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ORIGINAL ARTICLE

Prenatal ultrasound findings of rasopathies in a
cohort of 424 fetuses: update on genetic testing in

the NGS era

Kyra E Stuurman,” ' Marieke Joosten, ' Ineke van der Burg;t,2 Mariet Elting,’
Helger G Yntema,® Hanne Meijers-Heijboer, Tuula Rinne

ABSTRACT

Background This study evaluates 6years of prenatal
rasopathy testing in the Netherlands, updates on
previous data and gives recommendations for prenatal
rasopathy testing.

Methods 424 fetal samples, sent in for prenatal
rasopathy testing in 2011-2016, were collected. Cohort
1 included 231 samples that were sequenced for

1-5 rasopathy genes. Cohort 2 included 193 samples
that were analysed with a 14-gene next generation
sequencing (NGS) panel. For all mutation-positive
samples in both cohorts, the referring physician provided
detailed ultrasound findings and postnatal follow-up.
For 168 mutation-negative samples in cohort 2, solely
clinical information on the requisition form was collected.
Results In total, 40 (likely) pathogenic variants were
detected (9.4%). All fetuses showed a variable degree
of involvement of prenatal findings: increased nuchal
translucency (NT)/cystic hygroma, distended jugular
lymph sacs (JLS), hydrops fetalis, polyhydramnios, pleural
effusion, ascites, cardiac defects and renal anomalies.
An increased NT was the most common finding. Eight
fetuses showed solely an increased NT/cystic hygroma,
which were all larger than 5.5 mm. Ascites and renal
anomalies appeared to be poor predictors of pathogenic
outcome.

Conclusion Fetuses with a rasopathy show in general
multiple ultrasound findings. The larger the NT and the
longer it persists, the more likely it is to find a pathogenic
variant. Rasopathy testing is recommended when the
fetus shows an isolated increased NT =5.0 mm or

when NT of =3.5mm and at least one of the following
ultrasound anomalies is present: distended JLS, hydrops
fetalis, polyhydramnios, pleural effusion, ascites, cardiac
defects and renal anomalies.

INTRODUCTION

Noonan syndrome (MIM: 163950) is characterised
by postnatal short stature, distinctive facial features,
congenital heart defects, variable degree of develop-
mental delay and other structural abnormalities.' The
incidence is 1 in 1000-2500 live births.*™ Noonan
syndrome and phenotypically overlapping syndromes
such as Costello syndrome (MIM: 218040) and
cardiofaciocutaneous syndrome (MIM: 115150) are
part of the so-called rasopathies and are caused by at
least 16 genes (BRAF (MIM: 164757), CBL (MIM:
165360), HRAS (MIM: 190020), KRAS (MIM:
190070), LZTR1 (MIM: 600574), MAP2K1 (MIM:

176872), MAP2K2 (MIM: 601263), NRAS (MIM:
164790), PPP1CB (MIM: 600590), PTPN11 (MIM:
176876), RAF1 (MIM: 164760), RIT1 (MIM:
609591), SHOC2 (MIM: 602775), SOS1 (MIM:
182530), SOS2 (MIM: 601247) and SPRED1 (MIM:
609291)), the PTPN11 gene being the most preva-
lent gene.’ ® Prenatal features of rasopathies have
long been documented and can include increased
nuchal translucency (NT) and/or cystic hygroma,
distended jugular lymph sacs (JLS), hydrops fetalis,
polyhydramnios, pleural effusion, ascites, cardiac
defects and renal anomalies.””* It has been previously
estimated that mutations in the rasopathy genes are
found in 6.7%-19% of fetuses with increased NT
and additional anomalies on ultrasound.'® ** To date,
only five studies have systematically evaluated the
prenatal phenotype of Noonan syndrome,'? 12 14-16

Croonen et al'® performed a detailed study of
prenatal diagnostic Noonan syndrome testing in
fetuses with abnormal ultrasound findings (including
enlarged NT above the 95th percentile, cystic
hygroma, distended JLS, ascites, hydrops fetalis,
pleural effusion, polyhydramnios, congenital heart
disease and renal abnormalities) and showed a 17.3%
mutation detection rate. The aim of Croonen’s study
was to provide a protocol for prenatal Noonan
syndrome testing.'® However, only 1-4 genes (KRAS,
PTPN11, RAF1, and SOS1) were tested in their diag-
nostic study group (fetus with normal karyotype and
specific abnormal ultrasound findings) and 10 genes
(BRAF, HRAS, KRAS, MAP2K1, MAP2K2, NRAS,
PTPN11, RAF1, SHOC2 and SOS1) in their anony-
mised study group (fetus with normal karyotype and
increased NT, cystic hygroma, fetal hydrops and/
or cardiac anomalies). Currently, a next generation
sequencing (NGS) gene panel of 14 genes is used in
the Netherlands in order to detect mutations in both
prenatal and postnatal cases suspected of a rasopathy.
Recently, a new guideline with regard to prenatal
testing of a rasopathy in the presence of an increased
NT was implemented in the Netherlands'’; there-
fore, we considered it of clinical relevance to update
on the previously published data.

