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ABSTRACT

Background Cohesinopathies are rare
neurodevelopmental disorders arising from a dysfunction
in the cohesin pathway, which enables chromosome
segregation and regulates gene transcription. So far,
eight genes from this pathway have been reported in
human disease. STAGT belongs to the STAG subunit of
the core cohesin complex, along with five other
subunits. This work aimed to identify the phenotype
ascribed to STAGT mutations.

Methods Among patients referred for intellectual
disability (ID) in genetics departments worldwide, array-
comparative genomic hybridisation (CGH), gene panel,
whole-exome sequencing or whole-genome sequencing
were performed following the local diagnostic standards.
Results A mutation in STAGT was identified in 17
individuals from 16 families, 9 males and 8 females
aged 2-33 years. Four individuals harboured a small
microdeletion encompassing STAGT; three individuals
from two families had an intragenic STAGT deletion. Six
deletions were identified by array-CGH, one by whole-
exome sequencing. Whole-exome sequencing found de
novo heterozygous missense or frameshift STAGT
variants in eight patients, a panel of genes involved in
ID identified a missense and a frameshift variant in two
individuals. The 17 patients shared common facial
features, with wide mouth and deep-set eyes. Four
individuals had mild microcephaly, seven had epilepsy.
Conclusions We report an international series of 17
individuals from 16 families presenting with syndromic
unspecific ID that could be attributed to a STAGT
deletion or point mutation. This first series reporting the
phenotype ascribed to mutation in STAGT highlights the
importance of data sharing in the field of rare disorders.

INTRODUCTION

The evolutionary-conserved cohesin complex plays
a crucial role in the control of chromosome segre-
gation during cell division. It is required for the

1,2,4

cohesion of sister chromatids, and therefore,
ensures the proper distribution of genetic material
to daughter cells. Besides this canonical role, recent
data demonstrated its involvement and major func-
tion in gene transcription and DNA repair and rep-
lication.'® The complex is constituted by four
subunits, SMC1A, SMC3, RAD21, the HEAT
repeat-containing proteins STAG1, 2 or 3 (stromal
antigen 1-2-3), and by several regulators involved
in the control of the interactions between the
complex and the chromatin.”™

Not surprisingly, mutations in the genes coding
for the cohesin complex or cofactors have been
demonstrated to cause human developmental disor-
ders, known as ‘cohesinopathies’. Leading the way
in this group of conditions, the most frequent and
well-recognised, occurring in 1 in 10 000 new-
borns, is Cornelia de Lange syndrome (CdLS,
OMIM 122470, 300590, 610759, 614701,
300882). CdLS is a multisystemic developmental
disorder, characterised by intellectual disability
(ID), growth retardation, microcephaly, upper limb
reductional defects, visceral malformations and
typical facial features. Five genes, all encoding sub-
units of the cohesion complex or cohesin regula-
tors, account for >70% of CdLS cases. NIPBL is
responsible for the classical CdLS phenotype.'°
Like SMC3 and RAD21, involved in milder CdLS
phenotypes, it follows an autosomal-dominant
pattern of inheritance, whereas SMCIA and
HDACS are X-linked.''"'* The phenotype is more
severe in individuals affected by Roberts syndrome
(RS, OMIM 268300), who present with limb
defects mimicking phocomelia, growth retardation,
dysmorphic features and profound cognitive
impairment. RS is due to homozygous or com-
pound heterozygous mutations in the acetyltrans-
ferase ESCO2.'* Warsaw breakage syndrome (WBS,
OMIM 613398), characterised by ID, severe pre-
natal and postnatal growth retardation and
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microcephaly, conductive deafness and cutaneous pigmentation
anomalies, is due to homozygous or compound heterozygous
mutations in DDX11.2%7!8 In 2015, exome sequencing revealed
dominant gain-of-function mutations in AFF4 as causative in a
new CdLS-like syndrome, named CHOPS syndrome (OMIM
616368), standing for Cognitive impairment and Coarse facies,
Heart defect, Obesity, Pulmonary involvement and Short stature
and Skeletal dysplasia.'” Interestingly, SGOL1, another regulator
of the cohesin pathway, has been shown to be involved in a very
different autosomal recessive human condition, CAID syndrome
(OMIM 616201), characterised by chronic atrial and intestinal
dysrhythmia.*® STAG2 duplications have been reported in indi-
viduals affected by non-syndromic ID, associated in some cases
with epilepsy and behavioural issues.”! *? Finally, two indivi-
duals with respectively a STAG1 deletion and missense STAG1
variant were previously mentioned in the literature.”® 2* We
included them in this series, as patient 3 and patient 7, in order
to better characterise their phenotype and compare it with the
other individuals with a STAG1 mutation. Following active data
sharing, we now report a series of 17 individuals, all harbouring
a deletion or point mutation in the STAGI gene, thus allowing
to define a novel gene responsible for syndromic unspecific ID.
We review the clinical features of this cohort, discuss the puta-
tive role of STAG1 in the phenotype and suggest new insights
given by the description of this new syndrome.

