) primary keratinocytes grown in proliferative (P, low calcium) or
differentiating (D, 1.2 mM CaCl, for 72 hours) conditions were analyzed by immunoblotting with
the indicated antibodies. Protein loading was normalized by GAPDH protein levels. A representative
experiment out of 3 biological replicates is shown.

c) Clonogenic assay showing increased proliferative potential in RIPK4 defective keratinocytes.
Colony forming efficiency (C.F.E.) and percentage of abortive colonies of patient 11:3 primary
keratinocytes as compared to the average values obtained using cells derived from two different
control individuals matched by sex, age and passage numbers. On the right, representative plate
images of clonogenic assay.
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2.1.4 RIPK4 regulates PVRL4 gene transcription trough IRF6 activation

Given the overlap of patient clinical features with other EDs, in particular with EDSS1 caused by
PVRL4 (nectin-4) deficiency, nectin-4 expression, which is normally induced during keratinocyte
differentiation, was analyzed. Almost total absence was observed in patient’s plantar skin, while
membrane staining was detected in all suprabasal keratinocytes of the control skin biopsy (Figure
10a). However, E-cadherin appropriately decorated the cell borders indicating that adherens junctions
were assembled. Altered nectind expression was also confirmed in vitro differentiated keratinocyte
from patient biopsy, at protein level (Figure 10b). To establish whether a direct functional relationship
exists between RIPK4 and nectin-4, nectin-4 expression was analyzed in control and patient
keratinocytes treated with phorbol 12-myristate 13-acetate (PMA), a potent PKC activator that induce
keratinocyte differentiation through RIPK4. A significant increase in nectin4 level was observed in
normal human keratinocytes treated with PMA, concurrent with IRF6 induction and TP63 inhibition.
Interestingly, patient cells showed neither the TP63 reduction nor the nectin-4 and IRF6 induction,
supporting the hypothesis that nectin-4 expression is under RIPK4 control (Figure 10c). To obtain
further insights into the regulation of nectin-4 by RIPK4/IRF6 axis, nectin4 expression was analyzed
in IRF6-depleted primary keratinocytes. While nectind expression increased following calcium
induced differentiation in control keratinocytes, no induction was observed in cells silenced for IRF6
(Figure 10d). Taken together, these data indicate that PVRLA4 is a direct transcriptional target of IRF6.
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Figure 10. RIPK4 regulates transcriptional expression of PVRL4 through IRF6 activation.

a) Analysis of expression and localization of adherens junction markers in patient skin showing loss
of nectin-4 staining at cell-cell contact sites. Frozen sections of plantar skin obtained from an
unaffected individual (CTR) and patient I1:1 (Pt) were immunostained with anti-nectin-4 (N4) and
anti-E-cadherin (E-Cad) antibodies. In the control sample, both N4 and E-Cad preferentially stains
along cell—cell adhesion sites in all keratinocytes. In the patient skin, although a similar staining is
observed with E-Cad, nectin-4 expression is strongly reduced, and its distribution altered. Scale bars
20 um. b) Total protein extracts from patient (Pt) and control (CTR) primary keratinocytes grown in
proliferative (low calcium, P) or differentiating (1.2 mM CaCl, for 72 hours, D) conditions were
analyzed by immunoblotting with the indicated antibodies. Protein loading was normalized by
GAPDH protein levels. A representative experiment out of 3 biological replicates is shown. c)
Analysis of the effects of RIPK4 activation in human primary keratinocytes showing a functional
relationship between RIPK4 and PVRL4, IRF6 and TP63 gene expression. Relative PVRL4, IRF6 and
TP63 mRNA levels were evaluated by quantitative RT-PCR (RT-gPCR) in human primary
keratinocytes obtained from an unaffected individual (CTR) and patient 11:3 (Pt) after treatment with
the PKC activator, phorbol 12-myristate 13-acetate (PMA). Levels were normalized to GAPDH. The
relative expression values were determined via the AACt method. Average values +SD of 3
independent experiments is shown. Asterisks, significant differences (**, P<1072; *** p<1073:
*kx%  P<1074, One-way ANOVA multiple comparisons test with Bonferroni’s correction). d)
Analysis of the effects of IRF6 gene silencing in human keratinocytes showing loss of PVRL4
expression. Relative IRF6, PVRL4, and RIPK4 mRNA levels were evaluated by RT-gPCR in human
primary Keratinocytes transfected with IRF6-specific siRNA (silRF6), and cultured in vitro in
proliferating (low calcium, TO = 24 h after transfection) or differentiating conditions (T2 and T3 =
48 and 72 h after 2 mm CaCl2 supplementation, respectively). Transfection with a scramble sequence
(siICTR) was used as control. Levels were normalized to GAPDH. The relative expression values
were determined via the AACt method. Average values +SD of 3 independent experiments is shown.
Asterisks, significant differences (*, P < 1071; ** P < 1072; **** p < 1074, One-way ANOVA
multiple comparisons test with Bonferroni’s correction).
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2.1.5 Functional effects of the RIPK4 missense mutations on cell-cell
adhesion in patient keratinocytes.

