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Relevancia test geneticos

Alrededor de 3 a 5 % de los embarazos presentan
alteraciones fetales estructurales en el screening
ecografico.

Causas: infecciosas, teratogénicas, genéticas.
Genéticas — 40% de las malformaciones congénitas.

La evolucidén de los test genéticos ha generado un
aumento progresivo de la tasa de diagndstico prenatal de
trastornos genéticos en los fetos portadores de
alteraciones fenotipicas detectadas en el tamizaje.




Test geneéticos
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Citogenética clasica:

- Variaciones i Genética molecular:
numéricas y Citogenética molecular: - Secuenciacién de primera
estructurales - Microdeleciones, generacion (Sanger) y Next

. variaciones desde duplicaciones (CNV) generation sequencing (NGS),
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Tipos de secuenciacion
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Secuenciacion por sintesis

A. Library Preparation
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NGS library is prepared by fragmenting a gDNA sample and
ligating specialized adapters to bath fragment ends.

B. Cluster Amplification

Flow Cell

Bridge Amplification
Cycles

Clusters

Library is loaded into a flow cell and the fragments are
hybridized to the flow cell surface. Each bound fragment
is amplified into a clonal cluster through bridge amplification.

https://www.illumina.com/content/dam/illumina-marketing/documents/products/illumina_sequencing_introduction.pdf



| C. Sequencing

Sequencing Cycles

B
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Digital Image

Data is exported to an cutput file l

Cluster 1 > Read 1: GAGT...
Cluster 2 > Read 2: TTGA...
Cluster 3 > Read 3: CTAG...
Cluster 4 > Read 4: ATAC... Text File

Sequencing reagents, including fluorescently labeled nucleo-
tides, are added and the first base is incorporated. The flow

cell is imaged and the emission from each cluster is recorded.

The emission wavelength and intensity are used to identify
the base. This cycle is repeated “n"” times to create a read
length of “n" bases.

D. Alignment and Data Anaylsis

ATGGCATTGCAATTTGACAT
TGGCATTGCAATTTG
. AGATGGTATTG
s GATGGCATTGCAA
GCATTGCAATTTGAC
ATGGCATTGCAATT
AGATGGCATTGCAATTTG

Reterence: | A ATEGTATTGCAATTTGACAT

Genome

Reads are aligned to a reference sequence with bioinformatics
software. After alignment, differences between the reference
genome and the newly sequenced reads can be identified.
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Clasificacion de variantes

Patogénica

Probablemente
patogénica

Incierta (VUS)

Probablemente
no patogénica

No patogénica

variantes notificadas previamente en pacientes con enfermedad
y/0 sobre las que se sospecha firmemente que son patégenas
segun estudios preclinicos

caracteristicas de secuencia que probablemente estén
implicadas en la patogénesis de la enfermedad pero para las
cuales no se dispone de pruebas concluyentes de patogenicidad

algunas caracteristicas que sugieren posibles consecuencias
funcionales, pero para las cuales no hay evidencia suficiente. ya
sea para un papel patégeno o benigno

aquellas para las cuales puede haber datos débiles en la literatura
médica que respalden la patogenicidad, pero para las cuales la
mayoria de la evidencia sugiere que el efecto de la variante es benigno

variantes genéticas que no se prevé que alteren

la expresion o funcidn genética




V. id f pathosenici

PVS1

S
PS1

PS3

Null variant (nonsense, frameshift, canonical +/-1 or 2 splice sites, initiation
codon, single or multi-exon deletion) in a gene where loss of function (LOF)
1s a known mechanism of disease

Caveats:

. Beware of genes where LOF is not a known disease mechanism (e.2. GFAP, MYH7)
. Use caution interpreting LOF variants at the extreme 3" end of a gene
. Use caution with splice variants that are predicted to lead to exon skipping but leave the remainder of the protein intact

. Use caution in the presence of multiple ranscripts

evidence of icity

Same amino acid change as a previously established pathogenic varant
regardless of nicleotide change

Example: Val->Leu caused by either G>C or G>T in the same codon
Caveat: Beware of changes that impact splicing rather than at the
amino acid/protein level

De novo (both maternity and patemnity confirmed) in a patient with the
disease and no family history