Additionally, this study focuses on expanding the
knowledge of the prenatal phenotype of a rasopathy.
We performed a retrospective study in a consecutive
series of 193 fetuses at time of diagnostic testing
suspected of a rasopathy and another consecutive
series of 231 fetuses in which a prenatal NGS panel
of 14 genes involved in rasopathies was performed.
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METHODS

Patients

Included in this study is a consecutive series of 424 prenatally
sampled fetuses with one or more of the following ultrasound
findings: increased NT/cystic hygroma (defined as NT =3.5
mm), distended JLS, pleural effusion, ascites, polyhydramnios,
cardiac defects and/or renal anomalies and a normal chromosomal
microarray result. Cystic hygroma is considered an outdated term
and combined with increased NT in this study.'® The samples were
received from the Clinical Genetics departments of all University
Medical Centers in the Netherlands and analysed in the Genome
diagnostic laboratory of the Radboud University Medical Center
in Nijmegen between January 2011 and December 2016. Of
these 424 samples, 231 were received and analysed between
January 2011 and September 2014 (cohort 1) and 193 between
October 2014 and December 2016 (cohort 2). Samples were sent
in as cultured or uncultured amniotic fluid sample, chorionic villi
sample or DNA extracted from amniotic fluid or chorionic villi
samples. In a few samples, DNA from the umbilical cord or fetal
fibroblasts after termination of pregnancy was sent in.

Referring clinical geneticists of the mutation positive samples
were asked to provide additional details on the clinical prenatal
phenotype and postnatal phenotype if available. The mutation
negative samples from cohort 2 were analysed only by the clin-
ical information provided on the requisition form by the referring
doctor.

DNA analysis

In cohort 1 (231 samples), 1-5 most commonly described rasop-
athy genes (BRAF, KRAS, MAP2K1, PTPN11 and/or RAF1) were
parallel sequenced. All detected (likely) pathogenic variants or vari-
ants of uncertain significance were subsequently tested in parents if
parental DNA was available.

Cobhort 2, consisting of 193 fetal samples, was tested using the
NGS rasopathy gene panel. The coding sequences and splice sites
of A2ML1 (MIM: 610627), BRAF, CBL, HRAS, KRAS, MAP2K1,
MAP2K2, NRAS, PTPN11, RAF1, RIT1, SHOC2, SOS1 and
SPRED1 were sequenced by ion semiconductor sequencing (lon
AmpliSeqTM Noonan panel, ThermoFisher Scientific) combined
with Sanger sequencing. All detected (likely) pathogenic variants or
variants of uncertain significance were subsequently confirmed by
Sanger sequencing and tested in parents if parental samples were
available. Five class variant classification system was used: clearly
not pathogenic variant (Class 1), unlikely pathogenic variant (Class
2), variant of uncertain clinical significance (Class 3), likely patho-
genic variant (Class 4) and clearly pathogenic variant (Class 5)."

Statistical analysis

The data were analysed in SPSS V.22. For statistical analysis, a x*
test, independent t-test, Shapiro-Wilk test, Mann-Whitney U test,
logistic regression and descriptive statistics were used. A proba-
bility value of less than 0.05 was considered significant.

RESULTS

Total

Over the 6-year period (2011-2016), 44 out of 424 fetuses were
found to have a (likely) pathogenic variant or variant of unknown
significance in one of the 14 rasopathy genes (10.4%). Forty vari-
ants had either been described before and shown to be pathogenic
(Class 5) or were likely pathogenic (Class 4) (9.4%). Four vari-
ants were first considered variants of unknown significance (Class
3), but after segregation analysis, they were considered as likely
benign variants (Class 2) as they were parentally inherited and the
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Figure 1  Genes involved in the mutation-positive samples (n=40 (%)).

parent did not show a rasopathy phenotype. These variants were
found in the RAF1, RIT1, SOS1 and HRAS genes. Twenty-seven
of the 40 (likely) pathogenic variants were found in the PTPN11
gene (67.5%). Five fetuses showed a (likely) pathogenic RAF1 gene
variant (12.5%). Three pathogenic variants were seen in the RIT1
gene (7.5%). In the BRAF, HRAS, MAP2K1, SHOC2 and SOS1
genes, a (likely) pathogenic variant was found in one fetus each
(2.5% each gene) (figure 1). Thirty-three of 40 (82.5%) (likely)
pathogenic variants were de novo, two were inherited from an
affected mother (5%) and five showed unknown inheritance,
because parents were not tested (12.5%).

Cohort 1

For cohort 1, in which 1-5 genes were analysed, 15 (likely) patho-
genic variants were found in 231 samples (6.5%). Thirteen (likely)
pathogenic variants were found in the PTPN11 gene (5.6%), one
pathogenic variant in the RAF1 gene (0.4%) and one likely patho-
genic variant in the MAP2K1 gene (0.4%) (table 1).

