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What's already known about this topic?  25 

To date, a great effort has been made to introduce  NGS prenatal diagnosis, both in 26 

noninvasive prenatal testing for the detection of aneuploidy associated to chromosomes 21, 18 27 

and 13
 
 and, in the latest studies, for single gene disorder analysis, and in invasive prenatal 28 

diagnosis for single gene disorder and whole exome or whole genome studies. 29 

 30 

What does this study add?  31 

We have introduced a new target resequencing NGS  approach in prenatal diagnosis for the 32 

screening of a wide range of genetic disorders.  33 

Our method is applicable to high-risk pregnancies when an ultrasound screening fails to show 34 

a definite clinical phenotype, when ultrasound indications must be supported by a molecular 35 

genetic diagnosis, or in cases where one or both parents are carriers of a genetic disorder. 36 

 37 

 38 

 39 

 40 

 41 

 42 
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In recent years, Next Generation Sequencing (NGS) has become an important tool, not only 44 

for gene discovery and research, but also for clinical diagnosis. Genetic diagnosis of rare 45 

disorders has developed considerably through the application of massively parallel 46 

sequencing methods. To date, a great effort has been made to introduce  NGS in noninvasive 47 

prenatal testing both for the detection of aneuploidy associated to chromosomes 21, 18 and 48 

13
1,2  
and, in the latest studies, for single gene disorder analysis

3,4
.   49 

Regarding invasive prenatal diagnosis, NGS has been applied to whole exome or whole 50 

genome studies
5,6
; however, in these cases NGS did not prove useful in routine clinical 51 

application, due to many factors, including the necessity of bioinformatics skills during data 52 

analysis, the large amount of  variants with uncertain clinical significance which were 53 

obtained, and the time required for analysis.  54 

We have introduced a new target resequencing NGS  approach in prenatal diagnosis, called 55 

Next Generation Prenatal Diagnosis (NGPD),   for the screening of a wide range of genetic 56 

disorders in high-risk pregnancies when an ultrasound screening fails to show a definite 57 

clinical phenotype, in cases where ultrasound indications must be supported by a molecular 58 

genetic diagnosis, or in cases where one or both parents are carriers of a genetic disorder.   59 

To the best of our knowledge, this is the first report that describes the use of a multi-gene 60 

NGS panel optimized for clinical prenatal diagnosis with a relatively fast turn-around time 61 

that can be multiplexed to allow simultaneous analysis of multiple samples. 62 

In this report the NGPD method was applied for the prenatal genetic diagnosis of Charcot 63 

Marie Tooth (CMT) disease in a fetus whose mother was affected by early onset CMT.  Of all 64 

the types of hereditary sensory-motor polyneuropathy, CMT syndrome is the most frequent. 65 

From a clinical point of view, the disorder is characterized by distal muscular atrophy 66 

associated with malformation of the feet, osteotendinous hyporeflexia and alterations in 67 

sensibility. Based on motor conduction velocity, it is possible to identify type 1 68 

(demyelinating form with a particularly reduced conduction speed) and  type 2 (axonal form 69 
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with a normal conduction speed). From a genetic point of view, many genes responsible for 70 

CMT have been identified, and transmission can be autosomal dominant, recessive or X 71 

linked.  72 

At the time of analysis, the twelfth week of gestation, the patient was still without a genetic 73 

diagnosis. The patient showed postural tremor, sensory impairment and distal muscle atrophy. 74 

Weakness and deafness were also present.  From the clinical and family history, we could 75 

assume a probability of an autosomal dominant-transmitted form of CMT syndrome. At the 76 

time of the ultrasound scan no clinical signs emerged. After genetic counseling, the patient 77 

underwent a chorionic villous sampling and parents’ blood samples were taken. After 78 

exclusion of any chromosomal microdeletions and microduplications associated with CMT 79 

disease, through aCGH analysis on CVS and mother’s blood, we used the NGPD method on 80 

the same DNA samples. . We proceeded directly to trio analysis, , followed by confirmation 81 

of any mutations identified on the fetus, to reduce time of prenatal diagnosis, which would 82 

otherwise have been delayed. 83 

Trio analysis was useful not only for identifying variants, but also for studying inheritance 84 

patterns. Variants were sorted for autosomal recessive, autosomal dominant, X-linked and de 85 

novo mode of inheritance.  86 

For the library preparation, we used the Trusight One Sequencing Panel (TSO, Illumina), 87 

which enriches for 62,000 exons of 4,813 genes.  The genes contained in this library were 88 

selected by Illumina according to the Human Gene Mutation Database (HGMD), Online 89 