Histological observation of lesional patient plantar skin by hematoxylin-eosin staining showed
epidermal hyperplasia, spongiosis and superficial dermal lymphocytic infiltrate (Figure 11a). Dilated
intracellular spaces, cell-cell adhesion interruptions and loosening of cell-cell cohesion, were features
observed in in vitro cultured patient keratinocyte colonies (data not show). None of these features
were previously reported in EDSS1 specimens suggesting that additional adhesion complexes could
be affected by mutated RIPK4. On the contrary, some phenotypic features, such as the thickening of
the plantar skin, dystrophic nails, altered hair follicle development/alopecia, were shared with a
disorder caused by biallelic mutations in plakophilin-1(PKP1), a crucial protein in maintaining
desmosomal integrity. Thus, we decided to investigate PKP1’s expression level by
immunofluorescent analysis, in both patients and control palmar skin (Figure 11b). A remarkably
reduction of PKP1 was observed, as also confirmed by transcript and protein analyses in in vitro
cultured keratinocytes from patient (Figure 11c). To have more data about the stability of desmosomal
plaque in the patients, we decided to investigate at least another two desmosomal adhesion molecules,
desmoglein (DSG1) and desmoplakin (DSP). So, we carried out an immunofluorescence analysis,
which showed a more diffuse DSGL1 staining in the patient lesional skin, compatible with the
widening of intracellular spaces between keratinocyte (Figure 11b). Regarding DSP, we observed a
more diffuse cytosolic staining at cell-cell junction (Figure 11b). In addition, in collaboration with
the Center of Microscopy at the University of L’ Aquila, we investigated the desmosome structure in
our patient skin and demonstrated an increase of the medium interspace, and a reduction of keratin
filaments crossing the desmosomes, suggesting an impaired cell-cell adhesion (Figure 11d). In
conclusion, mutations in RIPK4 result in structural perturbation of desmosomes, likely consequent to

altered PKP1 expression.
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Figure 11. Desmosomal defects in RIPK4 defective patients.

a) Histological analysis of patient lesional skin, showing focal loss of cell cohesion and widening of
intercellular spaces in the spinous layer. Higher magnification of the hematoxylin—eosin staining of
patient I1:1 plantar skin is shown. Spinous layer keratinocytes have lost their typical polygonal shape
and several micro-detachments are evident between the rounded cells (arrows). Insert: hematoxylin—
eosin staining of control plantar skin. Scale bar 20 um (scale bar of the miniature 100 pum).

b) Analysis of expression and localization of desmosomal markers showing altered expression and
distribution in patient epidermis. Frozen sections of plantar skin obtained from an unaffected
individual (CTR) and patient I11:1 (Pt) were immunostained with anti-plakiphilin-1(PKP1), anti-
desmoglein-1 (DSG1), and anti-desmoplakin (DSP) antibodies. In the control sample, both PKP1,
DSG1, and DSP preferentially stains along cell-cell adhesion sites in all keratinocytes. In the patient
skin, PKP1 staining intensity is strongly reduced and almost absent at cell-cell contact sites; DSG1
staining at cell membrane is outstretched suggestive of widening of intercellular spaces between
keratinocytes; DSP is aberrantly distributed and shows a diffuse staining in the cytoplasm. Scale bars
20 pm.

c) Analysis of PKP1 expression in primary keratinocytes showing reduced protein and mRNA levels
in patient cells. Total protein extracts from patient (Pt) and control (CTR) primary keratinocytes
grown in proliferative (low calcium, P) or differentiating (1.2 mM CacCl, for 72 hours, D) conditions
were analyzed by immunoblotting with the indicated antibodies. Protein loading was normalized by
GAPDH protein levels. A representative experiment out of 3 biological replicates is shown.
Analysis of PKP1 expression in primary keratinocytes showing a strong reduction of the transcript in
patient cells. Relative PKP1 mRNA expression, as determined by RT-qPCR using cDNA obtained
from primary keratinocytes of unaffected individual (CTR) and patient 11:3 (Pt) cultured in in
proliferative (P, low calcium medium) or differentiating (D, 1.2 mM CacCl; for 72 hours) conditions.
The relative expression values were determined via the AACt method. Average values = SD of 2
independent experiments is shown.

d) Transmission electron microscopy micrographs showing numerous wide intercellular spaces and
low electron-density patches, resembling vacuoles, in the proximity of cell borders in patient skin
(Pt). A representative micrograph of control patient 11:1 skin (CTR) showing well-preserved
ultrastructure is shown in the panel on the right. Scale bars 0.5 um.
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2.2 Discussion