PATIENTS AND METHODS

Patients

A cohort of 17 individuals with a deletion or point mutation
involving STAG1 was ascertained through international collabor-
ation (figures 1 and 2, table 1).

Patient 1 is a male, the sixth child of non-related parents. One
of his sisters and one brother had minor learning difficulties; the
family history is otherwise unremarkable. The pregnancy was
marked by intrauterine growth retardation. He was born at 38
WG, with a birth weight of 2370 g (1st centile), length of 48 cm
(25th centile) and occipitofrontal circumference (OFC) of 31 cm
(1st centile). He presented with severe gastrointestinal reflux in
the neonatal period. Developmental delay was noticed from the
first months, he walked at 23 months, spoke a few words at
§ years and made sentences at 7 years. He had anxious and quiet
behaviour. At the last examination at 8 years old, weight was on
—3 standard deviations (SD), height on =2 SD and OFC on -3

SD. Facial dysmorphism is shown in figure 11, J. Cerebral MRI
and tomodensitometry (TDM) were normal.

Patient 2 is a female born at 39 WG after a normal pregnancy.
She was small for gestational age, weighted 2450 g (1st centile),
measured 47 cm (3rd centile) and OFC was 30.5 cm (<1st
centile). She had poor sucking and failure to thrive in the neo-
natal period. Her development was severely delayed, she walked
at 3 years, had no speech at 12 years and showed autistic fea-
tures. She developed atypical absences at age 5 years. At
12 years old, she was microcephalic (OFC —4 SD), with average
growth parameters. The neurological examination demonstrated
hypertonia of the lower limbs. Her facial features are shown in
figure 1M, N.

Patient 3 is a female, aged 33 years, who was referred to a
clinical geneticist for moderate ID. She was born at 37 WG,
with low birth weight (2000 g, 3rd centile), and was initially
tube-fed. Poor eye contact was noticed in the first months of
life. She showed delayed psychomotor development, walked at
30-36 months and spoke her first words at 3.5 years. She had
autistic features. On examination, weight, height and OFC were
on average. Her facial features were remarkable with a wide
mouth and a high nasal bridge. She had a brain CT scan that
showed central atrophy in the right hemisphere.

Patient 4 is the only child of first-cousins parents. He was
born full term, with intrauterine growth retardation (birth
weight 2600 g, <1st centile). He had a severe developmental
delay, head control was acquired at 6 months and he could not
sit at 7 years old. He had very few words, almost no non-verbal
communication skills and fluctuant eye contact. He developed
generalised epilepsy from 15 months. He had myopia. He had a
scoliosis that required orthopaedic surgery. Examination at
7 years old showed spastic tetraparesis and bilateral inguinal
hernia. Facial features were remarkable by high nasal bridge and
wide mouth. He had growth retardation, weight was on —2.5
SD, length on —1 SD and OFC on —-1.5 SD. Cerebral MRI
revealed global brain atrophy predominant on the cerebellar
vermis.

Patient 5a is a 6-year-old boy who was referred to the genetics
clinic with a history of familial mild ID (figure 2). His maternal
half-sister (patient 5b, figure 1A) presented with global develop-
mental delay, microcephaly (—3 SD), brachycephaly and straight
eyebrows with medial flaring. Their mother, maternal aunt, her
daughter and the maternal grandmother all also have mild ID.