Mendelian Inheritance in Man (OMIM) catalog, GeneTests.org, Illumina Trusight panels, and 90 

other commercially available sequencing panels. In our experimental laboratory conditions 91 

(NextSeq500 platform, 36 multiplexing samples) we reached a minimum target coverage 92 

value of 20X, using a 300 paired-end cycles. Each procedure was performed following the 93 

manufacturer’s instructions.  94 
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The use of TSO Panel made it possible to avoid the development of the library for each single 95 

gene of interest, thus avoiding a long and laborious development phase in the laboratory, so 96 

reaching a level of reliability higher than that obtained with the software usually utilized for 97 

the design of custom probes. The NextSeq500 platform  provides a primary data analysis. 98 

Basespace on site software (Illumina) performed the secondary analysis on the base calls and 99 

produced a Phred-like quality score (Qscore) generated by Real Time Analysis software 100 

(RTA) during the sequencing run. The Trusight one sequencing panel workflow performed 101 

the demultiplexing of indexed reads, generated FASTQ files, aligned reads to a reference, 102 

identified variants, and wrote output files for the alignment folder. Single nucleotide 103 

polymorphisms (SNPs) and short indels were identified using the Genome Analysis Toolkit 104 

(GATK), by default. GATK calls raw variants for each sample, analyzed variants against 105 

known variants, and then calculated a false discovery rate for each variant. Each single variant 106 

reported in the Variant Call Format (VCF) output file was evaluated for the coverage and the 107 

Qscore and visualized via an Integrative Genome Viewer (IGV). Based on the guidelines of 108 

the American College of Medical Genetics and Genomics, all regions that have been 109 

sequenced with a sequencing depth <30 were considered unsuitable for analysis. Furthermore, 110 

we established a minimum threshold in Qscore of 30 (base call accuracy of 99.9%). Our 111 

target genes, described in table 1, showed these parameters.  112 

After Trusight One library sequencing, the analysis was focused on a panel of genes, defined  113 

the NGPD panel (Table 1), that we selected for their direct association with Mendelian 114 

disorders,their clinical significance, severity and incidence in population. The disorders and 115 

groups of disorders included neuromuscular, cardiomyopathic, and osteochondroplastic 116 

diseases, and diseases involved in fetal development. The NGPD panel also includes genes 117 

associated to CMT disease,  since severe forms have an early onset.  118 

In order to carry out variant annotation, we used the Variant Studio software (Illumina) in 119 

combination with software developed in our centre (NGPD software, patent pending). For the 120 
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clinical significance of gene variants, NGPD software was created to filter the VCF to only 121 

pathogenic variants obtained from HGMD professional, ClinVar and the OMIM NCBI 122 

database; only pathogenic annotations were selected through VCF filtering by NGPD 123 

Software. Moreover, uploading  NGPD software only with the NGPD gene panel avoided the 124 

risk of incidental finding  linked to analysis of not selected genes or not yet characterized 125 

gene variants.         126 

We identified a missense mutation in gene MFN2 (OMIM 608507) c.1126A>G 127 

(NM_014874), p.Met376Val (NP_055689.1),  previously described as CMT2A2 (OMIM 128 

609260) disease causing
7,8
;
 
this mutation was present in heterozygous form both in the mother 129 

and her fetus and was absent in the father;  Sanger sequencing method confirmed the presence 130 

of the mutation (Figure 1). Given the autosomal dominant form of the pathology, the patient 131 

and her fetus were both found to be affected by CMT disease  type 2A2
9
. No other pathogenic 132 

mutation was found.  133 

During post-test genetic counseling, the patient was informed both regarding possible 134 

penetrance variability of CMT2 and, in case of the syndrome, about the probability of an early 135 

onset of pathological signs at same age as the mother (the second year of life). This was a 136 

crucial point since the early onset of the syndrome is strictly correlated to its severity. The 137 

patient chose to terminate the pregnancy. For further pregnancies, we suggested the patient 138 