Cohort 2

For cohort 2, in which a NGS panel of 14 genes was analysed, 25
(likely) pathogenic variants were found in 193 samples (13%). Of
the 25 (likely) pathogenic variants, 14 were found in the PTPN11
gene (7.3%), four were found in the RAF1 gene (2%) and three
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Table 1 Mutation-positive samples
Cohort 2: Oct

Cohort 1: 2011- 2014-2016

Oct 2014 (1-5 (NGS panel)
Gene 2011-2016 (n (%)) genes) (n (%)) (n (%))
PTPN11 271424 (6.4) 13/231 (5.6) 14/193 (7.3)
RAF1 5/424 (1.2) 1/231 (0.4) 41193 (2)
RIT1 3/424 (0.7) N/A 3/193 (1.6)
sos1 11424 (0.2) N/A 1193 (0.5)
HRAS 1/424(0.2) N/A 1/193 (0.5)
MAP2K1 1/424 (0.2) 1/231 (0.4) 0/193 (0)
BRAF 1/424(0.2) 0/231 (0) 1/193 (0.5)
SHoC2 1/424(0.2) N/A 1/193 (0.5)
KRAS 0/424 (0) 0/231 (0) 0/193 (0)
All other genes in 0/424 (0) N/A 0/193 (0)
NGS panel
Total mutation 40/424 (9.4%) 15/231 (6.5%) 25/193 (13%)
positive
N/A, not applicable; NGS, next generation sequencing.
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Diagnostics

Table 2 Distribution of NT in cohort 2 (mutation-negative versus
mutation-positive samples)

Mutation-negative
samples (n=168)

Mutation-positive
samples (n=25)

NT (mm) (n(%)) (n(%))
<3.5 3(2) 1(4)
3.5-3.9 25 (15) 2(8)
4.0-4.9 22 (13) 0 (0)
5.0-5.9 21(12.5) 1(4)
6.0-6.9 6 (4) 3(12)
7.0-7.9 4(2) 1(4)
>8.0 10 (6) 11 (44)
Increased, but unknown 21(12.5) 4(16)
Nuchal fold at 20 weeks of gestational 34 (20) 1(4)
age

Not measured 22 (13) 1(4)

NT, nuchal translucency.

were found in the RITT gene (1.5%). One (likely) pathogenic
variant was present in four separate samples in the SOS1, HRAS,
BRAF and SHOC?2 genes (each gene 0.5%), respectively (table 1).

Two of the 14 pathogenic variants in the PTPN11 gene were
maternally inherited. Both mothers were suspected of having
Noonan syndrome when the fetal DNA sample was sent in for
rasopathy testing.

Distribution of NT between negative and positive samples in
cohort 2

The distributions of NT in cohort 2 were evaluated comparing
the mutation-negative and mutation-positive samples (table 2,
figures 2 and 3). Tests for normality on samples with measured NT
(n=110) showed that mutation-positive samples were normally
distributed (mean of 8.46 mm with =3.7 SD), while mutation-neg-
ative samples were non-normal (median of 4.7 mm with *2.0
IQR) where ~50% of mutation-negative samples had an NT <5
mm. As a result, NT thickness in mutation-positive samples was
significantly larger compared with mutation-negative samples
(p<0.001, Z=3.858).

Clinical findings of all samples in cohort 2

The ultrasound findings of all samples in cohort 2 were analysed
according to mutation-positive and mutation-negative samples
(table 3). Increased NT/cystic hygroma in the first trimester was

<3.5mm
2%

Nuchal fold at 20
weeks of GA
20%

4%

7.0-7.9 mm
2%

Figure 2 Distribution of nuchal translucency in cohort 2: mutation-
negative samples (n=168 (%)).

Nuchal fold at 20
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weeks of GA 4% 4%  3.5-3.9mm

4% \ . 5.0-5.9 mm

4%

6.0-6.9 mm
12%
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-\

7.0-7.9 mm
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Figure 3  Distribution of nuchal translucency in cohort 2: mutation-
positive samples (n=25 (%)).

the most prevalent finding in all samples (86% of all samples).
Although there is a statistically significant difference in the thick-
ness of the NT between the mutation-positive and mutation-neg-
ative group, there was no statistic difference in the presence of
an increased NT/cystic hygroma between mutation-positive and
mutation-negative samples. The ultrasound finding ascites was
not statistically more prevalent in the mutation-positive samples.
All other ultrasound findings (JLS, hydrops fetalis, pleural effu-
sion, cardiac anomalies, renal abnormalities and polyhydramnios)
were statistically more prevalent in the mutation-positive samples
(table 3).

