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PURPOSE: Recent studies have identified suggestive prenatal features of RASopathies (e.g., increased nuchal translucency [NT],
cystic hygroma [CH], hydrops, effusions, congenital heart diseases [CHD], polyhydramnios, renal anomalies). Our objective is to
clarify indications for RASopathy prenatal testing. We compare genotype distributions between pre- and postnatal populations and
propose genotype-phenotype correlations.

METHODS: Three hundred fifty-two chromosomal microarray-negative cases sent for prenatal RASopathy testing between 2012
and 2019 were collected. For most, 11 RASopathy genes were tested. Postnatal cohorts (25 patients with available prenatal
information and 108 institutional database genotypes) and the NSeuroNet database were used for genotypic comparisons.
RESULTS: The overall diagnostic yield was 14% (50/352), with rates >20% for effusions, hydrops, and CHD. Diagnostic yield was
significantly improved in presence of hypertrophic cardiomyopathy (HCM), persistent or associated CH, any suggestive finding
combined with renal anomaly or polyhydramnios, or >2 ultrasound findings. Largest prenatal contributors of pathogenic variants
were PTPN11 (30%), RITT (16%), RAF1 (14%), and HRAS (12%), which considerably differ from their prevalence in postnatal
populations. HRAS, LZTR1, and RAF1 variants correlated with hydrops/effusions, and RIT7 with prenatal onset HCM.
CONCLUSION: After normal chromosomal microarray, RASopathies should be considered when any ultrasound finding of
lymphatic dysplasia or suggestive CHD is found alone or in association.
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INTRODUCTION occurring in 1:1,000 to 1:2,500 live births and probably more in

1,3,8,13

RASopathies are a family of genetic disorders caused by
dysregulated signal traffic through the Ras/mitogen-activated
protein kinase (RAS-MAPK) signaling pathway,'™ with more than
20 disease-associated genes identified thus far>” As part of a
common pathway, RASopathies share common clinical features
involving craniofacial, cardiovascular, and lymphatic anomalies, as
well as neurodevelopment and growth disorders.'? Other
recurrent features include genitourinary, cutaneous, hematologi-
cal and skeletal abnormalities, and cancer predispositions.'*2~°
Many genetic syndromes are part of the RASopathy spectrum,
including Noonan syndrome (NS), Noonan syndrome with multi-
ple lentigines (previously known as LEOPARD syndrome), Noonan-
like syndrome with loose anagen hair, Costello syndrome (CS),
cardiofaciocutaneous syndrome (CFCS), and other clinically related
disorders.>*'"'? Collectively, RASopathies are frequent genetic
conditions encountered in pre- and postnatal evaluations,

the prenatal setting.

Prenatal diagnosis of RASopathies can be challenging, mostly
because of their variable expressivity, as well as their nonspecific
prenatal presentation.®'*'® In recent years, efforts have been
made to clarify the prenatal phenotype of RASopathies and
suggestive ultrasound (US) findings have been delineated, namely
lymphatic dysplasia, such as increased nuchal translucency (NT),
increased nuchal fold (NF), cystic hygroma (CH), hydrops fetalis
(HF), ascites or thoracic effusions (TE), and other lymphatic
anomalies; congenital heart disease (CHD), such as valvular
dysplasia or hypertrophic cardiomyopathy (HCM); polyhydramnios
and renal anomalies.'"*>* Supporting US features have been
identified, including macrosomia, mild ventriculomegaly, macro-
cephaly, and short long bones.' In the presence of suggestive US
finding(s), previous studies estimated that pathogenic variants in
RASopathy genes could be detected in 6.7-21.7% of
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cases.'>16182224227 Those studies, however, did not provide
information regarding the prenatal findings considered as the
most suggestive of RASopathies, either alone'® or in association.?
Moreover, they had heterogeneous cohorts in terms of (1)
previous prenatal testing, as few studies excluded occurrence of
aneuploidies and chromosomal structural rearrangements that
have overlapping prenatal phenotypes with RASopathies;?'?%°
(2) patients tested, as many studies only included fetuses or only
live children; and (3) RASopathy genes tested, with earlier studies
testing for a limited number of genes.!>1618/1922:24-27

Prenatal diagnosis of RASopathies is important as it can improve
parental counseling and allow families to make informed
decisions with regard to pregnancy management, taking into
account treatment options, living with a child with a genetic
disorder, and availability of termination of pregnancy (TOP). It can
enable providers to anticipate and screen for complications
known to occur in pregnancies with RASopathies, like HCM, and
prepare the medical team for management of neonatal
complications.

The aim of this study was to establish which US findings are the
most suggestive of RASopathies in an effort to better define the
prenatal indications for RASopathy testing.

MATERIALS AND METHODS

Objectives

This study objective is to clarify the indications for RASopathy prenatal
testing by assessing as a primary outcome the diagnostic yields of
suggestive US findings. Our hypothesis is that lymphatic dysplasia and
suggestive CHD could motivate prenatal RASopathy testing, when isolated
or in association. Secondly, we aim to compare genotype distributions
between prenatal and postnatal cohorts, and evaluate prenatal
genotype-phenotype correlations.