have preimplantation genetic diagnosis.  139 

The NGPD was very suitable for prenatal diagnosis as it is compatible with the limited 140 

quantity and quality of the DNA extracted from the fetal sample through chorionic villous 141 

sampling, and, above all, with the times foreseen in prenatal diagnostics; indeed, the results 142 

are available after about two weeks and  reporting occurred during the fifteenth week of 143 

pregnancy. Moreover, the use of a high-throughput NGS platform, NextSeq500, has made a 144 

cost reduction possible. 145 
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The major advantage of using a commercial, not customized library, to study selected genes, 146 

is to avoid a long and laborious internal development validations phase in the laboratory, and 147 

thereby reaching a level of reliability which would be difficult to obtain with the software 148 

usually utilized for the design of custom probes.  149 

'The use of TSO for library preparation allows the customization of the NGPD panel for genes not 150 

analysed in the current version. Moreover, the NGPD software allowed filtering and analysis of 151 

only clear pathogenic gene variants, selected from the main annotation database, thereby 152 

excluding issues with reporting of variants with uncertain clinical significance, particularly in 153 

prenatal diagnosis. 154 

In a perspective for the future, our centre is currently running a pilot study on the application 155 

of NGPD in a low-risk population of pregnant women, aiming to identify the frequency of 156 

autosomal recessive diseases and their association with gene mutations responsible for lethal 157 

fetal disorders.   158 

 159 

 160 
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Table 1  191 

NGPD panel: genetic diseases are listed on the left and on the right the associated genes 192 

included in NGPD panel. 193 

GENETIC DISEASE ASSOCIATED GENES 

ACHONDROGENESIS, TYPE IA/TYPE IB  TRIP11/SLC26A2 

HYPOCHONDROGENESIS/ACHONDROG

ENESIS, TYPE II 

COL2A1 

ACHONDROPLASIA FGFR3 

ALAGILLE SYNDROME 1/TETRALOGY 

OF FALLOT 

JAG1 

APERT SYNDROME  FGFR2 

ATELOSTEOGENESIS, TYPE I FLNB 

ATAXIA-TELANGIECTASIA VARIANT  ATM 

BARDET-BIEDL SYNDROME 1 BBS1/BBS10 

BLOOM SYNDROME BLM 

CANAVAN DISEASE ASPA 

CARDIOFACIOCUTANEOUS 

SYNDROME 1 

BRAF 

CHARCOT MARIE TOOTH DISEASE                                           BSCL2, DNM2, EGR2, FGD4, FIG4, GARS, GDA

P1, GJB1, HSPB1, HSPB8,KIF1B, LITAF,LMNA, 

MFN2, MPZ, MTMR2, NDRG1, NEFL, PMP22, P

RPS1, PRX, RAB7A,SBF2, SH3TC2, TRPV4 

RHIZOMELIC CHONDRODYSPLASIA 

PUNCTATA, TYPE 1 

PEX7 
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COFFIN-LOWRY SYNDROME RPS6KA3 