In our work, we showed how the synergy among phenotype analysis, NGS strategy and functional
study lead to define a more detailed genotype-phenotype correlation and to establish a mutual
relationship and a molecular hierarchical among genes whose mutations result in a similar phenotype.
In the context of EDs we studied two siblings with cutaneous syndactyly, associated to hair defects,
alopecia, nail dysplasia and hyperkeratosis who were seeking for a diagnosis. Considering that a
similar phenotype was shown in patients with EDSS1, caused by biallelic mutations in PVRL4
encoding for the cell adhesion molecule nectin4 and representing a major constituent (together with
E-cadherin) of adherents junctions*’, we decided to analyze potential mutations in this locus.
Interestingly, PVRL4 gene was not mutated, whereas we identified novel RIPK4 biallelic variants.
These results expand the clinical spectrum seen in RIPK4-pathies. So far, homozygous missense
mutations located in the kinase domain or truncating variants result in early lethality (BPS
phenotype), while missense variants in the ankyrin repeats domain were found in survivors (featuring
cutaneous webbing across one or more major joints, cleft lip and/or palate). For the first time, we
reported a compound heterozygosity, i.e. p.Arg241His and p.Pro428Leu variants located in the kinase
domain and in the second ankyrin repeats of RIPK4, respectively, which give rise to an intermediate
phenotype. In fact, both our siblings displayed cutaneous syndactyly of hands and feet. To date such
phenotypic features were not described in patients with CHAND syndrome®*#%-#8(a less severe
disorder), while were present in BPS (more severe form). As recently reported on the NCBI archive
ClinVar, homozygosity mutations p.Arg241His are associated with BPS phenotype. Considering
these data, we can speculate that the combination of these two mutations are less deleterious probably
because the p.Pro428Leu and p.Arg241His mutation combination allows for partial functions of
RIPK4. In addition, since the phenotype here described overlaps with EDSS1, IRF6- and TP63-
pathies and with patients carrying biallelic mutation in PKP-1, we postulated the existence of a
regulatory mechanism between P63, RIPK4, IRF6, PKP-1 and PVRL4.3*° Indeed, our results extend
the description of the molecular framework involved in ectodermal morphogenesis and homeostasis,
that includes intricate feedback regulatory loops between transcription factors and protein kinases,
and downstream functional regulation of cell adhesion structures. Our data identify the p63-
dependent expression of both IRF6 and RIPK4 as the first mandatory step of the ectodermal-specific
differentiation program. Then IRF6 activation by RIPK4-dependent phosphorylation is necessary for
the degradation of p63, inhibits cell proliferation and activate transcription of epithelial differentiation
markers, including PVRL4/nectind. In parallel, RIPK4 regulates cell adhesion function by
phosphorylation of cell adhesion molecules (i.e. the desmosomal protein PKP1). p63, on the other

side, controls also the expression of several other molecules that take part to the cell-adhesion
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program (Figure 12). So, this work led to add nectin4 and RIPK4 as new players in the p63 and IRF6
network, clarifying the processes regulating the balance between proliferation and differentiation.
Moreover, these results extend the features associated to mild phenotype caused by RIPK4 mutation,
including syndactyly in this condition.
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Figure 12. Schematic representation of the link between RIPK4, p63, IRF6, and adhesion
molecules.

RIPK4 is part of the p63-IRF6 regulatory loop that control epidermal development and
proliferation/differentiation balance in skin homeostasis through a multistep regulation of the cell-
cell adhesion function. RIPK4, under the balanced control of p63 and IRF6 transcription factors,
phosphorylates and activates IRF6 protein, which in turn induces p63 degradation, reducing
proliferative potential of epithelial cells and inducing keratinocytes differentiation. Both p63, IRF6
and RIPK4 regulate expression or function (by phosphorylation) of cell adhesion molecules mainly
involved in adherens junction and desmosome assembly.
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2.3 Material and Methods

2.3.1 Genetic Investigation

Blood genomic DNA was submitted to clinical exome sequencing analysis (Trusight One panel,
Illumina, San Diego, CA, USA), using a NextSeq 500 platform, with 30x average sequencing
coverage. Read files were obtained from the Illumina platform through the manufacturer’s proprietary
software (Illumina Variant Studio Software v3.0). Variant annotation and prioritization have been
performed using the eVai platform (enGenome, Pavia, Italy). In particular, we selected for variants
predicted to alter protein products (exonic and splicing, non-synonymous SNVSs) presenting a minor
allele frequency (MAF) < 0.01 in GnomAD, EXAC, 1000GP, and ESP databases. Next, we excluded
polymorphic genes and genes harboring a single heterozygous variant. Finally, we focused on the
homozygous and compound heterozygous variants shared by both the affected siblings (n=37)
(Supplementary Tables 1 and 2). Among 9 genes harboring these 37 variants, the only disease-
causative gene implicated in a condition compatible with our patient phenotype was RIPK4, in which
two distinct missense changes were observed: ¢.722G>A (p.Arg241His) in exon 5 and ¢.1283C>T
(p.Pro428Leu) in exon 8. SIFT, PolyPhen and Provean predictors were interrogated to score the
pathogenicity of missense variants (Supplementary table 3). Both variants were validated and
segregated in family members by Sanger sequencing (Supplementary figure 1A). Mutation effects on
splicing were experimentally tested by reverse transcriptase (RT)-PCR analysis of the total RNA
purified from cultured keratinocytes of patient 11:3 using primers (F)-catggatggcctgtttggca (exon 3)
and (R)-ttggcattgttgagcagcag (exon 8) that amplify across mutation sites. The identity of the amplified

cDNA product was determined by Sanger sequencing.