Clinical findings in mutation-positive fetuses in cohorts 1 and
2

The 40 pathogenic mutation positive fetuses showed a variable
degree of involvement of prenatal findings. Increased NT/cystic
hygroma (including persistent NT (defined as NT still visible on
ultrasound at 14 weeks of gestation)) was the sole finding in eight
fetuses (20.0%). The NTs were between 5.5 and 13 mm for seven
samples, whereas one showed oedema around the fetus without
exact measurement. Five of these fetuses were terminated at 16
and 22 weeks of gestation, respectively, without autopsy, therefore
eliminating follow-up, and one resulted in a premature delivery at

Table 3  Cohort 2: prenatal ultrasound findings in fetuses with
normal chromosomal microarray and analysed for rasopathy using
next generation sequencing panel

Mutation ~ Mutation

positive (n  negative (n
Prenatal findings Total (n (%)) (%)) (%)) P-value
Increased NT/cystic hygroma 166/193 (86)  23/25(92) 143/168 (85)  0.282
in first trimester*
Persistent NT 61/193 (32)  16/25 (64) 45/168 (27)  0.000
Jugular lymph sacs 241193 (12)  12/25 (43) 12/168 (7) 0.000
Hydrops fetalis 26/193 (13)  14/25 (56) 12/168 (7) 0.000
Pleural effusion 32/193 (17)  11/25 (44) 21/168 (13)  0.000
Ascites 8/193 (4) 3125(12) 5/168 (3) 0.069
Cardiac anomalies 34/193 (18)  12/25 (48) 22/168 (13)  0.000
Renal anomalies 10/193 (5) 4/25 (16) 6/168 (4) 0.027
Polyhydramnios 7193 (4) 4/25 (16) 3/168 (2) 0.006
Other anomalies 321193 (17) 925 (36) 23/168 (14)  0.009

*Excluding nuchal fold, which is measured at approximately 20 weeks of gestation.
NT, nuchal translucency.
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17 weeks of gestation. Two fetuses were life born. In this isolated
increased NT group, seven fetuses harboured a pathogenic PTPN11
variant and one a pathogenic RIT7 variant. Nine fetuses were shown
to have an increased NT/cystic hygroma with one other finding
(22.5%): three had JLS, two had hydrops, one had polyhydram-
nios, one had a cardiac defect, one showed bilateral hydrothorax
and one had unilateral clubfoot. Seven fetuses harboured a patho-
genic PTPN11 variant and two a pathogenic RAF1 variant. The
remaining 23 fetuses had at least two or more ultrasound findings
(23 out of 40 fetuses, 57.5%) (table 4). Although ductus venosus
anomalies have been reported as being associated with Noonan
syndrome, we found evidence in only one of the mutation-positive
fetuses in our study.?’* This fetus, however, also showed 6 of the
specific rasopathy ultrasound features.

All 40 mutation-positive samples were analysed for clinical
outcome (table 4). Twenty-eight pregnancies were terminated
before 24 weeks of gestation (70%). Two fetuses were born prema-
turely and died shortly after birth (at 17 and 27 weeks of gesta-
tion, respectively)(5%), two pregnancies ended in intrauterine fetal
death (5%) and eight pregnancies ended in a term birth (20%). Of
these births, one child died during birth, one shortly after birth
and one child a few years after birth. Five children with prenatally
confirmed Noonan syndrome are still alive (12.5%). There were
no significant differences in clinical findings in mutation positive
samples cohort 1 versus cohort 2. It was expected that cohort 2
included fetuses with more ultrasound findings due to proposed
new criteria by Croonen et al.'” However, not all genetic centres in
the Netherlands used these new criteria. Additionally, we did not
find a correlation between genotype and phenotype. There were
a few recurrent mutations and within those mutations a shared
phenotype did not appear to be present. Clinical information
about the non-pathogenic variants is provided in the online supple-
mentary table 1.

DISCUSSION

Recently, a new Dutch guideline was implemented with regard to
prenatal testing for a rasopathy. This guideline showed that only
a handful of studies were informative for rasopathy testing and it
therefore was the motivation for this study. We present the largest
cohort of prenatally tested samples for rasopathies. In a previous
paper by Croonen et al, testing for a rasopathy in pregnancy was
recommended when an enlarged NT is present and at least one
of the following features: distended JLS, cystic hygroma, hydrops
fetalis, hydrothorax, cardiac anomalies, renal anomalies, polyhy-
dramnios and ascites.'® In this paper, we provide updated recom-
mendations for testing for a rasopathy based on our clinical and
genetic findings in a cohort of 424 fetuses.

Mutation detection

In our cohort of 424 fetuses, an overall pathogenic mutation detec-
tion rate of 9.4% was found, with a 6.5% mutation detection rate
in cohort 1 (testing of 1-5 genes) and 13% in cohort 2 (NGS panel
cohort). Croonen et al found a 17.3% mutation rate in their diag-
nostic group tested for Noonan syndrome. It is unclear what causes
the difference in mutation detection rate. The inclusion criteria
might play a role, because no isolated enlarged NT was included
in their study. However, Croonen et al included cystic hygroma
as a separate entity, whereas in our study, these anomalies were
combined. If all 58 isolated increased NT samples with NT <5.0
mm had been excluded in our cohort 2, mutation detection in this
cohort would have increased to 18.5% (25/135). Additionally, in
cohort 1, 1-5 genes were tested, whereas in cohort 2, 14 genes were
tested. This latter presumably leads to a higher mutation detection

rate. If in cohort 2 only the five genes from cohort 1 were tested,
the percentage of mutation detection in cohort 2 would have been
9.8% compared with 13% with NGS panel. However, not every
sample in cohort 1 was tested for five genes. Therefore, the muta-
tion detection percentage in cohort 1 might be an under-repre-
sentation compared with the same genes tested in cohort 2. The
difference in mutation detection between our two cohorts seems
to be due to the increased amount of genes tested.

