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Establishing the phenotypic spectrum of ZTTK syndrome by
analysis of 52 individuals with variants in SON

Alexander J. M. Dingemans1’2°, Kim M. G. Truijen1'2°, Jung-Hyun Kim 2 Zahide Alagam3, Laurence Faivre?*, Kathleen M. Collins®,
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Edyta Heropolitanska-Pliszka'?, Astrid S. Plomp'?, Caroline Racine®?, Rani Sachdev'?, Margje Sinnema'?, Jon Skranes'®,
Hermine E. Veenstra-Knol®, Eline A. Verberne’, Anneke T. Vulto-van Silfhout', Marlon E. F. Wilsterman'’, Eun-Young Erin Ahn
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Zhu-Tokita-Takenouchi-Kim (ZTTK) syndrome, an intellectual disability syndrome first described in 2016, is caused by
heterozygous loss-of-function variants in SON. Its encoded protein promotes pre-mRNA splicing of many genes essential for
development. Whereas individual phenotypic traits have previously been linked to erroneous splicing of SON target genes, the
phenotypic spectrum and the pathogenicity of missense variants have not been further evaluated. We present the phenotypic
abnormalities in 52 individuals, including 17 individuals who have not been reported before. In total, loss-of-function variants were
detected in 49 individuals (de novo in 47, inheritance unknown in 2), and in 3, a missense variant was observed (2 de novo, 1
inheritance unknown). Phenotypic abnormalities, systematically collected and analyzed in Human Phenotype Ontology, were found
in all organ systems. Significant inter-individual phenotypic variability was observed, even in individuals with the same recurrent
variant (n = 13). SON haploinsufficiency was previously shown to lead to downregulation of downstream genes, contributing to
specific phenotypic features. Similar functional analysis for one missense variant, however, suggests a different mechanism than for
heterozygous loss-of-function. Although small in numbers and while pathogenicity of these variants is not certain, these data allow
for speculation whether de novo missense variants cause ZTTK syndrome via another mechanism, or a separate overlapping
syndrome. In conclusion, heterozygous loss-of-function variants in SON define a recognizable syndrome, ZTTK, associated with a
broad, severe phenotypic spectrum, characterized by a large inter-individual variability. These observations provide essential
information for affected individuals, parents, and healthcare professionals to ensure appropriate clinical management.

European Journal of Human Genetics (2022) 30:271-281; https://doi.org/10.1038/s41431-021-00960-4

INTRODUCTION

In recent years, an increasing number of genetic causes of
intellectual disability (ID) and developmental disorders have been
discovered [1-3]. Heterozygous loss-of-function variants in SON
(OMIM #182465) were first described in 2016 as one of these novel
genetic causes [4-7] and the associated syndrome was subse-
quently named the Zhu-Tokita—Takenouchi-Kim syndrome (ZTTK
syndrome, OMIM #617140). SON, located on 21g22.11, is a highly
conserved gene that is ubiquitously expressed, with the most
prominent isoform consisting of 12 exons (NM_138927.2 [8]). SON
plays an important role in cell cycle progression and affects RNA

splicing as a splicing cofactor [9, 10]. Haploinsufficiency of this
gene can lead to intron retention and exon skipping, especially at
weak splice sites, which affects multiple genes, including various
genes involved in brain development, renal development, and
metabolism [6, 8, 9, 11]. SON is involved in pluripotency and
survival of embryonic stem cells as well as in the alternative
splicing of other genes involved in epigenetic regulation and
apoptosis [6, 8, 12]. Knockdown of SON in Hela cells leads to
several significant abnormal structures in cells that go through
mitosis and on occasion even to mitotic arrest. Some of these
abnormalities, like the protrusion of nuclear buds and micronuclei,
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implicate the role of SON in genomic stability [9]. Moreover,
studies have shown that SON is involved in transcriptional
regulation of, among others, leukaemia-associated genes and in
tumorigenesis and haploinsufficiency of SON can cause neuronal
migration defects and dendritic spine abnormalities [8, 13-15].
Taking into account the many different functions of SON, it is to be
expected that pathogenic variants in this gene can cause diverse
clinical symptoms.