Note: Confirmation of paternity only is insufficient. Egg donation, surrogate
motherhood, errors in embryo transfer, eic. can contribute to non-
matemity

Well-established in vitro or in vivo functional studies supportive of a
damaging effect on the gene or gene product

Note: Functional studies that have been validated and shown to be
reproducible and robust in a clinical diagnostic laboratory setting are
considered the most well-established

The prevalence of the variant in affected individuals is significantly
increased compared to the prevalence in controls

Note 1: Relative risk (RR) or odds ratio (OR), as obtained from case-control

studies, is >5.0 and the confidence interval around the estimate of RR or OR
does not include 1.0. See manuscript for detailed guidance.

Note 2: In instances of very rare varants where case-control studies may
not reach statistical signi , the prior observation of the variant in
multiple unrelated patients with the same phenotype, and its absence in
controls, may be used as moderate level of evidence.

Moderate evidence of pathogenicity

PM1

PM2

PM5

Located in a mutational hot spot and/or criical and well-established
functional domain (¢ g. active site of an enzyme) without benign variation

Absent from controls (or at extremely low frequency if recessive) (see Table 6)

in Exome Sequencing Project, 1000 Genomes or EXAC

Caveat: Population data for indels may be poorly called by next generation
sequencing

For recessive disorders, detected in rans with a pathogenic variant
Note: This requires testing of parents (or offspring) to determine phase

Protein length changes due to in-frame deletions/insertions in a non-repeat
region or stop-loss variants

Novel missense change at an amino acid residue where a different
missense change determined to be pathogenic has been seen before

Example: Argl56His is pathogenic; now you observe Argl56Cys
Caveat: Beware of chanees that impact splicine rather than at the amino
acid/protein level

Assumed de novo, but without confirmation of paternity and matemity

S ine evid I

PP1

8

3

PP4

Co-segregation with disease in multiple affected family members in a gene
definitively known to cause the disease

Note: May be used as stronger evidence with increasing segregation data
Missense variant in a gene that has a low rate of benign missense variation
and where missense variants are a common mechanism of disease
Multiple lines of computational evidence support a deleterious effect on
the gene or gene product (conservation, evolutionary, splicing impact, etc)

Caveat: As many in silico algorithms use the same or very similar input for
their predictions, each algorithm should not be counted as an independent
criterion. PP3 can be used only once in any evaluation of a variant.
Patient’s phenotype or family history is highly specific for a disease with a
single genetic etiology

Reputable source recently reports varant as pathogenic but the evidence is
not available to the laboratory to perform an independent evaluation



Stand.A] id henseni

BAl Alkle frequency is above 5% in Exome Sequencing Project, 1000 Genomes,

or ExAC

S id ¢ bemien i

BS1
BS2

BS3

BS4

Allele frequency is greater than expected for disorder (see table 6)

Observed in a healthy adult individual for a recessive (homozygous),
donuinant (heterozygous), orX-hnlmd(hem:zygms)d:smdmmthfnll
penetrance expected at an early age

Well-established in vitro or in vivo functional studies shows no damaging
effect on protein function or splicing

Lack of segregation in affected members of a family

Caveat: The presence of phenocopies for common phenotypes (i.€. cancer,

epilepsy) can mimic lack of segregation among affected individuals. Also,
families may have more than one pathogenic variant contributing to an

autosomal dominant disorder, further confounding an apparent lack of Supporting evidence of benisn impact

®° ation.
eiee BP1

BP2

BP3

BP4

BP5
BP6

BP7

Missense variant in a gene for which primarily truncating variants are
known to cause disease

Observed in rans with a pathogenic variant for a fully penetrant dominant
gene/disorder; or observed in ¢is with a pathogenic variant in any
inheritance pattern

In-frame deletions/insertons in a repetitive region without a known
function

Muldple lines of computational evidence suggest no impact on gene or
gene product (conservation, evolutionary, splicing impact, etc)

Caveat: As many in silico algorithms use the same or very similar input for

their predictions, each algorithm cannot be counted as an independent
criterion. BP4 can be used only once in any evaluation of a variant.