In addition to the Croonen et al’s paper, Ali et al recently
published a cohort of 39 fetuses with enlarged NT and normal
karyotype which underwent testing for Noonan syndrome.'® The
authors used two laboratories with a selected panel of 11 and 9
genes, respectively. They found a mutation percentage of approx-
imately 10%. This is the approximately same percentage as we
found in our much larger total cohort. However, in our cohort 2
we found a slightly higher mutation detection of 13%. This might
be due to the fact that the RIT1 gene was not present in one of the
panels used by Ali ez al. The RIT1 gene is an important gene in our
cohort, with three of the 25 mutations (12%) found in cohort 2
being in this gene. Additionally, microdeletions/duplications were
not tested by Ali et al, which have been filtered out in our cohorts.

More than 80% of our mutation-positive samples were de novo.
In literature, the de novo rate has been estimated at 30%-75%.°23*
Our cases were prenatally detected and the higher percentage could
be explained by the fact that milder cases might not show a
prenatal phenotype and therefore are not tested in pregnancy. As
well, hydropic fetuses have not always been tested for a rasopathy,
which would then be missed out on de novo mutation detection.

Genes

In cohorts 1 and 2 combined only eight genes were involved in
prenatally confirmed Noonan syndrome. Although no pathogenic
variants were found in the A2ML1, CBL, MAP2K1, NRAS, SPRED1
and KRAS genes in our total cohort, in literature a prenatal pheno-
type has been described for all these genes, except for the SPRED1
gene. For the A2ML1 gene, however, only one report has been
published and it is debatable whether this gene is involved in the
rasopathies.'’ ' %%

Overall, the PTPN11 gene is prenatally and postnatally the
most prevalent gene in the panel; 67.5% of our samples with a
rasopathy have a pathogenic PTPN11 variant, which is in agree-
ment with literature.” ¢ %8

In our study, RAF1 and RIT1 are the most frequently described
genes involved in rasopathies after the PTPN11 gene. RIT1 has
relatively recently been discovered and it also has an important
role in prenatal rasopathies. This is possibly due to the presence
of lymphatic malformations in this gene,” which is easily recog-
nisable on fetal ultrasound. In our study, all three fetuses with a
pathogenic RITT mutation showed lymphatic problems. However,
the indication of sending in samples for testing was increased NT
or associated lymphatic problem; therefore, there is a bias in our
cohort regarding this ultrasound feature. Only one of the three
fetuses with a pathogenic RIT1 variant in our cohort showed a
cardiac defect. This is not significantly more than the fetuses
with other pathogenic variants. Cardiac anomalies are frequently
documented in patients with a pathogenic RIT1 mutation.” *
However, pulmonic valve stenosis and hypertrophic cardiomyop-
athy, the common cardiac defects described in Noonan syndrome,
are difficult to visualise on fetal ultrasound. Therefore, they are
easily overlooked in pregnancy and might not be confined to only
fetuses with a RIT1 mutation. SOS1 has to our knowledge only
been described a handful of times before in the prenatal setting,"
and in our study only one fetus showed a pathogenic variant. This

Stuurman KE, et al. / Med Genet 2019;56:654—661. doi: 10.1136/jmedgenet-2018-105746 657

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw elep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold
Jjooyosaboysnwse.iq
V11-739 swnedsq e 5z0z ‘ez Aely uo jwod fwg Bbwly:dny woly papeojumoq "6T0Z |11dY 0€ UO 97/ S0T-8T0Z-19UsbPaWl/9ETT 0T Se paysiignd 1si1 118U PaN


https://dx.doi.org/10.1136/jmedgenet-2018-105746
https://dx.doi.org/10.1136/jmedgenet-2018-105746
http://jmg.bmj.com/

J Med Genet: first published as 10.1136/jmedgenet-2018-105746 on 30 April 2019. Downloaded from http://jmg.bmj.com/ on May 23, 2025 at Department GEZ-LTA
Erasmushogeschool .
Protected by copyright, including for uses related to text and data mining, Al training, and similar technologies.