CORNELIA DE LANGE SYNDROME 1 NIPBL 

CORNELIA DE LANGE SYNDROME 2 SMC1A 

COSTELLO SYNDROME  HRAS 

CROUZON SYNDROME  FGFR2 

DYSAUTONOMIA, FAMILIAL IKBKAP 

CORTICAL DYSPLASIA, COMPLEX, 

WITH OTHER BRAIN 

MALFORMATIONS 1 

TUBB3 

CAMPOMELIC DYSPLASIA WITH 

AUTOSOMAL SEX REVERSAL 

SOX9 

EHLERS-DANLOS SYNDROME, TYPE 

VIIC/TYPE I/AUTOSOMAL RECESSIVE, 

CARDIAC VALVULAR FORM/TYPE 

IV/TYPEVI 

ADAMTS2/COL1A1/COL1A2/COL3A1/COL5A1/C

OL5A2/PLOD1 

ELLIS-VAN CREVELD SYNDROME EVC 

EPIDERMOLYSIS BULLOSA SIMPLEX, 

DOWLING-MEARA 

TYPE/GENERALIZED 

KRT5/KRT14 

PHENYLKETONURIA PAH 

CYSTIC FIBROSIS CFTR 

GALACTOSEMIA GALT 

HOLT-ORAM SYNDROME TBX5 
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HYPOCHONDROPLASIA FGFR3 

HYPOPHOSPHATASIA, INFANTILE ALPL 

LISSENCEPHALY, X-LINKED, 1  DCX 

LISSENCEPHALY 3 TUBA1A 

JOUBERT SYNDROME 3/5/6/8/7/9/2 AHI1/CEP290/TMEM67/ALR13B/RPGRIP1L/CC2

D2A/TMEM216 

KABUKI  KMT2D 

MARFAN DISEASE FBN1 

MECKEL SYNDROME MKS1 

MICROCEPHALY ASPM 

MUCOLIPIDOSIS MCOLN1 

NAIL-PATELLA SYNDROME LMX1B 

NOONAN SYNDROME PTPN11/SOS1/KRAS/RAF1/BRAF/NRAS/CBL 

HOLOPROSENCEPHALY SHH/SIX3 

OSTEOGENESIS IMPERFECTA, TIPO 

I/II/III/IV/VII 

COL1A1/COL1A2/CRTAP/LEPRE1 

POLYMICROGYRIA TUBB2B 

POLYCISTIC KIDNEY DISEASE PKD1/PKD2/PKHD1 

PFEIFFER SYNDROME FGFR1 
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RETT SYNDROME MECP2 

SAETHRE-CHOTZEN SYNDROME TWIST1 

SECKEL SYNDROME ATR 

SMITH-LEMLI-OPITZ SYNDROME DHCR7 

DEAFNESS GJB2/GJB6 

SOTOS SYNDROME NSD1  

TAY-SACHS DISEASE HEXA 

TIROSINEMIA FAH 

TREACHER COLLINS SYNDROME TCOF1 

WILSON SYNDROME ATP7B 

ZELLWEGER SYNDROME PEX1 

 194 

  195 
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Figure 1 196 

MFN2 c.1126A>G on CVS sample: a. NGS result displayed by Integrative Genome Viewer 197 

(IGV); b.  variant confirmation by Sanger sequencing .    198 

                                                  199 

 200 

 201 
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What's already known about this topic?  25 

To date, a great effort has been made to introduce  NGS prenatal diagnosis, both in 26 

noninvasive prenatal testing for the detection of aneuploidy associated to chromosomes 21, 18 27 

and 13  and, in the latest studies, for single gene disorder analysis, and in invasive prenatal 28 

diagnosis for single gene disorder and whole exome or whole genome studies. 29 

 30 

What does this study add?  31 

We have introduced a new target resequencing NGS  approach in prenatal diagnosis for the 32 

screening of a wide range of genetic disorders.  33 

Our method is applicable to high-risk pregnancies when an ultrasound screening fails to show 34 

a definite clinical phenotype, when ultrasound indications must be supported by a molecular 35 

genetic diagnosis, or in cases where one or both parents are carriers of a genetic disorder. 36 

 37 

 38 
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In recent years, Next Generation Sequencing (NGS) has become an important tool, not only 44 

for gene discovery and research, but also for clinical diagnosis. Genetic diagnosis of rare 45 

disorders has developed considerably through the application of massively parallel 46 

sequencing methods. To date, a great effort has been made to introduce  NGS in noninvasive 47 

prenatal testing both for the detection of aneuploidy associated to chromosomes 21, 18 and 48 

131,2  and, in the latest studies, for single gene disorder analysis3,4.   49 

Regarding invasive prenatal diagnosis, NGS has been applied to whole exome or whole 50 

genome studies5,6; however, in these cases NGS did not prove useful in routine clinical 51 

application, due to many factors, including the necessity of bioinformatics skills during data 52 

analysis, the large amount of  variants with uncertain clinical significance which were 53 

obtained, and the time required for analysis.  54 

We have introduced a new target resequencing NGS  approach in prenatal diagnosis, called 55 

Next Generation Prenatal Diagnosis (NGPD),   for the screening of a wide range of genetic 56 

disorders in high-risk pregnancies when an ultrasound screening fails to show a definite 57 

clinical phenotype, in cases where ultrasound indications must be supported by a molecular 58 

genetic diagnosis, or in cases where one or both parents are carriers of a genetic disorder.   59 

To the best of our knowledge, this is the first report that describes the use of a multi-gene 60 