Patients

This retrospective study is an international multicenter collaboration with
cases provided by Centre Hospitalier Universitaire Sainte-Justine, in
Canada, and the Medical Genetics Unit of the Fondazione IRCCS-Casa
Sollievo della Sofferenza, in Italy. The cohort consisted of 352 prenatal
cases: 205 Canadian cases evaluated between July 2012 and July 2018, and
147 Italian cases evaluated between 2016 and 2019. The inclusion criteria
were (1) fetuses referred to a prenatal genetics clinic because of US finding
(s) suggestive of RASopathy, namely edema/lymphatic dysplasia: increased
NT, increased NF, CH, HF, ascites or TE, including chylothorax, other
lymphatic anomaly; and/or CHD, such as valvular dysplasia or
HCM;'#161923:24 () exclusion of a chromosomal anomaly explaining the
US findings, by chromosomal microarray (CMA) (333/352) or karyotype (19/
352); and (3) molecular RASopathy genetic testing during pregnancy or
shortly after birth (for cases in which parents opted to postpone testing to
neonatal period).

Data collection was based on chart review. Clinical information provided
by the referring physician (“clinical indications for testing”) was collected
for the 352 fetuses (50 cases with positive result), whereas detailed US
findings, complete pregnancy longitudinal data (1st to 3rd trimester), as
well as neonatal outcome, were available for 312 fetuses (47 with positive
result). Data on clinical indications for testing were used to assess
diagnostic yields. See Supplementary Materials and Methods 1 for details
on phenotypic assessment and definitions.

A postnatal cohort of 25 children diagnosed molecularly with RASopathy
conditions based on their postnatal clinical presentation, between 2012
and 2018, with available prenatal data, and selected from the same
population as the prenatal cases, was added to obtain a wider spectrum of
phenotypes and genotypes. Using this cohort and the prenatal cases, we
attempted to determine if postnatal phenotype severity of RASopathy
patients could correlate with the timing of diagnosis. The scoring system
used to determine the postnatal phenotype severity is outlined in Table 3
and Table S1. Also, we accessed an institutional genotype database of 108
RASopathy patients analyzed postnatally between 2013 and 2020 at the
Italian Medical Genetics Unit, and the European Network on Noonan
syndrome and related disorders (NSEuroNet) database3® on gene-specific
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variant distribution in the general RASopathy population, to compare pre-
and postnatal genotype frequencies.

Molecular analysis

Eleven percent (38/352) of the study cohort was tested for 9 genes, 43%
(152/352) for 11 genes, 1% (4/352) for 13 genes, 1.5% (5/352) for 15 genes,
4% (13/352) for 16 genes, 34% (121/352) for 19 genes, and 5.5% (19/352)
for 20 genes. The most commonly tested genes were BRAF
(NM_001374258.1), HRAS (NM_005343.4), KRAS (NM_033360.4), MAP2K1
(NM_002755.3), MAP2K2 (NM_030662.3), NRAS (NM_002524.5), PTPN11
(NM_002834.4), RAF1 (NM_001354689.3), RITT (NM_006912.5), SHOC2
(exon 2) (NM_007373.4), and SOS7 (NM_005633.3). See Supplementary
Materials and Methods 1 for details.

DNA was isolated from samples of amniotic fluid, chorionic villi
sampling, or blood. For the Canadian cases, the samples were sent to
private laboratories in the United States (mostly GeneDx) after written
informed consent was obtained from the parents, and the diagnosis was
made by molecular analysis using parallel sequencing or Sanger
sequencing. For the Italian cases, molecular analyses were performed by
parallel sequencing using either the HaloPlexHS target enrichment system
or the SureSelectQXT target enrichment system (Agilent Technologies,
http://www.genomics.agilent.com). The enriched libraries were sequenced
by a MiSeq instrument (lllumina, https://www.illumina.com), and sequen-
cing data were analyzed using an in-house implemented pipeline (see
Motta et al3' for further details). Variants validation and segregation
analyses were performed by Sanger sequencing. Variants classification
was determined using the American College of Medical Genetics and
Genomics - Association for Molecular Pathology (ACMG-AMP) standards
and guidelines for the interpretation of sequence variants.>?

Statistical analysis

Chi-square test (y*) one-sided was used for comparisons of categorical
variables. Fisher's exact test was used when the prerequisites for x? test
could not be met. Wilcoxon-Mann-Whitney test was used for continuous
variables, based on results of normality tests. A probability value less than
0.05 was considered significant.

RESULTS

Prevalence of ultrasound findings and diagnostic yields
Prevalence data are in Table 1. Increased NT was the most
common indication for testing (230/312, 74% of fetuses), followed
by CH (182/312, 58%). Increased NF, hydrops, effusions, CHD,
polyhydramnios, and renal anomalies were significantly more
prevalent in cases with a pathogenic or likely pathogenic variant
(“positive cases” or “positive patients”) than in cases with a
negative or inconclusive result (“negative cases”).