10.1136/jmedgenet-2018-105746

654-661. doi

;56

i

Stuurman KE, et al. / Med Genet 2019

panunuo)
SAI9M 07 18 4oL vns - - asA - - - + + S'S d + + UEAVASTEEN 1<D0LLD 14vy 6¢
S)9aMm 7| 1e doL - - - - - - + - e/u 8 d + + USMVATTZEN 1<20LL 14vy 8¢
|amoq
uopejol-uou ‘anbuoy
ab.e| ‘wstiojpuRdAy anjen
‘Alebawoleday leniw dnsedsAp
SfeaM L€ e adnl “Aeydadhydeig + sise1dajahd "fupedofwoipied * i ki ki + 0zl d + + SIHOLGUD  J<DOESLD  LINdLd Lz
SAI9M 7 18 4oL - - - - - ielig+ - - - 9€ d + + Buye0shn J<BL0SL? LINdId 9
sainjea}
|eney dydiowshp
doL  'SNSOURA SnIdNP JUBsqY - sisepd|ahd asav - - + + + L'EL d é + BIVZ0S4eS D<1¥0S17 LINdId 14
Yuiq a1 - - - - - - - + - 08 d lew-— + 19NBIPIYL 1<3e0vL™ LINd1d 174
SYoaM ZZ 1€ do) - = = = - - - + - Ge< d + - 19INBITAYL 1<D€0vL™ LINd1d €T
e|jeyusb snonbique Kaupiy
RELUVARENCE] ‘[amoq uonejoijep - 90ys 3sI0H QSA snoiqy + + + + - 6 d + - yL19veY V<DIBEL™D LINd1d [44
SYoaM /|
1e Aianijap ainjewsaid = = - - - - - - + 96 d + + dsygogusy 9<VI6 LINdLd 174
SY9aM (Z< doL - - - - - - - - + 0°€lL d + + dsygogusy H<VIT67 LINdId (114
SYI9M 7 1e doL = - - - - - - - - ] d + - dsygogusy D<VT6 LINdId 6l
doL - + - sd - - + +  paseanu| d + + 19568734d J<1¥582 LINdLd 8l
Yreap
|ereuysod ‘syaam
LT3e yuIq an 5183 335 MO SYOIM [T+ - = plw Kiap + - + + L'l d + - 1355873Yd J<1vS8? LINdLd [l
SY99M €7 1€ doL peay padeys-uowa — sisepaPAd piy uoisnya [elpaedtiag + + + + + L8 d + - 1956879d J<1¥58" LINdLd 9l
Yuiq aAI] = = = - - - - - - 09 d + - u|ng9zbiy V<B¥6.L LINdId Sl
Yuiq aan - - - - - - - + - 8¢ d 4 + Bay9szulD D<VL9L LINdId 145
SYoaMm /| e doL. = = - - = + + - + 09 d + + dsyeeLN|D J<DLIY? LINdLd €l
ueay 1s|
SY99M |7 e oL - - - onsedodAy ‘asAy - - - - - LS d lew- - dsy9zn|o 1<D877» LINdLd 4}
S¥oam 9| 1e doL. = = - = = - - - - 0L d1 + - |BAZLBIY 1<06123 LINd1d L
dol - - - - + + + - + 1'8 d1 + + 0ldz/elY JD<HYled LINdId ol
aneA
pidsndsiiy |jews ‘ueay
S$Y99M €7 18 doL = = = b1 dnsejdodAy = = = + + €6 d i = 19SZLBlY 1<9V1Zd  LINdId 6
SAI9M {71 18 4oL - - - - - - + - + paseau| d1 + + na7L/3yd D<lLELTd LINdLd 8
S¥9aM 9|, 1e doL - = = = = + + = = 86 d * i dsyz9IAL O<I¥8l>  LINdId L
4ol = - - - - - - - + oLl d + - dsyzoihL O<1y8l" LINd1d 9
IGEN = SY2aM b€ PlIN - - - - - = = 1'9 d + = dsyz9iAL 9<1y81" LINdLd S
SyoaMm || 18
Heay a| SN} punose
doL - - sisepajphd  dnsedodAy ‘asav - - + + + ewapan d 1 + A9 19dsy D<yZ8l? LINdLd 14
SY99M | Z 3 dOo) [INfs [euriouqy - - asAv - - - + + 68 d + + [eA09AID 1<B6L1 LINdId €
A4od
doL peay tw&mzw.coEw._ - - .:O_m:tw |eipiedlisd - + + + + 98 d + + _m>O®>_w 1<D6/172 LINdId 4
7 Syaam (| 18
(9] 4 abe 1e Snj8j puno.e
....M paseadap ‘yuiq aAI] = = = = = = - - + ewspaQ d ¢ + elvZpiyL PA74%S] LINd1d l
=} awodno AHueubaid saljewoue JBY)Q  soluweipAykjod saljewoue  saljewoue delpie)  SIYDSY  UOISNYd sljeya} s IN (ww) IN  Apiusboyyeq onou  |pued abueyd abueyd ausn  ase)
M.. Jeuay leanald  sdoiphy JUR)SISIAg 2@  SON uia101d Jlwousn
m mmc__uc: punoses}|n pajdalap ayl pue (g pue | s1oyod) mw_QEmm annisod-uoneiniy 9|qeL

658


http://jmg.bmj.com/

J Med Genet: first published as 10.1136/jmedgenet-2018-105746 on 30 April 2019. Downloaded from http://jmg.bmj.com/ on May 23, 2025 at Department GEZ-LTA

Erasmushogeschool .

Protected by copyright, including for uses related to text and data mining, Al training, and similar technologies.