NGS panel optimized for clinical prenatal diagnosis with a relatively fast turn-around time 61 

that can be multiplexed to allow simultaneous analysis of multiple samples. 62 

In this report the NGPD method was applied for the prenatal genetic diagnosis of Charcot 63 

Marie Tooth (CMT) disease in a fetus whose mother was affected by early onset CMT.  Of all 64 

the types of hereditary sensory-motor polyneuropathy, CMT syndrome is the most frequent. 65 

From a clinical point of view, the disorder is characterized by distal muscular atrophy 66 

associated with malformation of the feet, osteotendinous hyporeflexia and alterations in 67 

sensibility. Based on motor conduction velocity, it is possible to identify type 1 68 

(demyelinating form with a particularly reduced conduction speed) and  type 2 (axonal form 69 
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with a normal conduction speed). From a genetic point of view, many genes responsible for 70 

CMT have been identified, and transmission can be autosomal dominant, recessive or X 71 

linked.  72 

At the time of analysis, the twelfth week of gestation, the patient was still without a genetic 73 

diagnosis. The patient showed postural tremor, sensory impairment and distal muscle atrophy. 74 

Weakness and deafness were also present.  From the clinical and family history, we could 75 

assume a probability of an autosomal dominant-transmitted form of CMT syndrome. At the 76 

time of the ultrasound scan no clinical signs emerged. After genetic counseling, the patient 77 

underwent a chorionic villous sampling and parents’ blood samples were taken. After 78 

exclusion of any chromosomal microdeletions and microduplications associated with CMT 79 

disease, through aCGH analysis on CVS and mother’s blood, we used the NGPD method on 80 

the same DNA samples. . We proceeded directly to trio analysis, , followed by confirmation 81 

of any mutations identified on the fetus, to reduce time of prenatal diagnosis, which would 82 

otherwise have been delayed. 83 

Trio analysis was useful not only for identifying variants, but also for studying inheritance 84 

patterns. Variants were sorted for autosomal recessive, autosomal dominant, X-linked and de 85 

novo mode of inheritance.  86 

For the library preparation, we used the Trusight One Sequencing Panel (TSO, Illumina), 87 

which enriches for 62,000 exons of 4,813 genes.  The genes contained in this library were 88 

selected by Illumina according to the Human Gene Mutation Database (HGMD), Online 89 

Mendelian Inheritance in Man (OMIM) catalog, GeneTests.org, Illumina Trusight panels, and 90 

other commercially available sequencing panels. In our experimental laboratory conditions 91 

(NextSeq500 platform, 36 multiplexing samples) we reached a minimum target coverage 92 

value of 20X, using a 300 paired-end cycles. Each procedure was performed following the 93 

manufacturer’s instructions.  94 

Page 17 of 27

http://mc.manuscriptcentral.com/pd

Prenatal Diagnosis



For Peer Review

5 

 

The use of TSO Panel made it possible to avoid the development of the library for each single 95 

gene of interest, thus avoiding a long and laborious development phase in the laboratory, so 96 

reaching a level of reliability higher than that obtained with the software usually utilized for 97 

the design of custom probes. The NextSeq500 platform  provides a primary data analysis. 98 

Basespace on site software (Illumina) performed the secondary analysis on the base calls and 99 

produced a Phred-like quality score (Qscore) generated by Real Time Analysis software 100 

(RTA) during the sequencing run. The Trusight one sequencing panel workflow performed 101 

the demultiplexing of indexed reads, generated FASTQ files, aligned reads to a reference, 102 

identified variants, and wrote output files for the alignment folder. Single nucleotide 103 

polymorphisms (SNPs) and short indels were identified using the Genome Analysis Toolkit 104 

(GATK), by default. GATK calls raw variants for each sample, analyzed variants against 105 

known variants, and then calculated a false discovery rate for each variant. Each single variant 106 

reported in the Variant Call Format (VCF) output file was evaluated for the coverage and the 107 