Varant found in a case with an alternate molecular basis for disease

Reputable source recently reports variant as benign but the evidence is not
available to the laboratory to perform an independent evaluation

A synonymous (silent) variant for which splicing prediction algorithms
predict no impact to the splice consensus sequence nor the creation of a
new splice site AND the nucleotide is not highly conserved
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Other Data an alternate cause FH highly specific for

B8PS

gene PP4

5 P



Pathogenic

1 1 Very Smong (PVS1) AND
a. 2l Soong (PS1-PS4) OR
b. 22 Moderate (PM1-PMS) OR
c.  1Moderate (PMI-PMS6) and 1 Supporting (PP1-PP3) OR
d. 22 Supporting (PP1-PP5)

2 22 Soong (PS1-PS4) OR

3 1 Stong (PS1-PS4) AND
a. 23 Moderate (PM1-PM6) OR
b.  2Moderate (PM1-PM6) AND 22 Supporting (PP1-PP5) OR
c. 1 Moderate (PM1-PM6) AND 24 Supporting (PP1-PP5)

Likely Pathogenic

1 Very Strong (PVS1) AND 1 Moderate (PM1-PM6) OR

1 Strong (PS1-PS4) AND 1-2 Moderate (PM1-PM6) OR

1 Strong (PS1-PS4) AND 22 Supporting (PP1-PP5) OR

23 Moderate (PM1-PM6) OR

2 Moderate (PM1-PM6) AND 22 Supporting (PP1-PP5) OR
1 Moderate (PM1-PM6) AND 24 Supporting (PP1-PP5)

L L Y LV

1 1 Stand-Alore (BAL) OR
2 22 Soong (BS1-BS4)
Likely Benign
1 1 Stong (BS1-BS4) and 1 Supporting (BP1-BP7) OR
2 22 Supporting (BP1-BP7)

.
Vanants should be classified as Uncertam Significance if other critenia are unmet or the criteria for bendgn and pathogenic are contradictory.



Rendimiento Exoma

En poblacién adulta y pediatrica es diagnostico en un 25-29%
de las veces.

Estudios iniciales informaron un rendimiento prenatal entre un
50-80% — sesgo por cohortes pequenas y casos
seleccionados

Dos estudios prospectivos a larga escala reportan un
rendimiento prenatal entre un 8 a 10% en fetos con anomalias
fenotipicas con estudio previo con cariotipo y array normal.

Emms, A.; Castleman, J.; Allen, S.;Williams, D.; Kinning, E.; Kilby, M. Next Generation Sequencing after Invasive Prenatal Testing in Fetuses with Congenital
Malformations: Prenatal or Neonatal Investigation. Genes 2022, 13, 1517. https://doi.org

Petrovski S, Aggarwal V, Giordano JL, et al. Whole-exome sequencing in the evaluation of fetal structural anomalies: a prospective cohort study. Lancet.
2019;393:758-767.

Lord J, McMullan DJ, Eberhardt RY, et al. Prenatal exome sequencing analysis in fetal structural anomalies detected by ultrasonography (PAGE): a cohort study.
Lancet. 2019;393:747-757.

Monaghan KG, Leach NT, Pekarek D, Prasad P, Rose NC; ACMG Professional Practice and Guidelines Committee. The use of fetal exome sequencing in
prenatal diagnosis: a points to consider document of the American College of Medical Genetics and Genomics (ACMG). Genet Med. 2020 Apr;22(4):675-680. doi:
10.1038/s41436-019-0731-7. Epub 2020 Jan 8. PMID: 31911674.
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Whole-exome sequencing in the evaluation of fetal
structural anomalies: a prospective cohort study
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Summa