*3|qedtjdde Jou ‘eju ‘jeusalew ‘Jew ‘esaie|iq ‘1e|iq 193jap wnydas JejndLauan
‘asA “foueubaid Jo uoneurwa) do ‘Aisue [edrjiquin ajbuls ‘s BpLIuBA ybL ‘AY ‘sisouss Areuowind ‘s diusboyed  ‘fHousdnjsue [eydnu ‘N Diuaboyyed Al 47 ‘soes ydwAj senbnl ‘STr dyreap |elay suLsInesul ‘4N DPHIUBA 1YBL 13110 3|gnop ‘AYOQ ‘1a)ep wnidas JejndLiusnoLle ‘qSAY

SHI9M {7 18 dOL - +  sisoiydauoiphy asA - + + + + 1743 d + + dsyelLho V<DH8e" SVYH ov
snjay
punose
S)99M 8| 18 dOL vns ‘Aleydadonepy - - - - - - + - ewspag d + + Bay69zIIN 5<1908" 150S 6€
edleday
‘e |ewsouqe ‘SNSOUdA
SY98M €1 1 dO| - - —  sndNp |ewsoude 4o| - - - + eu 8Ll d1 + + [eAF9TAID 1<DL6EL™ ElZ L) 8¢
SEEN AydoiuadAy SYPaM |7 1e
LE 18 YUIq 31T AlebawojntuaA + - AY ‘AleBawolpied - + + - +  PIo} [BYNN d + + Aipzias RIS ) ZJO0HS LE
S$§93M 8| Je doL - - - - - + + - +  paseany| d1 + - dsygzifip V<DEBED  INZIYWN 9
QSA ‘eisaie
Keuownd ‘eisane
pidsnouy ‘apLjusA
SY9dM 7| 18 4oL 5183 195 MO - - 146 dnsejdodAy + + + - - 08l d + + [BALO LN D<V6LlED LY 13
4ol - - - - - - - - + €L d 14 + [BALOLISIN D<V6lED Ly 143
yuiq SYeaM gl 1e
pIIy> Butinp paiq - + siseajahg - + + + + & PlojjeynN d + + [BALO LN D<V6LED LY €€
S399m 9| 1e doj. 1004qn]> [eIB1EJIUN - - - - - - - + 08 d + + bay19zoid H<d78L? 14vY [43
y1eap Sd ‘wnipiedoAw
[eyeussod ‘yuiq aAr [amoq 1usboyp3 + - d1ydopadAiy = + + = + §9 d1 + + 01409Z4yL J<V8LL? 14vY L€
S399M 6| 1e doL - - - - - + + - - 69 d + + USHVATZEN 1<30LL 14y 0€
awodino fHueubaigd Ijewoue J3Y1Q 1] I[ewoue deIpJe)  SBYISY  UOISNYD sijelay ST IN (ww) IN  Awpdiusboyieq onou  pued abueyd abueyd ausn  ase)
Jeuay leanald  sdoapAy JuR)sIsiad ag  SON ui10id Jlwousn

panunuod ¥ ajqel

659

Stuurman KE, et al. / Med Genet 2019;56:654—661. doi: 10.1136/jmedgenet-2018-105746


http://jmg.bmj.com/

is possibly due to a milder phenotype, which might not be recog-
nisable on prenatal ultrasound.

Clinical differences between the mutation-negative and
mutation-positive group

The prenatal features persistent increased NT, JLS, hydrops
fetalis, pleural effusion, cardiac anomalies and polyhydramnios
are significantly more present in fetuses with confirmed rasopathy
versus fetuses without a confirmed diagnosis. In both the muta-
tion-positive and mutation-negative groups, an increased NT was
the most frequent finding on ultrasound, and there was no signifi-
cant difference between the groups (p-value 0.282). This is due to
the fact that in most instances the indication for prenatal testing
of a rasopathy was an increased NT. Therefore, it is difficult to
confirm if most prenatal rasopathy cases have indeed an enlarged
NT. Ascites is not very specific for fetuses with a rasopathy with a
p-value of 0.069. Renal anomalies are significantly more present
in mutation-positive samples, but it is not a strong predictor
(p-value 0.027). Both ascites and renal anomalies are always seen
in combination with hydrops fetalis in our mutation-positive and
mutation-negative cohort. Additionally, ascites is only detected in a
small amount of mutation-positive and mutation-negative fetuses.
The most common renal anomaly is pyelectasis. Although pleural
effusion is significantly more present in fetuses with a confirmed
rasopathy, this feature on its own does not predict a mutation. We
did not find mutations in fetus with solely pleural effusion. Pleural
effusion is almost always part of hydrops fetalis (tables 3 and 4).

Clinical findings in the mutation-positive group

In the mutation-positive group, there were eight fetuses (20.0%)
with just an isolated NT and only two of these fetuses turned into a
term life birth. The other fetuses were terminated before 22 weeks
of gestation. It is therefore difficult to determine whether these
fetuses would have developed more anomalies in due course of
the pregnancy. Twenty-three fetuses showed two or more ultra-
sound findings additional to the increased NT. Thus, the majority
of samples with a confirmed rasopathy (23 of 40 fetuses, 57.5%)
have multiple anomalies on ultrasound. We therefore recommend
testing for a prenatal rasopathy when the NT is =3.5 mm and
one of the following ultrasound anomalies is present: JLS, hydrops
fetalis, pleural effusion, cardiac anomalies, polyhydramnios. It is
debatable whether to test for a rasopathy when an enlarged NT
is seen in combination with solely ascites or renal anomalies. The
chance of finding a pathogenic variant is low, but not excluded.