Figure 1

Facial phenotype of the patients with a STAG1 point mutation or deletion, from childhood to adulthood. Note the deep-set eyes, the
wide mouth, that tends to become more obvious with age. (A) Patient 5b, 1 year. (B) Patient 13, 3 years. (C) Patient 11, 8 years. (D) Patient 14,
4 years. (E and F) Patient 9, 5 years. (G and H) Patient 12, 8 years. (I and J) Patient 1, 8 years. (K and L) Patient 5a, 6 years. (M and N) Patient 2,
12 years. (O and P) Patient 8, 29 years.
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Figure 2 Family 5 pedigree.
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In addition, there is a history of learning difficulties on the
paternal sides of the family. He walked at 11-12 months. He
had speech delay and started saying sentences at the age of
5 years. He had an average height and weight, but was micro-
cephalic, with an OFC on —2 SD. He was mildly dysmorphic
(figure 1K, L).

Patient 6 is a male. The pregnancy was obtained by in vitro
fertilisation for paternal infertility. It was complicated by the
ultrasound diagnosis of increased nuchal translucency, polyhy-
dramnios, ventriculoseptal defect and single umbilical artery. At
4 weeks, he developed cardiac failure and underwent surgery to
cure his ventriculoseptal defect. He had gastroesophageal reflux
in the neonatal period. At 6 weeks, he was diagnosed with
severe vesicoureteral reflux and had surgery at age 2. He under-
went orchidopexy for bilateral cryptorchidism at 2 years old.
He had a developmental delay, walked at 24 months and speech
delay. He developed partial atonic seizures at 12 months and
was treated with levetiracetam. EEG revealed generalised spikes
and waves discharges. He benefited from hearing aids for con-
ductive hearing loss. On examination at 6 years old, he had
median weight, length on —1 SD, OFC on +1 SD, had hyperte-
lorism, deep-set eyes, wide mouth and thick eyebrows. Brain
MRI showed symmetric dilatation of the ventricles and pericer-
ebral space, and possible partial vermis hypoplasia.

Patient 7, a male, was the second child of healthy parents
with uneventful family history. He was born at term by caesar-
ean section, following an unremarkable pregnancy. His birth
parameters were within the normal range. He had normal early
milestones, walked at 16 months and then developed with
speech delay and learning difficulties. Aged 9 years and
9 months old, he had an average weight and height and OFC on
—1 SD. He went to school for children with special needs,
could read and write simple words. He had a sociable and
friendly behaviour. He had a temporary mild hearing loss due
to recurrent otitis. Facial examination showed deep-set eyes,
large central incisors and large ears. He had a normal brain
MRI

Patient 8 is a male, born to healthy non-related parents. He
was born at term with normal growth. He had two febrile sei-
zures in infancy, at 4 months and 2 years. He walked with delay
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at 24 months and had speech delay. He went to a school for
special needs children. At 29 years, he could neither write nor
read and lived in a home for adults. He had no behavioural
issues. On examination, his weight was on —1 SD, height on the
medium and OFC on —1 SD. He had a slender build with scoli-
osis, hyperlaxity and thin hands and feet. He was mildly dys-
morphic, as shown in figure 10, B Brain MRI showed global
brain atrophy especially in the frontal lobes.

Patient 9 is a female, the only child of unrelated parents with
no relevant family history. She was born at term with a normal
birth weight. She had feeding difficulties. Early milestones were
delayed; she rolled at 8 months, sat at 14 months and walked at
2 years. Speech was delayed. At the last referral at 5 years
9 months, she had moderate ID and a short attention span. She
had mild behavioural issues, but no autistic features. Height was
on —1 SD, weight on average and OFC on —1.5 SD. On exam-
ination, she had loose joints in the hands, thick lips and thin
eyebrows (figure 1E, F).

Patient 10 is a 2.5-year-old boy who first presented at age
6 months for evaluation of developmental delay. He was an only
child. He had a normal birth weight after a 38-week gestation.
He was noted to have hypotonia and feeding difficulties with
gastro-oesophageal reflux. He walked after age 2. At age
2.5 years, he was not saying words. He had good eye contact
and non-verbal communication. He had sleep disturbance,
chronic constipation and bilateral inguinal hernia repair. Initial
EEG and head MRI studies at 5 months were normal, prompted
by odd breathing patterns. He had two episodes of febrile sei-
zures at 17 and 25 months. The second cerebral MRI around
age 2 years showed a small area of heterotopia. Examination
showed normal growth and OFC. Subtle facial changes included
frontal bossing, telecanthus with broad nasal root and simplified
ear helix patterns.