It is therefore not surprising that ZTTK syndrome affects
multiple organ systems and thus can induce a wide variety of
symptoms. Reported clinical characteristics include ID/develop-
mental delay, brain malformations, facial dysmorphisms, eye and/
or vision abnormalities, heart defects, urogenital and gastrointest-
inal malformations, musculoskeletal abnormalities, short stature,
and craniosynostosis [4-7]. Knockdown of SON in zebrafish results
in a phenotype with morphological brain abnormalities for
instance, which resembles (part of) the characteristics that are
described in individuals with the ZTTK syndrome [6].

Although pathogenic variants in SON have been described in
multiple publications [4-7, 11, 16-20], a systematic review was not
yet available and an accurate genotype-phenotype study has not
yet been performed. Here, we review the phenotype of 52
individuals with variants in SON, including 17 previously unpub-
lished individuals, to establish the phenotypic spectrum asso-
ciated with ZTTK syndrome. In addition, we assessed the facial
gestalt and compared the phenotype of individuals with de novo
SON loss-of-function variants and those with a de novo SON
missense variant. This knowledge is essential for both profes-
sionals, as well as for affected individuals and their families, as it
may guide clinical management and provide insights for accurate
counseling and prognosis.

METHODS

Identification of individuals with a variant in SON

A literature search was conducted in PubMed to collect all published data
on clinical consequences of a pathogenic variant in SON. The following
search terms were used in August of 2020:

(“SON protein, human” [Supplementary Concept] OR SON[ti] OR SON3|[ti]
OR BASS1[ti] OR DBP-5[ti] OR NREBP[ti] OR TOKIMSI[ti] OR C210rf50[ti] OR
SON[ot] OR SON3[ot] OR BASS1[ot] OR DBP-5[ot] OR NREBP[ot] OR TOKIMS
[ot] OR C21orf50[ot]) AND (“Mutation”[Mesh] OR “Genome”[Mesh] OR
mutat*[Title/Abstract] OR variant*[tiab]) OR Zhu-Tokita-Takenouchi-Kim
[tiab] OR ZTTK(tiab]

In addition, Gene PubMed was searched for SON and all linked articles
were checked for the availability of phenotypic description of individuals.
Articles were selected based on title and abstract. Inclusion criteria were: a
clinically relevant variant in SON, availability of clinical data and availability
of full text in English or Dutch. After inclusion, the full texts were assessed.
Articles were excluded after full text analysis if the clinical characteristics or
the exact variant were not described, or if the variant or phenotype was
not trackable to a specific individual. The references of the included articles
were manually assessed for other relevant articles. Two researchers (AJMD
and KMGT) independently performed the search and selection of articles
to ensure that all articles meeting the criteria were included.

Furthermore, an additional cohort of 17 previously unpublished
individuals was recruited through gene-matcher exchange programs and
direct intercollegiate contacts (all data in Supplementary Table 1). For two
individuals (16 and 52), the information from the initial publication was
updated and completed here.

Genetic and phenotypic data

Data on genomic and phenotypic abnormalities from previously published
cases were extracted from tables, figures, text, and supplements of the
published articles. All other genomic variants potentially contributing to
the phenotype of the patients as listed in the original publications are
provided in Supplementary Table 2. A potential contribution of these
variant to the phenotype cannot be excluded. All other genomic variants
potentially contributing to the phenotype of the patients as listed in the
original publications are provided in Supplementary Table 2. A potential
contribution of these variant to the phenotype cannot be excluded. For the
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novel cases, clinicians were asked to supply clinical and genomic data. To
create an accessible and adaptable overview, all phenotypic data were
collected in Human Phenotype Ontology (HPO) [21] terms, and
subsequently entered in the SON page of the “Human Disease Genes
(HDG)" website series [22] allowing the display of graphic representations
of the clinical data. The frequency of each abnormality was determined to
get a complete overview of the phenotypic spectrum. A separate overview
was made for the observed phenotypic abnormalities in individuals with a
missense variant in SON. St. Jude’s ProteinPaint was used to visualize the
genomic variants in SON [23]. Finally, all genetic variants of previously
unpublished individuals were uploaded to the LOVD (https://databases.
lovd.nl/shared/individuals/SON, ID #00377114 and #00377116-#00377132)
to ensure availability of genotypic and phenotypic data.