2.3.2 Transient transfections, protein phosphatase treatment, and in vitro
IRF6 activation assay

HEK?293 cells grown to 70% confluence were transiently transfected with pCMV-Myc-RIPK4-wt,
pCMV-Myc-RIPK4-241H, pCMV-Myc-RIPK4-428L or an empty vector, using Lipofectamine 2000
reagent (Invitrogen) and following manufacturer’s instruction. Thirty hours after transfection cells
were harvested in Laemmly buffer and analyzed by western blotting. Cells transfected with pCMV-
Myc-RIPK4-wt were also lysed NP40 buffer (50 mM Tris pH 8.0, 150 mM NacCl, 1% NP40)
supplemented with Complete protease inhibitor cocktail (Sigma-Aldrich). Lysates were cleared by
centrifugation and treated with CIP (New England Biolabs), 100 units of enzyme in 50 pl. Treated
and untreated samples were incubated at 30 °C for 30 min and analyzed by western blotting. For the
IRF6 activation assay, pPCDNA-HA-IRF6 was co-transfected with pCMV-Myc-RIPK4-wt, pCMV-

45



Myc-RIPK4-241H, pCMV-Myc-RIPK4-428L or an empty vector. Thirty hours after transfection
cells were either fixed in 4% paraformaldehyde and processed for immunofluorescence or recovered
by scraping in ice cold fractionation buffer (250 mM Sucrose, 20 mM Hepes pH 7.4, 10 mM KCl,
1.5mM MgCI2, 1ImM EDTA, 1mM EGTA) supplemented with Complete protease inhibitor cocktail.
Cells suspension was then passed through a 25-gauge needle syringe 10 times (or until all cells were
lysed) and left on ice for 20 minutes. The fraction N, enriched for the nuclear components, was
recovered by centrifugation at 720 g (3,000 rpm) for 5 minutes at 4°C, while supernatants, containing
cytoplasm, cytoskeleton, membrane and mitochondria were collected as cytosolic fraction (Cy).
Pellets were resuspended in 0.5 volumes of 2x Laemmli sample buffer. Equal volume of N and Cy
fractions in Laemmli buffer were boiled 10 minutes at 95°C, separated on 10% SDS-PAGE, and
analyzed by western blotting. To evaluate the RIPK4 activity, nuclear localization of IRF6 protein
was assessed either by immunofluorescence (number of cells with nuclear IRF6 staining/total IRF6
positive cells ratio) or densitometric analysis of western blotting bands (nuclear IRF6/cytosolic IRF6

ratio).

2.3.3 Western blotting analysis

Protein samples in Laemmly buffer were run under reducing conditions, using 10% or 12% SDS-
polyacrylamide gels, transferred on nitrocellulose membrane and immunoblotted with indicated
primary antibodies. Specific signals were revealed using HRP-conjugated secondary antibodies and
detected with Amersham ECL Prime (GE Healthcare Life Sciences, Little Chalfont, UK). by using
Bio-Rad ChemiDoc Imaging System. Signals were analyzed and quantified by using ImageLab
software (Bio-Rad, Hercules, CA, USA).

2.3.4 Clonogenic assay

Primary keratinocyte from patient 11:3 and two control individuals matched for age, sex and number
of passages were seeded on irradiated 3T3-J2 feeder layer (10 3 cells/100 mm dish plate) and
incubated in keratinocyte medium for two weeks. Media was replaced every 3 days. Colonies were
then stained with 0.005% crystal violet dissolved in 20% ethanol solution. Colonies were counted
manually. Colony forming efficiency (C.F.E.) correspond to the number of colonies on the total 8
amount of plated cells (Number of colonies/Number of cells seeded) x100. Paraclones (abortive
colonies) were identified based on their peculiar morphology (very small, punctiform colonies,
formed by a small number of senescent and differentiated cells), and percentage of abortive colonies

was calculated as number of abortive colonies on the total number of colonies.
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2.3.5 IRF®6 silincing

Primary keratinocytes from healthy individuals were transfected with stealth siRNA duplexes
targeting human IRF6 (HSS105511-HSS105512-HSS105513) or siRNA negative control duplexes
(Invitrogen) using Lipofectamine RNAI Max reagent (Invitrogen) according to the manufacturer’s
instructions in KGM medium. Twenty-four hours after transfection (T=0) the cells were induced to
differentiate by supplementation with 1.2 mm Ca++for48(T=2)or72(T=3)h. At each time point, cells
were recovered and analyzed by western blotting and RT- gPCR. IRF6 silencing efficiency was

verified at mMRNA and protein levels.