Diagnostic yields are in Table 2. A pathogenic or likely
pathogenic variant was identified in 15% (47/312) of fetuses with
longitudinal data available and in 14% (50/352) of fetuses with
clinical indications for testing. These overall detection rates are
consistent with results from previous studies that estimated a
diagnostic yield between 4% and 22%.'>'822242627

Of the 182 cases with CH, 30 (16%) had a positive result, with a
rate similar to the literature (11-16%'>>*"%"). The detection rate of
this US finding was significantly higher in cases with persistent CH
into the second trimester (21%, 26/124) or when CH was
associated with another suggestive US finding (28%, 26/94).
Increased NT, hydrops, and CHD were frequently associated
with CH.

Mean NT in positive cases (6.4 mm) was significantly higher
than in negative cases (4.8 mm) (Table 1). The diagnostic yield of
increased NT was significantly higher when NT was greater than 6
mm than when it was lower than 6 mm (20% [12/60] vs. 10% [17/
165] respectively), but much lower when this finding was isolated
(1%, 1/90) (Table 2). The diagnostic yield of increased NF (17/67,
25%) was significantly higher than the overall diagnostic yield
(Table 2), and the mean NF was significantly larger in positive
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Table 1. Prenatal ultrasound findings in 312 patients with a normal chromosomal microarray (or a normal karyotype for 19 patients).
Prenatal findings Total number of patients Prenatal positive group Negative group p value® Postnatal positive group
(n=312) (n=47) (n=265) (n=25)
Increased NT 230/312 (74%) 29/47 (62%) 201/265 (76%) 0.02 1/25 (4%)

NT>3<3.5 21/230 (9%) 0/29 (0%) 21/201 (10%) 0.03

NT>35<6 144/230 (63%) 17/29 (59%) 127/201 (63%)

NT>6 60/230 (26%) 12/29 (41%) 48/201 (24%)

Unknown 5/230 (2%) 0/29 (0%) 5/201 (2%)

Increased NT without CH 86/312 (28%) 7/47 (15%) 79/265 (30%) 0.03 1/25 (4%)

Isolated 50/230 (22%) 0/29 (0%) 50/201 (25%) NA 1/25 (4%)

In association® 180/230 (78%) 29/29 (100%) 151/201 (75%) 0/25 (0%)
Mean NT (mm)® 5.0 (0.7-14.9) 6.4 (s.d. 3.0) 4.8 (s.d. 1.9) 0.005 2.6 (1.0-4.1)
Cystic hygroma 182/312 (58%) 30/47 (64%) 152/265 (57%) 0.4 0/25 (0%)

1st trimester CH 58/182 (32%) 4/30 (13%) 54/152 (36%) 0.02

Persistent® CH 125/182 (68%) 26/30 (87%) 98/152 (64%)

Isolated® 88/182 (48%) 4/30 (13%) 84/152 (55%) <0.0001 NA

In association® 94/182 (52%) 26/30 (87%) 68/152 (45%)

CH without T NT 34/182 (19%) 9/30 (30%) 25/152 (16%) 0.1 0/25 (0%)

CH with 1 NT 148/182 (81%) 21/30 (70%) 127/152 (84%)

NT>3<35 17/148 (11%) 0/21 (0%) 17/127 (13%) 0.03 NA

NT>35<6 88/148 (60%) 10/21 (48%) 78/127 (61%)

NT>6 43/148 (29%) 11/21 (52%) 32/127 (25%)

Increased NF 67/312 (21%) 17/47 (36%) 50/265 (19%) 0.002 0/25 (0%)

NF >6 62/67 (93%) 14/17 (82%) 48/50 (96%) 0.1

NF > 15 5/67 (7%) 3/17 (18%) 2/50 (4%)

Mean NF (mm)° 6.9 (3.0-28.0) 9.6 (s.d. 4.9) 6.3 (s.d. 3.6) 0.004 NA
Lymphatic anomalies 34/312 (11%) 9/47 (19%) 25/265 (9%) >0.05 0/25 (0%)
Hydrops 60/312 (19%) 20/47 (42%) 40/265 (15%) <0.0001 1/25 (4%)

1st trimester hydrops 14/60 (23%) 2/20 (10%) 12/40 (30%) 0.08

Persistent® hydrops 46/60 (77%) 18/20 (90%) 28/40 (70%)

Thoracic effusions or ascites ~ 54/312 (17%) 22/47 (47%) 32/265 (12%) <0.0001 4/25 (16%)
Congenital heart disease 71/312 (23%) 18/47 (38%) 53/265 (20%) 0.002 3/25 (12%)

Cardiac defect 64/312 (21%) 15/47 (32%) 49/265 (18%) 0.02 3/25 (12%)