Functional validation

Functional analysis of missense variants was performed when patient
material was available, and as described previously by Kim et al. [6]. In
brief, SON haploinsufficiency has previously been shown to cause
erroneous splicing of targeted genes, which can be visualized by intron
retention and/or exon skipping using PCR at cDNA level, as well as reduced
gene expression levels by gPCR as a consequence of nonsense-mediated
decay of the miss-spliced mRNA products. To functionally assess the
missense variant observed in individual 18, intron retention/exon skipping
for ACY1, PNPK, TUBG1, WDR62, PFKL, and PSMD3 was tested, as well as the
expression levels of ADA and HDAC6.

Quantitative facial phenotyping

Quantitative facial phenotyping was used to analyze the individual’s facial
morphology. Photographs of 26 individuals were analyzed using the
Hybrid model, as described previously [24-26]. With this model, the
clustering impact factor (CIF) of individuals with a variant in SON can be
determined. The CIF reflects the extent to which these individuals cluster
within a group of controls and thus to which extend their facial features
are similar. The controls are age-, gender-, and ethnicity-matched
individuals with ID. To determine whether the CIF was significantly higher
than can be expected by random chance, the Mann-Whitney U test
was used.

RESULTS
Cohort
The PubMed search yielded 343 articles. After evaluation based on
in- and exclusion criteria, 9 articles remained (Supplementary Fig.
1), in which data on 35 individuals with presumed clinically
relevant SON variants were published [4-7, 11, 16-18, 20]. Manual
assessment of the references did not lead to inclusion of
additional articles. No discrepancies were identified between the
two researchers who performed the search and selection.
Through international collaboration, 17 unpublished individuals
with presumed pathogenic variants in SON were identified and
clinically characterized (Supplementary Table 1), resulting in a
total cohort size of 52 individuals.

Genotypic variants

Detailed annotations for all variants identified in the 52 individuals
identified after systematic review are provided in Supplementary
Table 2, including variant annotations at genomic level
(NC_000021.8), as well as their predicted protein effects based on
NM_138927.2. In these 52 individuals, 40 frameshift variants, 5
nonsense variants, 2 in-frame deletions, 3 missense variants, and 2
whole gene deletions were observed. Of these variants, 49 were de
novo and for 3 variants, the inheritance pattern could not be
determined. Five variants were reported in multiple individuals: a
4-bp deletion, NC000021.8:9.34927290_34927293del, predicted to
lead to p.(Val1918Glufs*87), was found in 13 individuals; three other
small deletions, NC000021.8:9.34923418_34923419del (p.(Val629A-
lafs*56)), NC000021.8:9.34925389_34925393del (p.(Met1284llefs*2)),
and NC000021.8:9.34927547del (p.(Val2004Trpfs*2)), as well as one
substitution, NC000021.8: g.34924871C>T (p.(Arg1112%)), were each
identified in two individuals. All variants were found in exon 3 and
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spread out evenly across this exon, except for one, NC000021.8:
g.34929534del (p.(Pro2078Hisfs*4)), in exon 4 (Fig. 1).

Phenotype

Of 52 individuals, 26 (50%) were female. The median age at
examination was 6 years and 8 months (range: 1 year and 9 months
to 34 years). On average, 21.2 HPO terms were assigned per
individual. Variation in the phenotype was extensive and abnormal-
ities were described in all organ systems (Table 1 and Supplementary
Table 2).