2.3.6 RNA isolation and analysis

Total RNA was isolated from differentiated primary keratinocytes using TriZol® (Invitrogen)
according to the manufacturer's guidelines. RNA was reverse transcribed into cDNA using Super
Script 111 (Invitrogen) and analyzed by real-time RT-qPCR using either TagMan gene expression
assays (Applied Biosystems, Carlsbad CA, USA) or Sybrgreen Mastermix (Applied Biosystems).
Primer sequences are listed in Supplementary Table 4. The relative expression values were

determined via the AACt method. Experiments were run in triplicate.

2.3.7 Light microscopy and transmission electron microscopy

Tissue biopsies collected from the plantar skin of patient 11:1 and a control individual were washed
in phosphate- buffered saline (PBS) and immediately fixed in 2.5% glutaraldehyde (Agar Scientific,
Cambridge Road Stansted Essex, UK) in PBS. To allow a correct penetration of the fixative, all

samples were cut with a razor blade to a size of ~2 x 2 mm and stored with fresh glutaraldehyde

(2.5%/PBS) at 4°C for at least 48 days. Samples were, then, rinsed in fresh PBS (3 changes, 30 min
each in stirring), post-fixed with 1% osmium tetroxide (OsO4) (Agar Scientific, Stansted, UK) in
PBS for 1 h and rinsed again in PBS (1 % 30”). After that, biopsies were dehydrated in the ascending
series of ethanol, with the following subsequent passages: EtOH 30%, EtOH 50%, EtOH 70% (1 x
10%), EtOH 95% (2 x 10’) and EtOH 100% (4 x 15°). Following the immersion in propylene oxide
(PO) (2 x 20°) for solvent substitution, samples were infiltrated in PO/Epoxy resin (1:1) overnight,
embedded in the epoxy resin EMbed-812 (Electron Microscopy Sciences, 1560 Industry Road,
Hatfield, PA, USA) for 48 h at 60°C and sectioned using a Reichert-Jung Ultracut E ultrami- crotome.
Semi-thin sections (1 mm thick) were stained with Toluidine Blue, examined using light microscopy
(LM; Zeiss Axioskop) and photographed using a digital camera (Leica DFC230). Ultrathin sections

(60—-80 nm) were cut with a diamond knife, mounted on copper grids and contrasted with Uranyless
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and lead citrate (SIC, Rome, Italy). They were examined and photographed using Zeiss EM10 and
Philips TEM CM100 Electron Microscopes operating at 80 kV.
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Chapter 3: Phel42Leu in the GJB2 gene causes
Keratoderma-Deafness-Mucocutaneous Syndrome

3. Introduction

In this work, | focused on hereditary hearing loss caused by mutations in GJB2 gene codifying for
the connexin 26 (Cx26), a component of the Gap Junction. Gap Junctions are involved in cellular
communication important for the maintenance of tissue/organ homeostasis. Using this
communication, cells can perceive differences in environmental conditions and respond accordingly.
This concept could involve either sending a signal to neighboring cells to generate a coordinated
response or isolating groups of cells from the rest of the community to maintain tissue integrity. Gap

junctional channels link the cytoplasm of two cells, and provide a means for the exchange of ions (K+

and Ca2+), second messengers (CAMP, cGMP, and inositol 1,4,5-triphosphate (IP3)), and small

metabolites (glucose), allowing electrical and biochemical coupling between cells.>0-51

Gap junction channels are formed by connexin protein subunits, six of which combine to produce a
hemichannel.>> Two hemichannels from the plasma membranes of adjacent cells align in the
extracellular space to form a complete gap junctional channel.>® In addition, connexin hemichannels
can be functional in non-junctional membranes, allowing the exchange of solutes with the
extracellular space.>**° There are more than 20 connexin genes and nearly all cells in the body express
at least one type of these genes at some point during development and in adult life. For instance, Cx26
is highly expressed in cochlea, liver, skin, and placenta, while Cx46 and Cx50 are exclusively found
in the eye. Moreover, connexins show overlapping expression patterns where an individual cell
expresses more than one type of isoform. Cx26, Cx30, Cx30.3, Cx31, Cx43, and others, for example,
are found in keratinocytes®®, to note that Cx26 is only present in the palmoplantar epidermis layer.>’
Gap junction channels may be assembled from the same connexin, or a combination of different
connexins, depending on the cell type. Each connexin protein has four transmembrane domains (TM1
— TM4), connected by two extracellular loops (EC1 and EC2) and a cytoplasmic loop (CL).%® The N-
and C-termini of the protein extend into the cytoplasm of the cell.®® Two organs where connexins and
gap junctions are necessary for normal function are the skin and the inner ear.>® Mutations in connexin
genes have been linked to human hereditary diseases affecting both the epidermis and cochlea.>® Of
note, homozygosity mutations in GJB2 are almost exclusively associated with hearing impairment
(non-syndromic hearing loss) while heterozygous mutations have a pleiotropic effect (syndromic
hearing loss) and cause a spectrum of different, partly overlapping conditions known as Bart-
Pumphrey syndrome (BPS; OMIM #149200), Hystrix-like ichthyosis with deafness (HID; OMIM
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#602540), Keratitis-ichthyosis-deafness syndrome (KID; OMIM #148210), Keratoderma
palmoplantar with deafness (PPK; OMIM #148350) and Vohwinkel syndrome (VS; OMIM
#124500)%°. The aim of this work was to compare the phenotype of a patient carrying a heterozygous
variant in GJB2 and 4 subjects from 3 families found in the literature who carried the same

aminoacidic substitution.