HCM 13/312 (4%) 9/47 (19%) 4/265 (2%) 0.007 1/25 (4%)

HCM without CD 7/13 (54%) 3/9 (33%) 4/4 (100%) NA 0/25 (0%)

Combined HCM + CD 6/13 (46%) 6/9 (67%) 0/4 (0%) 1/25 (4%)
Other associated findings®
Polyhydramnios 36/312 (12%) 14/47 (30%) 22/265 (8%) <0.0001 8/25 (32%)
Renal anomalyf 46/312 (15%) 14/47 (30%) 32/265 (12%) 0.0002 5/25 (20%)
Macrosomia 12/312 (4%) 6/47 (13%) 6/265 (2%) 0.001 2/25 (8%)
Mild ventriculomegaly 13/312 (4%) 7/47 (15%) 6/265 (2%) 0.0001 0/25 (0%)
Short long bones 17/312 (5%) 7/47 (15%) 10/265 (4%) 0.007 1/25 (4%)
General findings
Only one US finding 61/312 (20%) 2/47 (4%) 59/265 (22%) 0.004 6/25 (24%)
Two or more US findings 251/312 (80%) 45/47 (96%) 254/265 (78%) 7/25 (28%)
No US finding NA NA NA - 12/25 (48%)

Nota bene. Analyses were based on all prenatal findings observed throughout pregnancy, so that patients without longitudinal data were excluded.

CD cardiac defect (pulmonary valve dysplasia or stenosis, septal defect, aortic anomalies, tetralogy of Fallot, etc.), CH cystic hygroma, HCM hypertrophic
cardiomyopathy, NA not applicable, NF nuchal fold, NT nuchal translucency, US ultrasound.

?Chi-square statistic or Fisher’s exact test, as appropriate; o error = 0.05.

bWilcoxon-Mann-Whitney test was used because our data did not follow a normal distribution (p values <0.0001 for Shapiro-Wilk and Andersen-Darling
normality tests).

“Only suggestive US findings of RASopathies as described in the literature were considered as associated findings.

dCystic hygroma or hydrops present at 2nd trimester ultrasound and more (>15 gestational weeks for CH and >14 weeks for hydrops).

“Without another US finding, except increased NT.

fMostly hydronephrosis.
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Table 2. Diagnostic yield of prenatal ultrasound findings for RASopathies.

Prenatal findings Diagnostic yield based on indications for p value? Diagnostic yield based on prenatal US p value®
testing findings
n =352 (50 positive cases) n =312 (47 positive cases)
Overall diagnostic yield 14% (50/352) - 15% (47/312) -
Increased NT 11% (28/257) 0.4 13% (29/230) 0.6
NT>3<35 0% (0/19) 0% (0/21)
NT > 3.5 9% (15/173) 0.02 12% (17/144) 0.1
NT>6 20% (13/65) 20% (12/60)
Alone 1% (1/90) 0.0001 0% (0/49) NA
In association® 16% (27/167) 16% (29/181)
Increased NT without CH 4% (5/112) 0.04 8% (7/86) 0.09
Cystic hygroma 15% (29/188) 0.7 16% (30/182) 0.9
1st trimester CH NA NA 7% (4/58) 0.03
Persistent CH NA 21% (26/124)
Isolated® 8% (10/120) 0.001 5% (4/88) 0.0001
In association® 28% (19/68) 28% (26/94)
CH without 1 NT 23% (9/39) 0.2 26% (9/34) 0.1
CH with 1 NT 13% (20/149) 14% (21/148)
NT>3<3.5 NA NA 0% (0/17) 0.06
NT>3.5 NA 11% (10/88)
NT>6 NA 26% (11/43)
Increased NF€ 24% (12/49) 0.06 25% (17/67) 0.03
NF > 6 20% (9/44) 0.1 23% (14/62) 0.1
NF > 15 60% (3/5) 60% (3/5)
Lymphatic anomalies NA NA 26% (9/34) 0.1
Hydrops® 35% (17/48) 0.0001 33% (20/60) 0.0003
1st trimester hydrops NA NA 14% (2/14) 0.1
Persistent® hydrops NA 39% (18/46)
Thoracic effusions or ascites 30% (12/40) 0.01 41% (22/54) <0.0001
Congenital heart disease 23% (12/53) 0.1 25% (18/71) 0.03
Cardiac defect 23% (11/48) 0.002 23% (15/64) <0.0001
HCM 60% (6/10) 69% (9/13)
Combined HCM + CD 100% (5/5) 100% (6/6)
Other associated findings®f
Polyhydramnios 50% (8/16) NA 39% (14/36) <0.0001
Renal anomaly 29% (4/14) NA 30% (14/46) 0.01
Macrosomia 57% (4/7) NA 50% (6/12) NA
Mild ventriculomegaly - NA 54% (7/13) NA
Short long bones - NA 41% (7/17) NA
General findings
Only one US finding 9% (13/142) 0,04 3% (2/61) 0.03
Two or more US findings® 18% (37/210) 18% (45/251)

Diagnostic yield of each major US finding was compared with the global diagnostic yield for p value calculation.

