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“By definition, diseases without a name and, thus,
undiagnosed clinical conditions, are rare diseases”

Ségolène Aymé, Founder of Orphanet



▪ Affect <200 000 individuals (< 1:1.500)

▪ Affect <50 000 individuals (<1:2.500)

▪ Affect <5:10 000 individuals (<1:2.000)

Rare diseases’ definitions



▪ There are >7 000 RDs (and 300 rare tumors).

▪ >1:20 people affected.

▪ 1-2 million people affected in Italy?

▪ 30 million people affected in Europe.

▪ 350 million people worldwide.

▪ >50% of patients are children.

▪ 30% of patients has a life expectancy of <5 years.

▪ 90% are genetic diseases.

The rare diseases’ figures



Traditional genetic approaches to rare diseases



“Genetic testing is a type of medical test that identifies changes in chromosomes,
genes, or proteins. The results of a genetic test can confirm or rule out a suspected
genetic condition or help determine a person’s chance of developing or passing on a
genetic disorder”.

National Institute of Health, 2018



Impact of genetic testing

800 Kb

▪ Intellectual disability
▪ Hypotonia, muscles hypotrophy
▪ Microcephaly
▪ Convulsions
▪ Scoliosis
▪ MRI cerebral/cerebellar hypotrophy

dupXq12q13 - OPHN1 gene

▪ Retinal capillary
hemangiomas

▪ multiple bilateral
renal cell carcinomas

▪ cystic pancreatic
lesions

Von Hippel Lindau diseaase – VHL gene mutation

To make the diagnosis                                    To confirm a clinical diagnosis



Primary ciliary dyskinesia LMNA/C gene mutations

To address genetic heterogeneity                  To address genotype-phenotype correlations                    

Impact of genetic testing



Phenotype distribution in 3,973 annotated genes
(OMIM updated October 22nd, 2018)



Alport syndrome Triallelic Bardet Biedl syndrome

To address heterogeneity of inheritance models    To uncover the mechanisms of atypical inheritance

Impact of genetic testing



Impact of genetic testing

Adrenogenital syndrome – 21-hydroxilase deficiency Familial adenomatous polyposis 

To chose the more appropriate therapy                   Presymptomatic testing to avoid
inappropriate procedures



Management

Education

Impact of genetic testing

To provide accurate genetic counselling                          To predict the disease’s severity

X-linked nephrogenic diabetes insipidus (AVPR2 gene) Myotonic dystrophy 1  (DMPK gene)



Positional Cloning

Positional Candidacy

Functional Candidacy

The traditional approaches to genetic diseases have uncovered the molecular defect underlying a few
thousands Mendelian disorders. The progress has been relatively slow because of the small number of
informative families and limited information on the diseases’ mechanisms.



Management

Education

The rare diseases cornerstones

Diagnosis

Management

Research
Education

&
Information

Empowerment

~6000 reearch 
projects

Academia
Patients association

Orphanet

To gain control 
over the own live

 6 000 research 
projects
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Diagnostic delays and misdiagnosis 

▪ Average diagnostic delay: 7.6 years in USA; 5.6 years in UK

▪ 40% of patients are originally misdiagnosed.



Undiagnosed patients 

▪ 6% of RD patients remains undiagnosed (National Institute of Health).
▪ 40% of disabled children does not have a diagnosis (Roxby P, BBC News, UK, February 2nd, 2014).



Patients organisations (SWAN - Syndrome Without A Name)

USA

Australia

New Zeland

UK

Italy
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Why so many undiagnosed patients?

▪ The “rarity’s” figures (according to Orphanet):

~   100 RDs: prevalence between 5 to 1 in 10 000; 
~   250 RDs: prevalence between 1 in 10 000 to 1 in 100 000; 
~1 000 RDs: prevalence between 1in 100 000 to 1 in 1 million; 
>5 000: a few patients worldwide. 

▪ Absence of diagnostic “handles”. 
▪ Unusual presentation of a known disorder.
▪ Casual associations of two RDs.
▪ New diseases.



The Human Genome Project 
First draft June 26th, 2000

Craig Venter

Bill Clinton

Francis Collins

“Since year 2010 we will have genetic tests allowing 
to  address the individual risk to develop diseases”. 



Human Genome Project 
February 15-16, 2001

“… The complete human genome
sequence will facilitate the
identification of all genes that
contribute to disease.”