Badcgrouz:l Fetal strucural anomalies, which are detecred by ultrasonography, have a range of genedc Causes, (o joms 393 79-57
induding chromosomal aneuploidy, copy number vartadons (CNVs; which are detectable by chromosomal poissed 0.
microarrays), and pathogenic sequence vartants in developmental genes. Tesung for aneuploldy and CNVs is routine  Jsmsay 33, 2015
during the invesugavon of fetal structural anomalies, but there 1s litde tnformation on the dinical usefulness of ;""" “"""‘5”“‘“;’
genome-wide nextgeneratlon sequencing in the prenatal sening. We therefore aimed 1o evaluate the propordon of wm_m-m;»
fetuses with strucural abnormalitles that had idemifiable vartants in genes assoctated with developmental disorders = %= r= 717

when assessed with whole-exome sequencing (WES). So Comsominsit :; 7‘9&‘

Emms, A,; Castleman, J.; Allen, S.;Williams, D.; Kinning, E.; Kilby, M. Next Generation Sequencing after Invasive Prenatal Testing in Fetuses with Congenital
Malformations: Prenatal or Neonatal Investigation. Genes 2022, 13, 1517. https://doi.org

Petrovski S, Aggarwal V, Giordano JL, et al. Whole-exome sequencing in the evaluation of fetal structural anomalies: a prospective cohort study. Lancet.
2019;393:758-767.

Lord J, McMullan DJ, Eberhardt RY, et al. Prenatal exome sequencing analysis in fetal structural anomalies detected by ultrasonography (PAGE): a cohort study.
Lancet. 2019;393:747-757.
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Diagnostic yield of exome sequencing for prenatal diagnosis

of fetal structural anomalies: A systematic review and meta-
analysis

Rhiannon Mellis¥? @ | Kathryn Oprych® | Elizabeth Scotchman® | Melissa Hill*?
Lyn S Chitty'?

Revision sistematica y metaanalisis: 66 estudios, 4350 fetos.

Rendimiento para todas las anomalias congénitas 31%, con variaciones significativas
segun fenotipo fetal.

Esquelético: 53% (IC 95% 42-63%) p<0.0001 Craneofacial 9% (IC 95% 1-17%) p 0.02

Neuromuscular- Fetal akinesia deformation sequence 37% (IC 95% 20-54%) p<0.0001 RCF 4% (IC 95% -9 - 17%) p 0.59

Multisistema 29% (IC 95% 22-35%) p<0.0001 TN aumentada aislada 2% (IC 95% 0-5%) p 0.04
Hidrops/edema 22% (IC 95% 14-31%) p<0.0001 Gastrointestinal 2% (IC 95% -4 - 8%) p 0.5

SNC 17% (IC 95% 12-22%) p<0.0001 Respiratorio/Toracico 0% (IC 95% -7 -7%) p 1
Cardiolégico 11% (IC 95% 7-16%) p<0.0001 Pared abdominal 0% (IC 95% -31-31%) p 1

Nefrourolégico 9% (IC 95% 5-12%) p<0.0001

Mellis, R.; Oprych, K.; Scotchman, E.; Hill, M.; Chitty, L.S. Diagnostic yield of exome sequencing for prenatal diagnosis of fetal structural anomalies: A systematic review and meta-analysis. Prenat. Diagn. 2022, 42,
662-685.
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Tasa diagnéstica

Curso avanzado de diangésticio prenatal genético. Secuenciacion prenatal de nueva generacion (NGS). PhD. Ivon Cuscdé. Hospital de la Santa Creu i Sant Pau 2024. Curso
genética prenatal Clinic Barcelona.

Monaghan KG, Leach NT, Pekarek D, Prasad P, Rose NC; ACMG Professional Practice and Guidelines Committee. The use of fetal exome sequencing in prenatal diagnosis:
a points to consider document of the American College of Medical Genetics and Genomics (ACMG). Genet Med. 2020 Apr;22(4):675-680. doi: 10.1038/s41436-019-0731-7.
Epub 2020 Jan 8. PMID: 31911674.



Recomendaciones ACMG 2020 en el
uso de secuenciacion de exoma en el
diagnostico prenatal

1. Considerar WES en gestaciones con anomalia fenotipica
detectada ecograficamente y con cariotipo y array CGH normal.

2. Utilizar estrategia Exoma TRIO (mayor rendimiento diagndstico,
menor tiempo)

3. Consejeria pre-test: informar sobre hallazgos secundarios o
incidentales, paternidad.

4. No recomienda:
a. Reportar VUS en genes no relacionadas con fenotipo fetal
b. Reportar portacion de enfermedades recesivas.