CD cardiac defect (pulmonary valve dysplasia or stenosis, septal defect, aortic anomalies, tetralogy of Fallot, etc.), CH cystic hygroma, HCM hypertrophic
cardiomyopathy, NA not applicable, NF nuchal fold, NT nuchal translucency, US ultrasound.

2Chi-square statistic or Fisher’s exact test, as appropriate; o error = 0.05.

POnly suggestive US findings of RASopathies as described in the literature were considered as associated findings.

“Cystic hygroma or hydrops present at 2nd trimester ultrasound and more (>15 gestational weeks for CH and >14 weeks for hydrops).

dwithout another US finding, except increased NT.

®Increased NF and hydrops fetalis were always combined with another suggestive US finding, mostly any lymphatic dysplasia.

The most frequently associated feature was any lymphatic dysplasia.

9See text for the combinations of US findings with the highest yields.
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Fig. 1 Genotype distribution in RASopathy patients. (a) Gene-specific variant distribution in the prenatal cohort (50 positive cases).

(b) Gene-specific variant distribution in the postnatal cohorts (133 cases: 25 postnatal positive cases and 108 postnatal genotypes). (c) Gene-
specific variant distribution in both prenatal and postnatal cohorts (183 cases).

patients than in negative patients (9.6 mm vs. 6.3 mm respectively)
(Table 1).

The diagnostic yields were significantly higher than the overall
detection rate for TE (22/54, 41%), HF (20/60, 33%), and CHD (18/
71, 25%). There were significantly higher diagnostic yields when
HCM was present (9/13, 69%), when cardiac defect was combined
with HCM (100%, 6/6), or when a suggestive US finding was
associated with polyhydramnios or renal anomalies (39% [14/36]
and 30% [14/46], respectively). Macrosomia, short long bones, and
mild ventriculomegaly were often associated with a suggestive US
finding, but numbers were too small to determine if their
improvement of the test performance was statistically significant
(Table 2).

Of the 251 cases with two or more US findings, 45 cases (18%)
had a RASopathy diagnosis, which significantly exceeds the
diagnostic yield of only one US finding (3%, 2/61) (Table 2). The
most frequent isolated finding in RASopathy patients was CH (2/
47, 4%). In cases of multiple findings, some combinations of US
findings had significantly higher diagnostic yields (p value <0.02),
namely CH, increased NT or increased NF in association with TE
(49%, 19/39), HF (34%, 18/53), polyhydramnios (32%, 10/31), renal
anomaly (30%, 12/40), or CHD (27%, 12/45). The majority of
positive cases had at least three suggestive prenatal features (96%
[45/47] had =2 findings at the end of the pregnancy), whereas the
negative cases tended to get better with time as the US features
resolved (Table 1).

Genotypic spectrum

In the prenatal cohort, 65 variants were identified in 63 cases,
namely 52 pathogenic or likely pathogenic variants in 50 cases
(80% of all variants) and 13 variants of uncertain significance
(VUS). Eighty-eight percent (46/52) of (likely) pathogenic variants
were sporadic. One patient had two likely pathogenic variants in
LZTR1 in compound heterozygous state, whereas another patient
had a double diagnosis, neurofibromatosis type 1 (NF7) inherited
from his affected father and NS (PTPN117). Two NS variants were
inherited from a parent with a suggestive phenotype. One positive
case had a maternal family history of NS. Distributions of
genotypes in the prenatal and postnatal cohorts are in Fig. 1. In
the prenatal cohort (Fig. 1a), variants were spread among 11
genes: BRAF, HRAS, KRAS, LZTR1, NRAS, PTPN11, RAF1, RIT1, SHOC2,
S0S1, and SOS2. The largest contributors of positive cases were
PTPN11 (30%, 15/50), RITT (16%, 8/50), RAF1 (14%, 7/50), HRAS
(12%, 6/50), and LZTR1 (8%, 4/50). SOS1 contained the highest
number of VUS, representing 46% of those identified (6/13).

SPRINGERNATURE

Genotype—phenotype correlations

Genotype—phenotype correlations are based on prenatal clinical
features of 47 prenatal patients (Table S2) and 25 postnatal
patients (Table S3). The distribution of genotypes according to
prenatal features is in Fig. 2. Severe manifestations of lymphatic
dysplasia like hydrops/effusions or cardiopathy were observed
more frequently in patients with variants in RIT1, HRAS, or RAF1.
PTPN11 was an important contributor to hydrops/thoracic effu-
sions too, together with SOS7.

Variants in PTPN11 were associated more often with a milder
prenatal phenotype, as a little less than 50% of PTPN11 patients
(13/28) had one (often nonspecific) or no US prenatal finding.
More than 50% of PTPN11 patients (15/28) had a suggestive
prenatal clinical presentation with wide variable expressivity, few
PTPN11 variants being related to hydrops. SOST pathogenic
variants were present in similar rates in the prenatal and postnatal
cohorts (Fig. 1) and 60% (3/5) displayed suggestive prenatal US
finding(s). Half of patients with a KRAS variant (2/4) did not have
any prenatal features.