The genetic (technological) revolution
During the last 18 years, the genetic revolution has cut down 

by a figure of about 250 000 times, the duration and costs of genomic analyses



The NGS impact onto gene discovery 
Boycott et al, Am J Hum Genet, 2017; 100:695-705



Number of Entries in OMIM (Updated November 6th, 2018) 

MIM Number Prefix Autosomal     X-Linked    Y-Linked     Mitochondrial       Totals

Gene description 15,174 731 49 35                 15,989

Phenotype description, 
molecular basis known 4,999 327 4 31 5,361

Phenotype description or locus, 
molecular basis unknown 1,447 124 4     0 1,575

Other, mainly phenotypes with
suspected Mendelian basis 1,653 105 3 0 1,761

Genes, diseases and disease-genes



NGS approaches to disease-gene discovery and diagnostics

Adams and Eng, NEJM 2018;379:1353-62



Bioinformatic workflow 
(5 hours)

Experimental workflow
(3 days)

Whole exome sequencing (WES) workflow



WES data processing, reads alignment, and variants call lead to thousands of variants

~ 40-100,000 variants

- Recurrence
- Functional impact 
- Associated clinical data
- Pathways and processes
- Expression
- Data from animal model

WES data analysis

Alignment

Assumptions
▪ Mutations affect CDS. 
▪ Mutations are rare, likely private. 
▪ Mutations are expected to have

functional impact.

Analysis
▪ Focused on known disease genes. 

▪ Extended to all annotated genes.

Models
▪ Autosomal dominant
▪ Autosomal recessive
▪ X-linked dominant
▪ X-linked recessive
▪ Postzygotic
▪ Structural
▪ Digenic
▪ Imprinted
▪ Mitochondrial

Functional annotation



▪ 123 probands/trios

▪ undiagnosed diseases/complex phenotypes

▪ Unsolved by high resolution array-CGH & targeted gene analyses

▪ Average diagnostic delay: 7 years

The OPBG pilot research-project on undiagnosed patients 
(years 2013-2015)



Results of the OPBG pilot UND study



▪ Up to year 2015

- 150 disease-genes routinely available for diagnosis

▪ From 2016 onwards

- 2 436 genes routinely analysed
- Panels available for analysing 41 diseases’ groups

- Clinical exome (mendeliome):  
> 6 800 genetic diseases 

Impact of the pilot UND study onto the OPBG Genetic Diagnostic Laboratory



▪ Al clinical level: 

To validate WES/WGS/WTS as first-pass diagnostic tools and transfer  

them to clinical practice.

▪ At research level: 

To understand the molecular background of rare and newly recognized 

Mendelian disease.

2016-2018

The OPBG 2016-2018 «UND patients program»
Major goals and concepts



Online medical advice

vs

Face-to-face clinical assessment

Opening of the first Italian outpatient clinic for patients affected by undiagnosed diseases  
At the St Paul out-patient clinic an innovative track to shorten the diagnostic and management  procedures

▪ 350 patients evaluated each year.
▪ Average age: 12yr.
▪ Average time required to conclude a clinical case:

6 mo. from first evaluation.



Partner

Associated

The Italian Clinical genetic experts’ teleconsultation network



The OPBG flow-chart for UND patients



Study sessions (Oct 2016 - Sept 2018), N=58
Discussed cases, N=652 (591 patients)

Clinical assessment   SNP/CGH array analysis,
N=149 (25%)                                  clinical exome/gene panels,

N=201 (34%)

WES, N=241 (41%)

The OPBG UND program
Cohort and selection of cases



Multidisciplinary teleconsultations (Oct 2016-Sept 2018)



The OPBG UND program
WES results

unsolved

new putative 
disease-genes

new 
disease-gene

known
disease-genes

digenic

structural event



FN1 (MIM #135600)
(het. c.367T>C, de novo, 
p.Cys123Arg; NM_212482.2)

The OPBG UND program: new disease-gene (OMIM 184255)
Spondylometaphyseal dysplasia, Sutcliffe type

Fibronectin-1, high molecular weight glycoprotein, present on cell surfaces, in extracellular fluids, connective tissues, and basement membranes

▪ Skeletal dysplasia

▪ short stature

▪ scoliosis

▪ vertebral anomalies, 
irregular metaphyses 
with «corner fractures»

▪ facial asymmetry

▪ dysplastic ears.



The OPBG UND program: new diseases
Aberrant microtubule dynamics and neurodegeneration

OMIM 604934
PEAMO

Progressive Encephalopathy, 
Amyotrophy, Optic Atrophy

OMIM 617193
PEBAT

Progressive Encephalopathy, 
Brain Atrophy, Thin Corpus 

Callosum



The OPBG UND program: new disease (FEIGH syndrome)
Facial dysmorphism, Epilepsy, Intellectual disability, Gingival hypertrophy, Hypertrichosis

Potassium Channel, Subfamily K, member 4; KCNK4

c

M = transmembrane helices
P  = pore domain 

Molecular Dinamic simulations

Radius of 
a methane
molecule



In total: 20 novel disease-genes, 14 new diseases

The OPBG UND program
Major research outputs
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▪ Analyzed genes per sample: 6 800

▪ Analyzed patients (trios): 478

▪ Solved cases 310 (65%)