Individuals with a loss-of-function variant. All but 1 of the 49
individuals with a loss-of-function variant had ID. The severity of
the ID varied from mild (21%), to moderate (29%), to severe (50%).
In 27 of 49 individuals (55%), an abnormality of prenatal
development or birth was reported: multiple individuals were
born premature (13/49, 27%) and/or with a birthweight below the
third centile (12/36, 33%). A short stature (26/48, 54%), small head
circumference (11/40, 28%), and low weight (14/25, 56%) were
common symptoms. None of the individuals reported a growth
parameter above the 97th percentile. In 44 of 48 individuals (92%),
neurological abnormalities were described, in particular hypotonia
(29/48, 60%), seizures (24/48, 50%), and an EEG abnormality (11/
48, 23%). Brain imaging was performed in 41 of the individuals of
whom 37 (90%) had an abnormality of the brain, with
ventriculomegaly (24/41, 59%) being the most common abnorm-
ality. Also frequently observed were cortical dysplasia (7/41, 17%)
and abnormalities of respectively the corpus callosum (18/41,
44%)—in particular hypoplasia of the corpus callosum (7/41, 17%),
the cerebral white matter (6/41, 15%), and the cerebellum (6/41,
15%). Behavioral problems were mentioned in 26 out of 46
individuals (57%), with sleep disturbance (12/46, 26%) and autism
(6/46, 13%) being particularly common. In 42 of 44 individuals
(95%) for whom facial morphology was described, dysmorphisms
were present (Fig. 2). Several dysmorphisms were reported
recurrently, including facial asymmetry (13/44, 30%), horizontal
eyebrows (14/44, 32%), downward slanting palpebral fissures (23/
44, 52%), strabismus (21/44, 48%), deeply set eyes (12/44, 27%),
epicanthal folds (9/44, 20%), abnormality of the nasal bridge (22/
39, 56%), low-set ears (21/40, 53%), posteriorly rotated ears (6/40,

European Journal of Human Genetics (2022) 30:271 - 281

15%), midface retrusion (15/44, 34%), short or smooth philtrum
(21/39, 54%), and thin upper lip vermillion (5/39, 13%).
Musculoskeletal abnormalities occur frequently, in 40 out of 48
individuals (83%), including hypermobility (17/48, 35%) and pes
planus (11/48, 23%). Furthermore, various other abnormalities of
the feet (19/48, 40%), fingers (11/48, 23%), skull (10/48, 21%), and
curvature of the vertebral column (7/48, 15%) were reported.
Gastrointestinal abnormalities were seen in 32 of 45 individuals
(71%), whereof feeding difficulties (29/45, 64%) and various
structural abnormalities (10/45, 22%), especially those affecting
the intestines, stomach, and gallbladder, were most common. In
15 out of 46 individuals (33%) cardiovascular abnormalities were
observed, especially atrial septal defects (6/35, 17%) and
ventricular septal defects (4/46, 9%). Abnormalities of the
urogenital system were reported in 21 of 45 individuals (47%)
with 17 individuals (38%) having an abnormality of the renal
morphology, of whom 6 (13%) presented with a horseshoe kidney,
and 6 of 45 (13%) had renal cysts. Of 46 individuals, 19 (41%) had
an abnormality of the skin, hair or nails and 8 of 46 individuals
(17%) had an abnormality of the teeth, mostly affecting the dental
enamel. Also, visual impairments were observed in multiple
individuals (21/47, 45%), especially hypermetropia (9/47, 19%) and
cortical visual impairment (5/47, 11%). A hearing impairment was
reported in 7 individuals (out of 46, 15%). An abnormality of the
immune system was described in 15 of 46 individuals (33%), which
among others leads to recurrent otitis media (6/46, 13%). Several
abnormalities of the metabolic system have been described (10/
46, 22%) and abnormalities of the endocrine system occurred in 6
of 43 individuals (14%). Neoplasia was not described in any of the
individuals.

Adult individuals with SON haploinsufficiency
Our cohort includes five individuals who had reached adult age at
the time of examination: individuals 13, 34, 37, 41, and 50. To see
whether any symptoms were more prominent at an older age—
which might indicate that these problems develop or progress
during life—we looked at this subgroup with special interest
(Supplementary Table 2).

Similar to the younger individuals, all adults had ID (5/5, 100%).
Three (60%) were reported to have severe ID, while mild and
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Individual 1
¢.5753_5756del,
p.(Val1918Glufs*87)

Individual 2
c.5753_5756del,
p.(Val1918Glufs*87)

Individual 4
€.3203C>G,
p.(Ser1068*)

. \ L
Individual 12

€.348_351del,
p.(Asn116Lysfs*32)

Individual 16
€.3334C5T,
p.(Arg1112*)

Individual 17
c.1881_del1882,

p.(Val629Alafs*56)

Individual 7
0.19Mb deletion

Individual 10
c.6010del,
p.(Val2004Trpfs*2)