3.1 Results

3.1.1 Patient description

A 41-year-old woman was examined for chronic recurrent dermatitis mainly characterized by
erythema, papules and plaques that healed leaving cicatricial sequelae, associated with bilateral high
frequency sensorineural hearing loss. Three days after her birth, she had been hospitalized for diffuse
severe erythematous lesions over the face (cheeks), lower limbs, inguinal and intergluteal skinfolds
associated with severe erythema of the oral mucosa (especially the hard palate) and perianal region.
She was discharged with a diagnosis of maculopapular exanthema. Recurrent episodes of intermittent
angular cheilitis were registered during childhood and adolescence together with intermittent
eruptions of scaly erythematous plaques, the most affected areas being neck, trunk, pubis and the
inguinal and axillary folds. Cyclosporine therapy was started after a diagnosis of psoriasis with
dramatic worsening of the disease. Premature loss of permanent teeth was recorded at 25 years. At
the age of 33 years, erythematous, scaly and edematous lesions with clearly defined borders were
noticed in the pubic area and inguinal folds, while erythematous papules and pustules involved the
trunk. A skin biopsy of a plague in the area of the mons pubis revealed epidermal hyperplasia,
hyperkeratosis with focal parakeratosis and a dermal infiltrate rich in lymphocytes and neutrophils,
with numerous spores, hyphae and pseudo-hyphae in the horny layer. Candida albicans was cultured
from this specimen and antimycotic therapy was started with limited improvement of lesions
attributable to candidiasis. Laboratory analyses revealed lymphocytopenia with decreased T-
lymphocytes CD4, CD8 and natural Killer cells. At last examination, aged 41 years, she showed
papulopustular acne lesions on the face (Figure 13a, b), erythematous papules on the trunk (Figure
13c, d), focal plantar keratoderma (Figure 14e) that contiguously extended to the Achille tendon
region (Figure 13f) and minimal hyperkeratosis on the palmar aspect of the first interdigital spaces

(Figure 13g, h). Hair, nails and sweating were not affected.
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Figure 13. Patient’s characteristics. (a, b) Papulopustular acne lesions on the face. (c, d)
Erythematous papules on the trunk. (e, f) Focal plantar keratoderma contiguously extending to the
tendon regions (transgrediens). (g, h) Minimal hyperkeratosis of the first interdigital spaces.
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3.1.2 Genetic investigations

Due to the association of keratoderma and hearing loss, Sanger sequencing analysis of the GJB2 gene
was started in the proband and revealed a single heterozygous nucleotide substitution c.426C>A,
absent in her parents supporting its de novo origin. This variant (rs397516877 in doSNP) was absent
in gnomAD database and caused the p.Phel42Leu change scored as “pathogenic” by prediction
systems such as MutationTaster, PolyPhen2 and Mutation Assessor. The Sanger sequencing is shown

in Figure 14.
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Figure 14: Identification of the GJB2 variant. Electropherograms of GJB2 exon 2 sequence
encompassing the ¢.426C> A variant, present at the heterozygote state in the proband and absent in

her parents (arrows).
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3.1.3 Comparation among features of patients with hearing loss and
unusual mucocutaneous findings due to Phel42Leu in GJB2

As reported in the literature, 3 families with 4 patients harboring this missense change existed: two
families had a ¢.424T>C nucleotide substitution and one the same ¢.426C>A variant identified in our
patient.®%1 At clinical comparison, phenotypic overlap was evident especially at neonatal age.
Indeed, most of the patients are described as neonates or infants, when the phenotype is particularly
manifested with unusual cutaneous and mucous manifestations resembling mucocutaneous
candidiasis being constantly seen. Dermatologic lesions were variably described as psoriasiform
dermatitis, erythematous macules, patches and plaques. Angular cheilitis was recorded in all patients.
Some individuals had inflammation of oesophageal mucosa. Squamous cell carcinoma of the hard
palate was registered once. Susceptibility to infections was common although laboratory
investigations, when conducted, excluded immune deficiencies. Interestingly, in our patient we
recorded lymphocytopenia with decreased CD4, CD8 and natural killer cells, which can at least in
part contribute to such susceptibility. Despite a number of common features observed among
p.Phel42leu mutated patients, some differences exist. In fact, palmoplantar keratoderma and
papulopustular acne have never been reported before, probably due to the very early age of the cases
previously described; interestingly, skin and mucosa biopsies of two other p.Phel42Leu patients

showed hyperkeratosis®®-5, while severe nodulo-cystic acne was described in KID.%?
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Table 2. Features of patients with hearing loss and unusual mucocutaneous findings due to Phel42Leu in GJB2