Monaghan KG, Leach NT, Pekarek D, Prasad P, Rose NC; ACMG Professional Practice and Guidelines Committee. The use of fetal exome sequencing in prenatal diagnosis: a points to consider document of
the American College of Medical Genetics and Genomics (ACMG). Genet Med. 2020 Apr;22(4):675-680. doi: 10.1038/s41436-019-0731-7. Epub 2020 Jan 8. PMID: 31911674.



Limitaciones Exoma

- Dificultad en detectar grandes ganancias,
deleciones o translocaciones debido a las cortas
longitudes de lectura, a excepcion de realizar
exoma con analisis de CNV.

- Costo y disponibilidad

- Deteccidn de variantes como hallazgo
secundario o incidental

- Fenotipo fetal dinamico — alteraciones no
percibidas ecograficamente pueden cambiar la
interpretacion del examen en el periodo
postnatal.

Mone, F.; Abu Subieh, H.; Doyle, S.; Hamilton, S.; Mcmullan, D.J.; Allen, S.; Marton, T.; Williams, D.; Kilby, M.D. Evolving fetal phenotypes and clinical impact of progressive prenatal exome sequencing pathways: Cohort
study. Ultrasound Obs. Gynecol. 2022, 59, 723-730.
Chandler, N.J.; Scotchman, E.; Mellis, R.; Ramachandran, V.; Roberts, R.; Chitty, L.S. Lessons learnt from prenatal exome sequencing. Prenat. Diagn. 2022, 42, 831-844.



Exoma para CNV

Published online 4 June 2010 Nucleic Acids Research, 2010, Vol 38, No. 14 el5]
doi:10.1093 | nar| gk g3510

Using next-generation sequencing for high
resolution multiplex analysis of copy number
variation from nanogram quantities of DNA from
formalin-fixed paraffin-embedded specimens

Henry M. Wood"*, Omella Belvedere', Caroline Conway’', Catherine Daly’,

Rebecca Chalkley', Melissa Bickerdike', Claire McKinley', Phil Egan’, Lisa Ross’,
Bruce Hayward?, Joanne Morgan', Leslie Davidson®, Ken MacLennan®, Thian K. Ong®,
Kostas Papagiamopoulos", lan Cook’, David J. Adams®, Graham R. Taylor' and
Pamela Rabbitts’

NGS puede utilizarse para evaluar la presencia de CNV con un
alto rendimiento en muestras celulares, tumores congelados y
muestras fljadas en parafina, mediante multiplexacion de hasta
10 muestras en un carril de lllumina, logrando una fuerte
correlacion con los resultados obtenidos mediante array CGH.



Exoma en DNA libre fetal en sangre
materna

36 gestantes + parejas, con TN >5mm + anomalia fenotipica detectada en
ecografia de 1°-2°T.
Se realiz6 ES trio en DNA fetal libre en sangre materna.

Se comparo con resultados obtenidos en WES trio y WGS + CMA de los
MIisSMos casos.
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Miceikaité, I. , Hao, Q. , Brasch-Andersen, C. , Fagerberg, C. R., Torring, P. M. , Kristiansen, B. S. , Ousager, L. B., Sperling, L., Ibsen, M. H., Loser, K. &
Larsen, M. J. (2023). The New England Journal of Medicine, 389 (21), 2017-2019. doi: 10.1056/NEJMc2307918.



A Extraction of cfDNA and Exome Capture
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B Variant Detection and Benchmarking
Variant Allele Fraction in cfDNA from Representative Examples
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C Variant Interpretation

Other Potental Applications
Carrier Screening
Prenatal i | Genetic Testing for Clinically Relevant Variants
Stickler's Syndrome Terminal Deletion Carrier Variant: Phenylketonuria
Chromosome 12 Chromosome 7 Chromosome 12
" Splice variant in COL2A1 4-MB Deletion in Fetus NC_000012.12:g.102866632C-T
NC_000012.12:g.47982610C~T Observed from cfDNA NP_000268.1:p.Arg158GIn
NM_001844.5:c.2194-1G-A NC_000007.14:g.155368937-159327017del PAH 158
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Micrognathia Phenotype Multiple Anomalies Alt.




Exoma post mortem

- Test de segunda linea posterior a cariotipo y array negativo.