The majority of HRAS patients and all LZTR1 patients had =2 US
findings. All patients with a variant in HRAS had a significant
prenatal phenotype: 83% (5/6) had a severe lymphatic dysfunc-
tion, primarily severe HF (4/6). Seventy-five percent (3/4) of LZTR1
positive patients presented with a serious lymphatic dysplasia,
namely important hydrops/effusions. Seven of eight patients with
a variant in RITT had a multisystem prenatal phenotype: 25% (2/8)
with important effusions/hydrops and 62.5% (5/8) with HCM. In
contrast, no LZTR1 patient and only 29% (2/7) of RAF1 patients had
an HCM identified prenatally. More than half of RAF1 patients (4/7)
had important hydrops/effusions or CHD.

Regarding the postnatal phenotype severity (based on the
scoring system by Baldassarre et al.,'* Table 3), RASopathy patients
with severe postnatal phenotypes were significantly more likely to
have been identified/diagnosed prenatally (78%, 7/9) than
patients with mild or moderate phenotypes (27-29%, 3/11-4/14).

DISCUSSION

The collected data show that the US findings with the highest
diagnostic yields for RASopathies (>20%) are, in decreasing order,
as follows: HCM with or without cardiac defect; TE, HF, CH
associated with another suggestive US finding; CHD; and
persistent CH. RASopathies should be suspected when these
prenatal findings are present alone or in association, as the
diagnostic yield of a unique suggestive US finding is still 3-9% (2/
61-13/142) (Table 2) and 11-19% in past studies,'>'®%’
even though an association of at least two findings has a
significantly higher diagnostic yield (18% in this study [45/251]
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Fig. 2 Genotype distribution in RASopathy patients according to prenatal ultrasound (US) findings. Gene-specific contributions to
suggestive prenatal phenotypic features for the 72 patients with a positive result and available longitudinal data (47 prenatal and 25 postnatal
positive cases). CH cystic hygroma, CHD congenital heart disease, HCM hypertrophic cardiomyopathy. Others: BRAF, CBL, MAP2K1, NRAS, RASAT,
and SOS2.
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Table 3. Association between clinical evaluation period and postnatal phenotype severity.
Severity of postnatal phenotype® RASopathy patients® (n = 39) Prenatal cohort (n = 14) Postnatal cohort (n = 25) p value®
Mild 11/39 (28%) 3/11 (27%) 8/11 (73%) 0.02

5/39 (13%)
Moderate 14/39 (36%)
Severe? 9/39 (23%)

0/5 (0%)
4/14 (29%)
7/9 (78%)

5/5 (100%)
10/14 (71%)
2/9 (22%)

Mild-moderate

To assess the severity of the postnatal phenotype in a standardized manner, we used a scoring system inspired by the one developed by Baldassarre et al.'* A
first scale was used based on van der Burgt's criteria:'> one point was assigned to minor criteria and three points to major criteria. A second scale was applied
to grade the severity of CHD, if applicable. A third scale determined the severity of the neurodevelopmental disorder, as appropriate. The phenotype was then

“Chi-square statistic or Fisher’s exact test, as appropriate; o error = 0.05.

9In patients with severe phenotype, 44% were intrauterine fetal demise (IUFD).

categorized according to total score as mild, mild-moderate, moderate or severe (see Table S1).
*Terminations of pregnancy or lost to follow-up were excluded from calculation of postnatal phenotype severity (33 patients excluded).

and 28% in literature'®), concurring with conclusions of other
publications.'>'”'%?* The combinations of findings with the
highest yields are CH, increased NT or increased NF combined
with, in decreasing order, TE, HF, polyhydramnios, renal anomaly,
or CHD.

The only suggestive US finding for which RASopathy prenatal
testing may not be cost-efficient is isolated increased NT, as the
diagnostic yield in the presence of this isolated finding is very low
in this study (1%, 1/90) and in the literature (1.4-6.7%).'>>>%’
RASopathy testing may be considered in cases of extreme isolated
increased NT, such as NT above 6mm, since many other
publications observed a mean NT above 6 mm for RASopathy
patients,'®?%2>2¢ |ike in this study. As for increased NF, this feature
was never found alone, but always associated with CH, hydrops/
effusion, or CHD in both positive and negative cases. Accordingly,
we propose that RASopathy testing should be offered only if

Genetics in Medicine (2021) 23:1116-1124

increased NF is combined with another highly suggestive US
finding, like CHD.

As polyhydramnios and renal anomalies significantly improve
the diagnostic yield for RASopathies, they should be considered
meaningful associated US features. Macrosomia, mild ventriculo-
megaly, and short long bones were recurrently identified in
positive cases, and should therefore be considered supporting
findings of RASopathies, as suggested by Myers et al.”