Characteristics

Patients

Family 1, Patient II;1

Family 2, Patient 1I;1

Family 3, Patient II;1

Family 3, Patient I;2

Family 4, Patient II;1

Reference

GJB2 gene (NM_004004.5)
Connexin 26 (NP_00399.2)
Inheritance

Age at description, years

Sex

Sensorineural hearing loss

Cutaneous involvement
Lesions at birth
Psoriasiform dermatitis
Acne with cicatricial sequelae
Palmoplantar keratoderma
Calcinosis cutis
Erythematous lesions

Whitish lesions

Skin histopathology
Hyperkeratosis
Parakeratosis
Acanthosis
Papillomatosis
Foci of acute and chronic

inflammation

Adnexal involvement
Alopecia
Nail dystrophy

Oropharyngeal involvement
Multiple dental lamina cysts
Teeth anomalies

Angular cheilitis
Gingivitis
Erythema, focal ulceration,
adherent white plaques
Endoscopy of upper
gastrointestinal tract

Inflammation of oesophageal
mucosa

Oesophageal stricture
Tumoral lesions

Squamous cell carcinoma
Recurrent infections

Other

Brown et al., 2003 (6)
c.424T>C
p.(Phel42leu)

Het; de novo

2

F
+

+

+ (both heels)

+ (periorificial, face,
trunk upper extremities
and diaper areas)

+ (orthokeratotic)

+ (focal)

+

+

+ (superficial derma
and epidermis)

+

+
+ (focal enamel
hypoplasia of primary
teeth)

+

+

+

+ (denuded and friable
mucosa)

+

+ (urinary tract
infections, perirectal
abscesses, otitis)
Iron deficiency
anaemia, reactive
thrombocytosis; mild
delay in myelination

Rednam et al., 2011 (7)

c.424T>C
p.(Phel42leu)
Het; de novo
6

F
+

NA
NA
NA
NA
NA

+ (esophagitis)

+ (hard palate)

+ (perirectal abscesses)

Ibanez et al., 2013 (8)
c.426C>A

p. (Phel42leu)

Het; mat

Birth

F
+

+ (intertriginous areas,
scalp)

+ (papules on the scalp and
upper limbs)

+ (epidermal and follicular)
4+ (epidermal and follicular)

+ (perifollicular
inflammatory infiltrate)

+
+

NA

+ (parakeratosis)

+ (2episodes of sepsis)

Double left excretory
renal system; anaemia
and transient neonatal
hypocalcaemia; cyst of
choroid plexus

Ibanez et al., 2013 (8)
c.426C>A
p.(Phel42leu)

Het; NA

23

F
+

+ (head, neck, trunk)

+ (external auditory canal,
|labial commissures and
subauricular areas)

NA
NA
NA
NA
NA

+

+ (oesophagocoloplasty)

Present case
c.426C>A
p.(Phel42leu)
Het; de novo
41

F
+

+
+
+ (adulthood)
+

+ (face, trunk, limbs,
periorificial)

+ (focal)

+ (superficial derma
and epidermis)

+ (premature loss of
permanent teeth)

+

+

+ (candidiasis)

Verrucous
haemangioma;
lymphocytopaenia with
decreased CD4, CD8
and natural killer cells

+ Present; — absent; het: heterozygous; mat: maternal; NA: not available; F: female; pat: paternal. In the family by Ibanex et al

in GJB2, transmitted this additional mutation to his daughter.
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3.2 Discussion

Here, we report a 41-year-old patient carrying a heterozygote mutation “p.Phel42Leu” in the GJB2
gene, displaying the association between distinct mucocutaneous phenotype with hearing loss. A
significant phenotypic overlap was evident among our patient and four patients from three additional
families. This study highlights how different mutations in a same gene (GJBZ2 in this case) can result
in distinct phenotypes with subsequent extra degree of complexity to make a diagnosis. Previously
studies showed that GJB2 mutations result in non-syndromic or syndromic hearing loss dependent
on the pattern of hereditary and the location of the mutations. Autosomal recessive mutations are
associated with hearing loss without skin involvement (non-syndromic hearing loss) probably
because of a simple loss of channel function altering only the cochlear intercellular communication®®-
64 and suggesting that loss of connexin function is not detrimental for the development and function
of the epidermis. On the other hand, autosomal dominant mutations showed an alteration or gain-of-
function provoking skin disorders and ectodermal dysfunction (syndromic hearing loss), as well as
deafness.®5%6-67-88 Moreover, regarding syndromic hearing loss, a correlation was emerged between
different syndromes and specific domain mutations of Cx26. Of note, variants causative of KID
syndrome map to CL, TM1 and EC1 domains of Cx26, involved in channel gating and regulation,
and rarely to TM2 domain.®® Variants underlying VS, BPS and PPK mostly map to EC1 and to
transition zone between EC1 and TM2, with sporadic cases affecting EC2 and CL domains’ (Figure
15).