Individual 52
€.4919_4923del,
p.(Asp1640Glyfs*7)

Fig. 2 Photos of individuals with a pathogenic variant in SON. Individual 1 (5 years), 2 (2 years), 4 (4 years and 4 months), 7 (7 years),
individual 10 (3 years and 6 months), 12 (6 years), 16 (4 years), 17, and individual 52 (3 years, 2 months). Variant annotation is based on
NM_138927.2. Of note, individuals 16 and 52 were reported previously [11, 20].

moderate ID were both seen once (20%). Hypotonia was present
in three (60%) adults. Brain imaging reported some abnormality of
the brain (4/4, 100%) in all adult cases, mostly ventriculomegaly
(374, 75%). Three out of five (60%) adults were diagnosed with
behavioral problems, of whom two with autism (40%). Symptoms
of the musculoskeletal system were identified in all adults (5/5,
100%), with contractures (2/4, 50%) and abnormalities of the
curvature of the vertebral column (3/4, 75%) being prominently
present. Of note, 2/3 individuals with a curvature of the vertebral
columns had hypotonia as well, indicating it might be secondary
to the lower muscle tone. In two individuals (2/4, 50%)
hypertension was reported.

Individuals with a missense variant. We identified three indivi-
duals (one male, two females) with a unique heterozygous
missense variant in SON (Fig. 1). In two, the variant occurred de
novo whereas inheritance could not be determined for the last
individual. SIFT predicted a deleterious effect for all three variants
(score O for all), while MutationTaster predicted disease causing for
p.(Ser1843Tyr) with probability 1 and polymorphism for the other
two variants (probability 0.728 for p.(Thr579Ser) and 0.933 for p.
(Ser223Leu)).Preliminary functional analysis of one of the de novo
missense variants, p.(Thr579Ser), observed in individual 18, does
not show the typical observed dysregulation of splicing of
downstream targets (Fig. 3) as is observed for loss-of-function
variants [6, 11]. Patient material for functional analysis of the other
two missense variants was not available. Looking at the
phenotype of individuals with a missense variant in SON, one
individual had severe ID, while one did not have ID. For the third
individual, ID was not reported, but motor delay was. One
individual was born premature. In two individuals, hypotonia was
observed. Abnormalities of the brain were absent in all three
individuals after brain imaging. Aggressive behavior was seen in
one individual. All three had facial dysmorphisms, including
abnormalities of the eye (consisting of abnormal eye movement
and ptosis), and/or epicanthal folds, and abnormalities of the nose,
mouth, and ears in two. Musculoskeletal abnormalities were
described in two of the individuals, as were abnormalities of the
skin, hair, and/or nails. One individual reported gastrointestinal
abnormalities, among which feeding difficulties. In another
individual, a ventricular septal defect was seen. In one
individual, osteochondroma and haemangiomas were observed.
No abnormalities of the renal morphology, vision, hearing,
immunological system, endocrine system, or metabolic system
were observed.

Quantitative facial phenotyping

Quantitative facial phenotyping was used to analyze the facial
morphology in 26 photos, including 25 individuals with de novo
loss-of-function variants and one with a de novo missense
variant. No significant clustering was found between individuals

SPRINGER NATURE

A 25 M Father

% W Mother

320 M Individual-18

<

5 55

€

210

&

&os

oo N N N A N A VI ]
O S \4 ) ©! O
D D o P
o o Q,*°°
J
2 o
‘b\’\ X by\
PO ¢ & .88
B ,\gﬁ‘ S F XS
AN 3 L3 O
@ ¥ & <

500 . . bl
ADA i3 @EEd  HDACG6

o0 [EED 100

Fig. 3 Functional analysis of non-haploinsufficiency variants. A
Real-time gPCR detecting the levels of SON and SON-targeted
transcripts from Individual 18 with a SON missense variant (p.
(Thr579Ser)). Three different pairs of the primers were used to
measure the level of SON mRNA. Overall, the levels of SON and
previously known targets of SON-mediated RNA splicing were not
significantly downregulated in the affected individual. The mRNA
levels of indicated genes were normalized to the level of TUBATA
MRNA. Errors bars represent mean+SD from three technical
replicates. For LoF variants, previous work [6] showed reduced
expression of all genes tested in panel A, as well as aberrant splicing
of exons as indicated in panel B. B In the reverse transcription and
PCR analysis, exon skipping events in ADA and HDAC6, which were
previously confirmed in individuals with SON loss-of-function
variants, were not identified in Individual 18 with a SON missense
variant (p.(Thr579Ser)).