Patient 11 is a female. Family history was unremarkable
except a brother with attention-deficit/hyperactivity disorder.
She was born at term after a normal pregnancy, with normal
growth parameters. Neonatal period was normal. She developed
delayed milestones, ID and autistic features. Because of staring
spells she had a prolonged EEG that was normal. On examin-
ation at 8 years old, she had a normal growth and OFC,
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Table 1 Comparison of the clinical and cytogenetics or molecular data from the 17 patients of the series
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5a Patient 5b Patient 6
Sex M F F M M F M
Age (years) 8 12 33 7 6 2 6
Family history - - - First-cousins parents Family history of intellectual Maternal half sister of -
disability, six members carry the  patient 5a
same STAGT deletion
Pregnancy IUGR IUGR Normal IUGR NA Normal Increased nuchal translucency,
hydramnios, VSD, single umbilical
artery, asymmetric cerebral ventricles
and small periventricular cysts
Birth parameters: W/L/OFC (centile) ~ 1st/25th/1st 1st/3rd/<1st 3rd/NA/NA 3rd/NA/NA 25-50th/75th/98th centiles at 2 9th—25th/NA/NA 70th/80th/80th
weeks
Neonatal period GER Feeding difficulties Feeding difficulties Hypotonia NA Early feeding difficulties GER, vesicoureteral reflux
and suspected GER
Intellectual disability + (moderate) + (severe) + (severe) + (severe) + (mild) + (mild)
Epilepsy - + - + - - +
Autistic features - + + - - - -
Hyperlaxity - - - + - - -
Brain imaging Normal ND Atrophy right Cerebral atrophy, ND ND Dilatation of ventricles and
hemisphere predominant on the pericerebral space, partial vermis
vermis hypoplasia
Growth parameters: W/L/OFC (SD)  —3/-2/-3 0/0/-4 0/0/0 —2.5/-1/-1.5 —1/0/-2 0/NA/-3 0/=1/+1
Facial dysmorphism
High nasal bridge + + + - + - +
Deep-set eyes + + + + + + +
Wide mouth + + + + + - +
Widely spaced central incisors + + - - - - -
Thin eyebrows + + + - - + -
Cytogenetics or molecular result De novo 3q deletion  De novo 3q deletion  De novo 3q deletion  Intragenic STAGT Intragenic STAGT deletion, of Intragenic STAGT deletion,  3q deletion (STAGT and PCCB)

(STAGT and PCCB)

(STAGT and PCCB)

(STAGT and PCCB)

deletion absent in the

exons 2-5/6, maternally inherited

of exons 2-5/6 maternally

mother inherited
Patient 7 Patient 8 Patient 9 Patient 10 Patient 11 Patient 12 Patient 13 Patient 14 Patient 15 Patient 16
Sex M M F M F F M F M F
Age 9 years 29 years 5 years 9 months 30 months 8 years 8 years 3 years 9 months 4 years 15 years 3 years
Family history - - - Brother with - - - - -
ADHD
Pregnancy Normal Normal Normal Normal Normal Normal Normal karyotype Normal Normal Normal
(abnormal genitalia)
Birth parameters: W/ 70th/99th/70th 25th/50th/75th 25th/NA/NA 50th/NA/NA 60th/70th/30th 3rd/NA/NA 30th/20th/75th 90th/NA/NA 50th/NA/NA 75th/75th/10th
L/OFC (centile)
Neonatal period Normal Normal Feeding Hypotonia, feeding ~ Normal Normal Hypotonia, feeding GER, feeding Vomiting Hypotonia
difficulties difficulties, GER difficulties difficulties
Intellectual disability — + (moderate) + (severe) + (moderate) Mild developmental — + + (mild) + (mild) Mild developmental + (severe) + (moderate)
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deep-set eyes and a wide mouth (figure 1C). Cerebral MRI was
normal.

Patient 12 is a female, third child of non-related healthy
parents. She was born at 39 WG after an uncomplicated preg-
nancy, with a birth weight of 2770g (3rd centile).
Developmental milestones were delayed, she sat at 9 months
and walked at 21 months of age. At 8 years, she was non-verbal
with a good understanding. She had feeding difficulties, consti-
pation, as well as sleep disturbance that required melatonin. She
had a happy and friendly behaviour, hyperkinesia and autistic
features. She was formally diagnosed with autistic disorder and
intellectual deficiency at 5 years old. She developed complex
partial seizures from the age of 5 and had a generalised tonic-
clonic seizure at age 8; the epilepsy was then controlled by leve-
tiracetam. EEG showed slow background rhythm consistent
with encephalopathy. At examination at age 5 years 6 months,
she had a normal height, weight and OFC. Subtle facial features
are shown in figure 1G, H. Brain MRI revealed a Chiari 1
malformation.