Phel42 residue lies at the beginning of TM3 (residues 129-159) with its side chain protruding into
the membrane bilayers and being about 30 A distant from the pore shrinkage. Notably, closely located
mutations such as Thr135Ala or Vall53lle, also with side-chains buried in the membrane bilayers
and far from functional sites of the hemichannel, are associated to non-syndromic hearing loss. As
the p.Phel42Leu, these changes preserve the hydrophobic features of TM3 and are not predicted to
differently affect channel architecture and stability; accordingly, more subtle conformational
alterations might explain the different phenotypic consequences. We speculate that distinct mutations
in TM3 helix may differentially influence the conformation of CL domain, connecting TM2 and TM3
and altering the interactions with its substrates. In particular, Phel142 is in contact with Pro87, which
belongs to TM2 and disrupts its H-bond array inducing a bent of this structural element.
Consequently, a loosen interaction due to the p.Phel42Leu substitution may both alter the relative
orientation of TM2-TM3 and, indirectly, the CL conformational states. Notably, this structural feature
mediates the majority of protein-protein interactions of a connexin hemichannel, including those with

kinases (fundamental to regulate its open-to-close transition) and with other proteins necessary for
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anchoring to cytoskeleton.” In conclusion, this work helped to amply the clinical phenotype adding
two features, i.e. palmoplantar keratoderma and papulopustular acne, which were never been reported
in association with mutation in Phel42Leu in previous studies. In addition, we performed structural
studies to investigate the impact of mutations affecting distinct domains on specific phenotypic
features.
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Figure 15: Connexin-26 topology and mutated residues. This illustration displays the location of
amino acid residues in Cx26 relative to the membrane. Purple residues are not mutated. Blue amino
acids are mutated residues found in non-syndromic deafness and can be seen throughout the protein.
Brown residues represent amino acids mutated in syndromic deafness, which are generally found
within the N-terminus and first extracellular loop.
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3.3 Material and Methods

3.3.1 Sanger sequencing

Mutational screening of GJB2 (NM_004004.6) was performed by PCR amplification of purified
blood genomic DNA using primers encompassing the entire coding region of the gene (exon 2, 680
bp), followed by direct Sanger sequencing of the resulting PCR fragment. Primers used were (Fw)
5’-ccagagcaaaccgeccagag and (Rv) 5°-tcttaatctaacaactgggc.
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Conclusion

In this thesis, we emphasized the importance of a multidisciplinary approach consisting of clinic,
genetic and functional biology studies. These three fields are to be considered complementary to each
other since a clinical study without genetic and functional information is only a description of
symptoms in which there is a bias given by the physician’s specialization. On the other hand, NGS
approach allows to identify the mutations potentially involved in the development of the disease, but
without any proof of their pathogenicity.

In the past, clinicians considered genetic testing of limited diagnostic value, using such information
only if a definitive diagnosis was not given or if it had implications on future family planning. Often
the positive results of genetic test did not influence the clinical management of the patient. Thanks to
the potentiality of NGS, which allow the parallel sequencing of large multi-genes panels that may
describe a broader range of phenotypes, clinicians today are changing their point of view on the role
of genetics in patients’ care. Nowadays genetic testing may be useful for the evaluation of a clinical
case and helps to save time and money in identifying the etiology. An example of this synergy is
shown in this work, in which we identified new variants involved in the onset of LDS previously
associated with MSSE. Moreover, our study allowed to amplify the phenotypic spectrum associated
with mutations in RIPK4 and to broaden the p63 molecular network by adding nectin-4 as a new
player.

Lastly, our research led to expand the phenotype resulting from the same mutation in GJB2, found in
different patients. Our studies suggest that NGS may be incorporated into the medical healthcare
system in newborn and prenatal screening, in the presence of familial disorders. We are living in an
age of high healthcare costs and early detection of genetic disorders, carrier status, genetic
predispositions for cancer and cardiovascular disease could potentially reduce the healthcare costs.
On the other hand, the euphoria of the widespread use of the NGS applications to the clinical
diagnosis is combined with the awareness of emerging challenges, such as the validation of large
number of genetic variations detected. However, beyond this difficulty, NGS is paving the way
towards personalized medicine. Indeed, NGS has the potential to generate personalized
pharmacogenomics profiles predicting the effects of genes on the individual’s response to drugs. The
genetic makeup of patients is not completely identical and different genetic mutations can cause the
same disease and symptoms. Therefore, the correct diagnosis of a disease and the consideration of
the individual’s response to a therapeutic agent, which is genetically determined, is crucial. In
conclusion, it is paramount in the era of molecular medicine to understand the genetic bases of the

diseases and plan a personalized medical approach based on an individual’s genetic makeup.
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