When comparing diagnostic yields for RASopathies with the
yield of chromosomal analyses for lymphatic dysplasia or CHD,
which is estimated between 5% and 50%,%%?° RASopathies are
certainly worth testing as a second/third-tier test, with diagnostic
yields from 13% to 41% in this study and between 7% and 22% in
the literature.'>'5'82224227 However, the use of RASopathy testing
as a reflex test after CMA has some practical implications. When
amniocentesis is performed for prenatal diagnosis, if RASopathy
testing is delayed after CMA, results may be obtained only after 24
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gestational weeks, at which point they may not be available to
contribute to reproductive decision-making, depending on the
country’s legislation.

The large size and homogeneity of the present cohort enabled
us to determine the most suggestive prenatal features of
RASopathies and to clarify the most prevalent US findings in
RASopathy patients, as opposed to past studies.'®'®?? |t allowed
us to compare the genotypic spectrum of positive cases between
pre- and postnatal cohorts. However, for some subcategories of
suggestive US findings, they were not enough patients to reach
statistical significance, so the stratified analysis rendered few
significant results. Moreover, there are inherent limitations to
prenatal phenotyping, and it is possible that diagnoses were
missed or variants were misclassified because of the difficulty of
assessing some prenatal phenotypic features. Besides, not all
patients had available data on third trimester US phenotypic
features (43%, 134/312), as 69 pregnancies ended during the
second trimester and 109 cases were sent back to their referring
center for third trimester follow-up. As the information was
collected retrospectively, this study is subjected to recall and
information bias, especially for data concerning postnatal cases
that were for some cases based on parents’ memory of prenatal
events or for data concerning some negative cases that were lost
to follow-up. We were limited in the selection of cases by the fact
that referrals were made mostly by third parties (e.g., obste-
tricians) and that some parents were not included because they
declined all investigations. Nevertheless, these limitations are
minor, and we are confident that our cohort is representative of
the targeted population. Some ascertainment bias could have
influenced the results, such as the lack of systematic measurement
of NT at the first trimester ultrasound and the fact that persistence
of CH could have been underestimated because some pregnant
women did not have access to a follow-up ultrasound earlier than
20 gestational weeks.

Concerning the genotype—phenotype correlations, variants in
PTPN11, SOS1, and KRAS contributed to more than half of the cases
without significant prenatal signs, and to a third of the hydrops/
effusions, which reflects the wide phenotypic variability associated
with  RASopathies, even when the same gene is
implicated'®'81%22 (Fig. 2). In particular, some PTPNT1 variants
were more commonly observed in fetuses without a suggestive
prenatal phenotype, like c.923A>G(p.Asn308Asp) and c.1403C>T
(p.Thr468Met), which is congruent with the generally milder
postnatal phenotype associated with p.Asn308Asp.>* Conversely,
some other PTPNT1 variants were consistently associated with
severe lymphatic dysfunction. For example, two fetuses with
PTPN11 variant c.218C>T(p.Thr73lle) showed HF and other
lymphatic anomalies, as in a recent study where it was associated
with nonimmune HF3* This variant is significantly more frequent
in our prenatal cohort than in the RASopathy population (14% [2/
14] vs. 2% [32/1,543] in NSEuroNet® p value 0.04). It is a
particularly activating variant and one of the most common
germline changes found in patients with NS and juvenile
myelomonocytic leukemia (JMML),3>3® which could explain the
complex prenatal presentation. Concurring with other studies,'>'®
pathogenic variants in SOS7 were shown to have penetrance for
RASopathy prenatal features. In regard to KRAS, the low
occurrence of patients with suggestive prenatal features is in
accordance with the atypical postnatal phenotypes of KRAS
patients3®* A high proportion of HRAS, LZTR1, RAF1, and RIT1
patients had multisystemic prenatal presentation including severe
lymphatic dysplasia and/or CHD/HCM. Variants in HRAS, LZTRI,
and RAF1 seemed to be more associated with hydrops/effusions,
whereas variants in RITT seemed to correlate with prenatal onset
HCM, in accordance with the recurrent association of RIT7 variants
with HCM early in life or prenatally?®*3 (Fig. 2). Although patients
with variants in LZTR1 or RAF1 have an increased prevalence of
HCM in the postnatal setting,®>* none of the LZTR1 cases and few
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RAF1 patients were identified having HCM prenatally, most
probably because they develop HCM later in life.!"**” One
liveborn patient with the RAF1 variant ¢.770C>T (p.Ser257Leu) had
pulmonary hypertension, a genotype—phenotype correlation
previously seen.3” Pathogenic variants linked to CFCS were rare
in the prenatal cohort, as only one BRAF and no MAP2K1/MAP2K2
variant was identified. Similarly, SOS7 variants affecting Arg552,
the hotspot residue associated with NS, were absent from the
prenatal cohort. We think that pathogenic variants in these genes
are rarely observed prenatally because their prenatal presentation
generally does not include HCM or significant lymphatic dysplasia,
or is nonspecific.'®

Consistent with other publications, this study did not show
any correlation between prenatal RASopathy US features and a
complex postnatal clinical outcome, with the exception of severe
prenatal HF and HCM, which were associated to a negative
evolution, such as pregnancy loss (44% intrauterine fetal demise
[IUFD], 4/9) or severe neonatal complications (Tables S2-S4).
Severe postnatal phenotypes were significantly associated with a
diagnosis in the prenatal setting (Table 3). Yet, the high
percentage of TOP in the prenatal cohort (55%, 26/47) substan-
tially reduced the population of prenatal positive cases available
for this analysis and different results might be observed in a larger
cohort.