Clinical exome in the OPBG genetic diagnostic laboratory
(Jan 2016 - Oct 2018)



▪ Male 7 year-old.
▪ Microcephaly, facial dysmorphism.
▪ Pectus excavatum, scoliosis.
▪ Hands’ camptodactyly, toes syndactyly, varus-supinatus right

forefoot, valgus-pronate left forefoot.
▪ MRI: hypoplasic corpus callosum and cerebellar vermis,

enlarged cerebral ventricles and periencephalic spaces.
▪ Atrial septal defect, persistent left superior vena cava.
▪ Bilateral optic and chorio-retinal atrophy.
▪ Severe mental retardation; unable to walk unsupported,

absent speech.

Clinical exome
Diagnosis attained in a complex patient

A) RMB10 (RNA Binding Motif) gene, mature
protein, and localization of pathogenic
variants; under: RBM10 domains (pale blue
segments).
B) Family pedigree; electropherograms of
RMB10: control DNA, c.1999_2000delAG
variant in proband’s and maternal DNAs, and
in maternal RNA. Agarose gel of
trascriptomic analysis (normalized with
GAPDH expression - 222 bp): RBM10
expression is not visible in the proband,
while it is visible in the mother and in two
controls (484 bp).



TARP syndrome



Clinical exome
Diagnosis reconsidered

▪ Two foetus with IUGR
▪ Hypoplasic thorax and lungs,

short ribs, hypoplasic long
bones, slightly bowed humeri
and femurs

▪ Intestinal dilatation in the 1st
foetus

▪ Abnormal right kidney with
cystic tubular dysplasia in the
2nd foetus.

NGS analysis of foetal DNA
performed in Germany.
The panel included 17 genes
related to short ribs skeletal
dysplasias:
NEK1, TTC21B, IFT1T2, IFT80,
DYNC2H1, DYNC2D1, KIAA0586,
WDR19, WDR35, IFT140,
WDR80, WDR34, CEP120, EVC,
EVC2, IFT122, IFT43.

No pathogenic variant detected.
c.258+2T>C c.184A>T; p.(Lys62Ter)

SBDS gene associated with Shwachman-
Diamond syndrome (OMIM260400)



Clinical exome
Identification of a new genotype-phenotype correlation 

▪ Growth retardation 
prenatal onset

▪ Delayed psychomotor 
development

▪ Facial dysmorphism 
(Kabuki-like syndrome)

▪ Hypoplasic 
adenohypophysis, 
absent neurohypophysis CDON: c.2906T>G; p.Val969Gly 

CDON (cell adhesion associated, oncogene
regulated) gene codes a membrane protein which
binds SHH and activates the signalling pathway.
Participates in CNS development and in
oligodendrocytes differentiation.



Diagnostic rates based on WES in classes of paediatric genomic diseases 

Wright CF et al, Nature Reviews Genetics, 2018;19:253-268



A new paradigm for patients affected by undiagnosed rare diseases 
The decreasing cost of genotyping information

Lu JT et al, NEJM, 2014;371:593-6



▪ Sub-cohort: 211 patients (1mo – 43ys).

▪ All investigations, procedures and inpatient/outpatient

assessments collected retrospectively by using the informative

system of the Bambino Gesù Children’s Hospital.

WES cost-effectiveness analysis 

▪ Costs of diagnostic procedures calculated based on the Italian NHS tabs:

http://www.salute.gov.it/portale/temi/p2_6.jsp?lingua=italiano&id=3662&area=programmazioneS

anitariaLea&menu=vuoto.

▪ Assessed parameters: total costs; minimum, maximum and average costs for each indicator; costs

of each year of diagnostic delay.

http://www.salute.gov.it/portale/temi/p2_6.jsp?lingua=italiano&id=3662&area=programmazioneSanitariaLea&menu=vuoto


Cost-effectiveness analysis (€)



The diagnosis’s impact

▪ To not feel alone, and, thus, to be part of a community.

▪ To obtain targeted genetic counselling.

▪ To access tools available for the genetic monitoring of
pregnancies at risk.

▪ Improvement of the disease’s management.

▪ Availability of personalised/precision medicine (in some
cases).



▪ NGS offers unique opportunities in translational medicine.

▪ WES has a high diagnostic yield when applied to undiagnosed patients (˃ 50% in our
UND OPBG).

▪ A significant proportion of cases carries mutations in novel disease-genes, but this is
highly dependent on patients’ enrollment criteria.

▪ Among cases with mutations in known disease-genes, a large fraction (>55% in UND
OPBG) manifests either an atypical presentation, or an allelic disorder, or has
mutation(s) in a recently identified disease-gene.

▪ Functional validation efforts (in vitro and in vivo) are mandatory to support the
causative role of mutation(s).

Take-home messages
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