- En fetos de embarazos interrumpidos, ébito fetal, muerte neonatal.

« Estudios informan rendimiento entre 20 a 37% en muestras fetales
post mortem.

« RS concluye que % a ¥z de embarazos interrumpidos o muertes
perinatales se asocian a una causa identificable en WES/WGS.

Review > Genet Med. 2024 May 2:101159. doi: 10.1016/j.gim.2024.101159. Online ahead of print.

A systematic review to assess the utility of genomic
autopsy using exome or genome sequencing in cases
of congenital anomalies and perinatal death

Camille Schubert ', Joanne Milverton =, Stephen Goodall #, Tracy Merlin <
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PMID: 38704678 DOI: 10.1016/j.gim.2024.101159

Emms, A.; Castleman, J.; Allen, S.;Williams, D.; Kinning, E.; Kilby, M. Next Generation Sequencing after Invasive Prenatal Testing in Fetuses with Congenital Malformations: Prenatal or Neonatal Investigation.
Genes 2022, 13, 1517. https://doi.org

Quinlan-Jones, E.; Lord, J.; Williams, D.; Hamilton, S.; Marton, T.; Eberhardt, R.Y.; Rinck, G.; Prigmore, E.; Keelagher, R.; McMullan, D.J.; et al. Molecular autopsy by trio exome sequencing (ES) and postmortem
examination in fetuses and neonates with prenatally identified structural anomalies. Genet. Med. 2019, 21, 1065-1073.

Yates, C.L.; Monaghan, K.G.; Copenheaver, D.; Retterer, K.; Scuffins, J.; Kucera, C.R.; Friedman, B.; Richard, G.; Juusola, J. Whole-exome sequencing on deceased fetuses with ultrasound anomalies:
Expanding our knowledge of genetic disease during fetal development. Genet. Med. 2017, 19, 1171-1178.



Secuenciacion genoma: WGS

e Secuenciacion de 3 billones de pares de bases: exones e
intrones (genes no codificantes).

e Rendimiento diagndstico en evaluacion, se propone igual o
mayor al WES, con mayor incidencia de VUS, hallazgos
incidentales y secundarios.

e Interpretacion dificultosa por limitacién de conocimiento en
implicancias de variantes de zonas no codificantes.

e Detecta rearreglos estructurales (translocaciones, inversiones,
inserciones), CNVs largas (eliminaciones y duplicaciones) que
actualmente sélo son detectadas por Array.

Van den Veyver IB, Chandler N, Wilkins-Haug LE, Wapner RJ, Chitty LS; ISPD Board of Directors. International Society for
Prenatal Diagnosis Updated Position Statement on the use of genome-wide sequencing for prenatal diagnosis. Prenat Diagn.
2022 May;42(6):796-803. doi: 10.1002/pd.6157. PMID: 35583085.



Secuenciacion genoma: WGS

> Ultrasound Obstet Gynecol. 2024 May;63(5):658-663. doi: 10.1002/uog.27592.

Epub 2024 Apr 14.

Whole-genome sequencing in prenatally detected
congenital malformations: prospective cohort study
in clinical setting

E Westenius 1 2, P Conner 3 4, M Pettersson ' 2, E Sahlin ' 2, N Papadogiannakis 5 ¢,
A Lindstrand ' 2, E Iwarsson ! 2
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> Ultrasound Obstet Gynecol. 2024 May;63(5):664-671. doi: 10.1002/uog.27517.

Epub 2024 Apr 15.

Whole-genome sequencing analysis in fetal
structural anomalies: novel phenotype-genotype
discoveries

Q Qi Y Jiang®, X Zhou ™, Y Lii ™, R Xiao &, J Bai ®, H Lou®, W Sun®, Y Lian ®, N Hao ¥,
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Estudio prospectivo 50 casos con
malformaciones congénitas.

Se realizé6 WGS TRIO logrando
diagnostico molecular en un 26%
de los casos e identificando una
variante clinicamente significativa
en un 30% de los casos.

WGS TRIO en 17 fetos con
anomalias fenotipicas con
resultado negativo de ES y CMA.
Identificd variantes clinicamente
significativas en un 11,8%.



Flujograma estudio genético
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