The overrepresentation of highly activation variants in our
prenatal cohort concurs with the accepted model that strongly
activating RASopathy gene alterations are not or poorly compa-
tible with embryonal/fetal development and are almost exclu-
sively observed as somatic (cancer) events or else associated with
severe phenotypes.? For example, one pathogenic variant in HRAS,
c.182A>G (p.GIn61Arg), was never encountered as a germline
substitution, being previously described in the somatic state in
Schimmelpenning syndrome or cancer. This variant lead to severe
HF and early spontaneous fetal demise, most probably because
the germline state or very high level of mosaicism of this
deleterious variant was not viable. Moreover, we observed that the
most frequent HRAS pathogenic variant in CS (p.Gly12Ser) (78%
(521/669) in NSeuroNET®%), a mildly activating substitution, was
found to be absent from our prenatal cohort, while other rare
highly activating HRAS pathogenic variants, such as p.Gly12Asp
and p.Gly13Asp, were relatively frequent in our prenatal cohort
(each variant was found in two fetuses vs. prevalence of 0.7% [5/
669] and 1.3% [9/669] in NSeuroNET,*® p value <0.00001). CS
patients with these variants have a high prevalence of HCM,
arrhythmia, and fetal hydrops.>®*° Deleterious RAS-MAPK variants
are probably underdiagnosed in the prenatal setting because of
their nonspecific presentation and early demise. In the prenatal
cohort, 88% of variants (46/52) were sporadic, which is more than
the literature reported de novo rate (25-70%).">33 These
differences may be the consequence of the lack of consideration
of lethal prenatal presentations or TOP in the calculation of de
novo cases in RASopathy reviews.??

Our study shows that the genotypic spectrum of prenatal cases
is wider and different from previous publica'(ions15'18'22 (Table S5).
Notably, LZTR1, HRAS, and RIT1 variants were overrepresented in
our study (8-16%) compared with the literature (0-7%), and
PTPN11 represented only 30% of cases versus 67-81% in other
publications. This is mainly due to the fact that those studies used
smaller molecular panels; did not test for LZTR1, even though
variants in this gene are a common cause of NS;'"** and poorly
tested for RIT1, whereas RIT1 patients frequently display important
prenatal features®®. We systematically assessed HF, which
increased HRAS cases.'® The lower-than-expected frequency of
PTPN11 variants can be attributed to the underrepresentation of
variants with milder effect in our prenatal cohort as these variants
usually have little penetrance for prenatal signs.

We recommend that a large prenatal molecular panel should be
systematically offered in the prenatal setting when a RASopathy is

14,17
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suspected, including not only the ten most commonly tested
genes—BRAF, HRAS, KRAS, MAP2K1, MAP2K2, NRAS, PTPN11, RAF1,
SHOC2, and SOST—Dbut also at least CBL, LZTR1, MRAS, RIT1, and
SOS2. Even though no pathogenic variant was identified in
MAP2K1, MAP2K2, and CBL in this study, characteristic prenatal
phenotypes were reported previously for these genes.'®'® We
particularly recommend the inclusion of MRAS, based on the
generally severe postnatal phenotype of MRAS patients, namely
the invariant occurrence of HCM at an early age.5*° Considering
the peculiar genotypic spectrum characterizing prenatal RASopa-
thies, and possible occurrence of previously unreported patho-
genic variants, we recommend full sequencing of RASopathy
genes rather than targeted genotyping, including full sequencing
of SHOC2, since a pathogenic variant outside of exon 2 was
detected in this study (c.807_808delinsTT) in a fetus with early-
onset HCM.?'

In conclusion, after a normal CMA, RASopathy prenatal testing
should be offered when any prenatal US finding suggestive of
lymphatic dysplasia (CH, increased NT or NF, hydrops, effusions,
other lymphatic anomalies) or suggestive CHD (like valvular
dysplasia and/or HCM) is found alone or in association, except for
isolated increased NT below 6 mm or isolated increased NF. Some
US features should be considered in the prenatal evaluation
because they increase the likelihood of RASopathy diagnosis, such
as associated findings of polyhydramnios and renal anomaly. Our
data support the view that a subset of RASopathy genes and
variants are more frequently associated with complex prenatal
features such as hydrops/effusions or serious cardiopathy.
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