Qscore and visualized via an Integrative Genome Viewer (IGV). Based on the guidelines of 108 

the American College of Medical Genetics and Genomics, all regions that have been 109 

sequenced with a sequencing depth <30 were considered unsuitable for analysis. Furthermore, 110 

we established a minimum threshold in Qscore of 30 (base call accuracy of 99.9%). Our 111 

target genes, described in table 1, showed these parameters.  112 

After Trusight One library sequencing, the analysis was focused on a panel of genes, defined  113 

the NGPD panel (Table 1), that we selected for their direct association with Mendelian 114 

disorders,their clinical significance, severity and incidence in population. The disorders and 115 

groups of disorders included neuromuscular, cardiomyopathic, and osteochondroplastic 116 

diseases, and diseases involved in fetal development. The NGPD panel also includes genes 117 

associated to CMT disease,  since severe forms have an early onset.  118 

In order to carry out variant annotation, we used the Variant Studio software (Illumina) in 119 

combination with software developed in our centre (NGPD software, patent pending). For the 120 
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clinical significance of gene variants, NGPD software was created to filter the VCF to only 121 

pathogenic variants obtained from HGMD professional, ClinVar and the OMIM NCBI 122 

database; only pathogenic annotations were selected through VCF filtering by NGPD 123 

Software. Moreover, uploading  NGPD software only with the NGPD gene panel avoided the 124 

risk of incidental finding  linked to analysis of not selected genes or not yet characterized 125 

gene variants.         126 

We identified a missense mutation in gene MFN2 (OMIM 608507) c.1126A>G 127 

(NM_014874), p.Met376Val (NP_055689.1),  previously described as CMT2A2 (OMIM 128 

609260) disease causing
7,8
;
 
this mutation was present in heterozygous form both in the mother 129 

and her fetus and was absent in the father;  Sanger sequencing method confirmed the presence 130 

of the mutation (Figure 1). Given the autosomal dominant form of the pathology, the patient 131 

and her fetus were both found to be affected by CMT disease  type 2A29. No other pathogenic 132 

mutation was found.  133 

During post-test genetic counseling, the patient was informed both regarding possible 134 

penetrance variability of CMT2 and, in case of the syndrome, about the probability of an early 135 

onset of pathological signs at same age as the mother (the second year of life). This was a 136 

crucial point since the early onset of the syndrome is strictly correlated to its severity. The 137 

patient chose to terminate the pregnancy. For further pregnancies, we suggested the patient 138 

have preimplantation genetic diagnosis.  139 

The NGPD was very suitable for prenatal diagnosis as it is compatible with the limited 140 

quantity and quality of the DNA extracted from the fetal sample through chorionic villous 141 

sampling, and, above all, with the times foreseen in prenatal diagnostics; indeed, the results 142 

are available after about two weeks and  reporting occurred during the fifteenth week of 143 

pregnancy. Moreover, the use of a high-throughput NGS platform, NextSeq500, has made a 144 

cost reduction possible. 145 
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The major advantage of using a commercial, not customized library, to study selected genes, 146 

is to avoid a long and laborious internal development validations phase in the laboratory, and 147 

thereby reaching a level of reliability which would be difficult to obtain with the software 148 

usually utilized for the design of custom probes.  149 

'The use of TSO for library preparation allows the customization of the NGPD panel for genes not 150 

analysed in the current version. The use of TSO for library preparation allows the customization 151 

of the NGPD panel, integrating it with genetic diseases not reported in the current version. 152 

Moreover, the NGPD software allowed filtering and analysis of only clear pathogenic gene 153 

variants, selected from the main annotation database, thereby excluding issues with reporting 154 

of variants with uncertain clinical significance, particularly in prenatal diagnosis. 155 

In a perspective for the future, our centre is currently running a pilot study on the application 156 

of NGPD in a low-risk population of pregnant women, aiming to identify the frequency of 157 

autosomal recessive diseases and their association with gene mutations responsible for lethal 158 

fetal disorders.   159 

 160 

 161 
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Table 1  192 

NGPD panel: genetic diseases are listed on the left and on the right the associated genes 193 