A rasopathy cannot be excluded when only one ultrasound
anomaly is seen, as our study shows pathogenic variants in eight
fetuses with an isolated increased NT (with or without persistent
NT enlargement). This has been described before." The NTs of
the fetuses were, however, large (5.5-13.0 mm). There is a statis-
tical significant difference of the thickness of the NT between the
mutation-positive versus the mutation-negative samples with a
cut-off at 5.0 mm. Therefore, we recommend testing for prenatal
rasopathy in fetuses with an isolated increased NT of =5.0 mm.
Additionally, in the presence of other ultrasound anomalies, the
NT tends to be larger as well (online supplementary file 1), which
has been described before.'® Sixteen of the 40 fetuses (40%) with
confirmed rasopathy had a cardiac defect. In literature, postnatally,
approximately 80% of patients with established rasopathy show
a cardiac anomaly.*! The difference is most likely due to the fact
that the two most common heart defects in a rasopathy, pulmonic
valve stenosis and hypertrophic cardiomyopathy, are difficult to
detect on prenatal ultrasound. One fetus with a confirmed patho-
genic HRAS variant had a NT of 3.4 mm. This is technically not

an increased N'T. However, this fetus showed multiple other ultra-
sound anomalies, fitting the prenatal phenotype of a rasopathy.
Prenatal testing for a rasopathy when an increased NT is absent
should be based on the remaining ultrasound anomalies. One can
consider testing for rasopathies when multiple anomalies described
in this study are present.

A genotype—phenotype correlation could not be established in
our cohort. This might be due to the fact that many pregnancies,
some at early gestation, were terminated when a mutation was
found and therefore a complete prenatal and postnatal phenotype
is lacking. The high percentage of pregnancy terminations (80%) in
the mutation-positive group can have several reasons. An important
reason might be that parents, who, due to cultural or religious
beliefs, would not terminate a pregnancy in the first place, might
not opt for genetic testing. Therefore, this could cause a bias in the
percentage in termination of pregnancy. Another reason might be
poor prognosis and parental anxiety either due to the enlarged NT
or due to the combination of several ultrasound findings. For this
reason, however, one would expect also a high percentage in termi-
nation of pregnancy irrespective of the presence of a mutation in a
rasopathy gene. Unfortunately, we did not follow-up on the muta-
tion-negative samples in our cohort. All parents were counselled
by clinical geneticists, and in our opinion, a clinical geneticist is the
expert physician for counselling a prenatal rasopathy. Parents will
then be able to make a well-informed decision.

Several studies have documented a range of 21%-50% prenatal
phenotype in patients with a postnatally confirmed rasopathy.
These studies also showed a lack of an association between prenatal
severity and postnatal outcome. '

Challenges

The requisition forms for cohort 1 were not digitally available. As
a result, we did not research the clinical phenotype of the muta-
tion-negative samples in this cohort. In cohort 2, the requisition
forms were digitally available and we based the prenatal pheno-
type on what the referring physician had written down. We trusted
the information on the requisition form for the mutation-negative
samples to be complete.

Our study did not include newborns with Noonan syndrome or
an associated disorder. Additionally, a high percentage of termi-
nations of pregnancy in our cohorts was established, which made
postnatal follow-up impossible. Therefore, a complete genotype—
phenotype correlation can not be made. Additional research about
the postnatal phenotype combined with the prenatal phenotype
needs to be performed. Finally, the upcoming use of non-inva-
sive prenatal testing (NIPT) presumably decreases the request for
prenatal rasopathy testing as increased NT is an important ultra-
sound finding in the prenatal rasopathies, which is not measured
anymore when performing NIPT.

Recommendations

This study is the most extensive study to date involving the largest
cohort of prenatally tested rasopathy. We conclude that all but one
confirmed prenatal cases of rasopathy show an enlarged NT. We
recommend testing of fetuses with solely an increased NT after
chromosomal abnormalities have been excluded when the NT is
=>5.0 mm. We also recommend testing when the NT is =3.5 mm
and at least one of the following anomalies is present: distended
JLS, hydrops fetalis, polyhydramnios, pleural effusion and cardiac
defects. Ascites and to a lesser degree renal anomalies in combi-
nation with an increased NT are poor predictors to find a patho-
genic variant and testing is then debatable. Research for better
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correlation between prenatal and postnatal phenotype should be
performed.

In general, an NGS panel of known rasopathy genes should
be used when a rasopathy is suspected. Although we did not
find pathogenic variants in every gene in the panel, in all genes,
a prenatal phenotype has been documented in literature. There-
fore, a smaller panel is not advisable. However, in countries where
an extensive panel is not available, testing for only PTPN11 gene
would catch of at least 50% of the fetuses with a rasopathy.

We assume that adding recently discovered rasopathy genes
(PPP1CB, SOS2 and LZTR1 genes) to the panel would increase the
detection rate.
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