(CIF =0.87461, p =0.37), indicating the hybrid model could not
detect a specific recognizable facial phenotype.

DISCUSSION

This study presents an up-to-date overview of the phenotypic
spectrum of 52 individuals with a variant in SON, including 17
novel, previously unpublished, individuals. In 49 individuals, the
variants are predicted to lead to haploinsufficiency, whereas we
also present data of three individuals with missense variants of
which the underlying pathophysiological mechanism seems
different.

Phenotypic spectrum caused by SON haploinsufficiency

A broad variety of phenotypic abnormalities was observed in the
individuals with a loss-of-function variant in SON (Supplementary
Table 2) and multiple organ systems were affected. This is in line
with the function of SON as it affects, among others, RNA splicing

European Journal of Human Genetics (2022) 30:271 - 281
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Table 2. Overview on recommendations for surveillance of individuals with pathogenic variants in SON.
System Evaluation/concern Comment
Growth Assessment of growth parameters to identify those

with failure to thrive

Ophthalmology Ophthalmology evaluation

Cardiovascular Cardiac evaluation

Gastroenterology Feeding assessment

Genitourinary Renal ultrasound examination

Neurologic Developmental assessment

Neuropsychiatric evaluation

Magnetic resonance imaging (MRI) of the brain

Electroencephalography (EEG) if seizures are
suspected

Miscellaneous/other
counselor

and transcription of multiple genes [6, 8]. Several of these
downstream targets are known to lead to Mendelian phenotypes
when disrupted, each of which is also observed in individuals with
SON haploinsufficiency [6-8].

The variety of symptoms caused by SON haploinsufficiency
reported previously is also observed in our study. Moreover, our
study is now able to substantiate the suggested association of
several specific symptoms to this syndrome. Whereas neurologi-
cal, musculoskeletal, developmental, visual, and congenital
abnormalities have been reported recurrently before, one of the
new associations was previously made by Quintana Castanedo
et al. who stated in a case report that abnormalities of the nails
might be a feature of ZTTK syndrome that had not been published
before [16]. Abnormalities of the skin, hair, or nails were described
in 18 other individuals included in this study (41%), of whom 5
(11%) had an abnormality of the nails. Our findings therefore
confirm that such abnormalities are part of ZTTK syndrome. Renal
abnormalities have also been suggested as an important feature
of ZTTK syndrome [11], and were collectively reported now in 21
individuals (47%). Despite growth hormone deficiency not being
mentioned as a feature of ZTTK syndrome in previous studies, it
was present in three individuals. In addition, in three other
individuals effective treatment of short stature with growth
hormone was initiated.

Using quantitative facial phenotyping no clustering was found
in individuals with a variant in SON compared to controls. This
means that although several facial dysmorphisms were described
recurrently, our algorithm did not detect a clear recognizable
facial phenotype underscoring the clinical observation that there
is no consistent characteristic facial gestalt. An a vue clinical
diagnosis of ZTTK syndrome based on facial abnormalities should
therefore always be supported by whole exome sequencing (WES)
or targeted gene analysis.

The inclusion of previously published individuals has some
restrictions as available data depend on how the author has
interpreted and described the phenotypic abnormalities, and in
some articles, not all organ systems were described. For missing
information, the completeness of the article was used to
determine the probability of data being not reported or not
present in the individual, which may have led to misinterpretation.
However, by setting up the study this way, a significant amount of
data could be used and therefore a complete, up-to-date,
overview could be provided.

European Journal of Human Genetics (2022) 30:271 - 281

Consultation with clinical geneticist and/or genetic

Especially check for hypermetropia.

For structural heart anomalies, including ventricular and atrial
septal defect

Asses for sucking and swallowing difficulties & need for feeding
therapy in infancy

For structural kidney anomalies. If abnormal, refer to nephrologist
To include motor, speech/language evaluation, general cognitive,
and vocational skills. If abnormal, refer to speech or vocational
therapist.