included in NGPD panel. 194 

GENETIC DISEASE ASSOCIATED GENES 

ACHONDROGENESIS, TYPE IA/TYPE IB  TRIP11/SLC26A2 

HYPOCHONDROGENESIS/ACHONDROG

ENESIS, TYPE II 

COL2A1 

ACHONDROPLASIA FGFR3 

ALAGILLE SYNDROME 1/TETRALOGY 

OF FALLOT 

JAG1 

APERT SYNDROME  FGFR2 

ATELOSTEOGENESIS, TYPE I FLNB 

ATAXIA-TELANGIECTASIA VARIANT  ATM 

BARDET-BIEDL SYNDROME 1 BBS1/BBS10 

BLOOM SYNDROME BLM 

CANAVAN DISEASE ASPA 

CARDIOFACIOCUTANEOUS 

SYNDROME 1 

BRAF 

CHARCOT MARIE TOOTH DISEASE                                           BSCL2, DNM2, EGR2, FGD4, FIG4, GARS, GDA

P1, GJB1, HSPB1, HSPB8,KIF1B, LITAF,LMNA, 

MFN2, MPZ, MTMR2, NDRG1, NEFL, PMP22, P

RPS1, PRX, RAB7A,SBF2, SH3TC2, TRPV4 

RHIZOMELIC CHONDRODYSPLASIA 

PUNCTATA, TYPE 1 

PEX7 
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COFFIN-LOWRY SYNDROME RPS6KA3 

CORNELIA DE LANGE SYNDROME 1 NIPBL 

CORNELIA DE LANGE SYNDROME 2 SMC1A 

COSTELLO SYNDROME  HRAS 

CROUZON SYNDROME  FGFR2 

DYSAUTONOMIA, FAMILIAL IKBKAP 

CORTICAL DYSPLASIA, COMPLEX, 

WITH OTHER BRAIN 

MALFORMATIONS 1 

TUBB3 

CAMPOMELIC DYSPLASIA WITH 

AUTOSOMAL SEX REVERSAL 

SOX9 

EHLERS-DANLOS SYNDROME, TYPE 

VIIC/TYPE I/AUTOSOMAL RECESSIVE, 

CARDIAC VALVULAR FORM/TYPE 

IV/TYPEVI 

ADAMTS2/COL1A1/COL1A2/COL3A1/COL5A1/C

OL5A2/PLOD1 

ELLIS-VAN CREVELD SYNDROME EVC 

EPIDERMOLYSIS BULLOSA SIMPLEX, 

DOWLING-MEARA 

TYPE/GENERALIZED 

KRT5/KRT14 

PHENYLKETONURIA PAH 

CYSTIC FIBROSIS CFTR 

GALACTOSEMIA GALT 

HOLT-ORAM SYNDROME TBX5 

HYPOCHONDROPLASIA FGFR3 

HYPOPHOSPHATASIA, INFANTILE ALPL 
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LISSENCEPHALY, X-LINKED, 1  DCX 

LISSENCEPHALY 3 TUBA1A 

JOUBERT SYNDROME 3/5/6/8/7/9/2 AHI1/CEP290/TMEM67/ALR13B/RPGRIP1L/CC2

D2A/TMEM216 

KABUKI  KMT2D 

MARFAN DISEASE FBN1 

MECKEL SYNDROME MKS1 

MICROCEPHALY ASPM 

MUCOLIPIDOSIS MCOLN1 

NAIL-PATELLA SYNDROME LMX1B 

NOONAN SYNDROME PTPN11/SOS1/KRAS/RAF1/BRAF/NRAS/CBL 

HOLOPROSENCEPHALY SHH/SIX3 

OSTEOGENESIS IMPERFECTA, TIPO 

I/II/III/IV/VII 

COL1A1/COL1A2/CRTAP/LEPRE1 

POLYMICROGYRIA TUBB2B 

POLYCISTIC KIDNEY DISEASE PKD1/PKD2/PKHD1 

PFEIFFER SYNDROME FGFR1 

RETT SYNDROME MECP2 

SAETHRE-CHOTZEN SYNDROME TWIST1 

SECKEL SYNDROME ATR 

SMITH-LEMLI-OPITZ SYNDROME DHCR7 
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DEAFNESS GJB2/GJB6 

SOTOS SYNDROME NSD1  

TAY-SACHS DISEASE HEXA 

TIROSINEMIA FAH 

TREACHER COLLINS SYNDROME TCOF1 

WILSON SYNDROME ATP7B 

ZELLWEGER SYNDROME PEX1 

 195 

  196 
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Figure 1 197 

MFN2 c.1126A>G on CVS sample: a. NGS result displayed by Integrative Genome Viewer 198 

(IGV); b.  variant confirmation by Sanger sequencing.    199 

                                                  200 

 201 

 202 
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MFN2 c.1126A>G: a. NGS result displayed by Integrative Genome Viewer (IGV); b.  variant confirmation by 
Sanger sequencing.    
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