Screen for behavior concerns including sleep disturbances and
autistic behavior. If abnormal, refer to psychologist/psychiatrist.

Referral to neurologist for seizure disorder management.

Adult individuals

Most symptoms (like ID and the severity of ID) were not reported
more frequently in the five adult individuals compared to the
individuals under the age of 18. However, while only three
individuals (3/41, 7%) with a truncating variant in SON younger
than 18 years old were diagnosed with autism, 50% (2/4) of adults
had autism. As for hypertension, 50% (2/4) of adult individuals
reportedly had this from a relatively young age (23 and 34 years),
indicating a possible risk on early onset hypertension.

SON missense variants

In the three individuals with a missense variant, diverse
phenotypic abnormalities were observed as well. The variants in
these three individuals remain variants of unknown clinical
significance. At the clinical level, the only notable difference in
phenotype between individuals with a missense and a truncating
variant is that in none of the individuals with a missense variant a
brain abnormality was noted, while these were present in 90% of
individuals with a truncating variant. For the other features, the
phenotype of these individuals was in line/overlapping with those
having loss-of-function variants.

At functional, however, the missense variant tested does not show
the typical dysregulation of splicing or downregulation of genes
regulated by SON as was previously established. For SON haploin-
sufficiency, splice defects are seen for genes involved in neuronal
migration, cortex organization, and metabolism as well as genes
involved in congenital abnormalities of the kidney and urinary tract.
As for instance, these neuronal migration defects are not observed in
individuals with de novo missense variants, these data may suggest
that de novo missense variants cause a phenotype overlapping with
ZTTK, but are caused via different, yet to be established,
pathophysiological mechanisms. In combination with population
constraint metrics from The Genome Aggregation Database
(gnomAD, v.2.1.1), reporting a pLI of 1.0 for loss-of-function variants,
and a Z-score of 1.54 for missense variants, our data may also
suggest that the SON de novo missense variants are not related to
the phenotype observed, and that the phenotype in these
individuals is caused by a yet to be identified other genetic factor.
Analysis of the WES data of each individual with a SON missense
variant has, however, failed to identify another such variant.

Along the same rationale, there is also a report of a 3-year old
boy, born to consanguineous parents, with a homozygous
missense variant in SON (p.(Ala557Val)) [19]. He was diagnosed
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with a medulloblastoma and café-au-lait spots. Both parents were
reported to have the same skin lesions, but no history of
neoplasia. In the absence of detailed phenotypic and further
genotype information, this report does not provide further
insights in establishing the role of missense variants in ZTTK, or
another overlapping, syndrome.

Clinical recommendations

Based on the phenotypic abnormalities described in this study, we
provide the following suggestions for follow-up of individuals with
ZTTK syndrome, caused by SON haploinsufficiency. We recom-
mend neurological screening with special attention for hypotonia,
seizures, and morphological abnormalities of the brain (Table 2). In
addition, because of its common occurrence, feeding difficulties
should be monitored. We also recommend cardiac and renal
screening, as well as screening for visual impairment. Lastly,
routine repeated monitoring of the individuals is recommended—
especially for autism and hypertension, since these might develop
at a later age—because of the wide range of symptoms described
and the uncertainty of the natural course of this syndrome.

As this syndrome is rare, and has not yet been fully elucidated, it
is necessary to keep collecting information on phenotypic
abnormalities. A dedicated ZTTK syndrome website to collect
such information as part of the HDG Website series is available at
www.humandiseasegenes.info/son. To ensure the most up-to-date
information for genetic counselors and individuals and their
families, additional cases can still be added—even after publica-
tion of this current study.

CONCLUSION

In conclusion, this study provides a systematic phenotypic
overview of 52 individuals with a (likely) pathogenic variant in
SON. A broad spectrum of abnormalities was observed, affecting
multiple organ systems, with a high clinical inter-individual
variability. We confirm that heterozygous loss-of-function variants
in SON define the clinically recognizable ZTTK syndrome.

This overview is of great value for affected individuals, parents,
and healthcare professionals as it provides more insight into the
natural course of disease and provides suggestions for how
individuals should be followed up and clinically managed.
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