Patient 13 is a male aged 3 years 9 months at evaluation. He
had a negative family history. He was born at term with normal
growth parameters. He had neonatal hypotonia, walked at
25 months and speech delay. He had feeding difficulties and
could eat only soft food. On examination, he had medium
weight, height on —1 SD and OFC on -0.5 SD. He had
deep-set eyes, wide mouth and widely spaced central incisors,
cryptorchidism and a supernumerary nipple (figure 1B).
Cerebral MRI was normal.

Patient 14 is a female, referred at 4 years old for developmen-
tal delay. The family history was unremarkable. She was born at
term after an uneventful pregnancy, with a birth weight on 90th
centile. She had feeding difficulties and gastro-oesophageal
reflux in the first months. Early milestones were mildly delayed,
she walked at 19 months and she had speech delay. On examin-
ation, she had normal growth parameters (weight —1 SD, length
on the medium range, OFC +1 SD) and subtle dysmorphic fea-
tures (figure 1D). Brain imaging was normal.

Patient 15 is a male, referred at 15 years old for severe ID.
His family history was uncomplicated. He was born after a
normal pregnancy, at 40 WG, with a normal birth weight
(3300 g). He had feeding difficulties and vomiting from
9 months old. He was late with his development, started to
crawl at the age of 14 months. At 15 years old, he could speak
3-4-word sentences, most of the time several words. He had
autistic features. On examination, height was medium and OFC
53.7 cm (=1 SD). He did not have specific facial features.

Patient 16 is a female. Family history was unremarkable. She
was born at term with a normal birth weight. She had delayed
milestones, walked at 23 months and spoke a few words at
3 years old. She developed partial epilepsy that was controlled
by lamotrigine. On examination at 3 years, she had behavioural
issues with hyperkinesia and autistic features, subtle dysmorphic
features with wide mouth and thin eyebrows. Growth was
normal. She had a normal brain MRIL

METHODS

Data sharing

Following the local diagnosis of patients 1 and 8 among our
cohort of diagnostic array-comparative genomic hybridisation
(CGH) and whole exome sequencing (WES), the authors acti-
vated data sharing in order to pool together other patients from
the diagnostic or research cohort worldwide, and therefore to
describe a new disease entity and its causative gene. It required a
Decipher search for other micro rearrangements or variants
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involving STAG1, and the analysis of the list of variants of un-
known significance in candidate genes in online supplementary
material in publications from large WES and whole genome
sequencing (WGS) studies, informal exchanges between colla-
borators and GeneMatcher data sharing.”® Patients 2 and 9 were
gathered through the Decipher network. The variant of patient
7 was reported as probably disease-causing in a large whole-
exome sequencing study.” Patient 3 was published in the online
supplementary data in ref. 24. Patients 4, 5a and 5b, 6 and 16
were added following network collaboration, after oral and
poster communication about the constitution of this series.
Patients 10, 11, 12, 13 and 15 were identified through
GeneMatcher. Patient 14 was identified through GeneDx.

Array-CGH, WES, gene panel or WGS were performed on
DNA extracted from blood for all patients after informed
consent following standard methods.

Array-CGH

A diagnostic array-CGH experiment was conducted in six
patients. The platform used for patients 1, 2 and 4 was the
Human Genome CGH Microarray 180K (patients 1 and 2), or
60K (patient 4) from Agilent according to the manufacturer’s
protocol (Agilent Technologies, Santa Clara, California, USA).
Data were processed with feature extraction (V.9.1) software and
the results were analysed with CGH analytics (V4.0) software
(Agilent). The platform used for patients 5a and 5b was the
Affymetrix CytoScan 750K SNP genotyping array (Agilent
Technologies), and for patient 6 Affymetrix SNPArray (Agilent
Technologies), with Human mapping 250K-Nsp1. The result was
analysed in the Hgl9 genome assembly for all patients. There
was no second technique to control these results for patients 5a,
5b and 6. qPCR (SYBR Green from ThermoFisher Scientific) was
performed for patients 1, 2 and 4 on a Lightcycler 480.

WES

Trio WES was performed on patients 7-9. Methods can be
found in their respective articles.”> ¢ Patients 10, 11, 12, 14
and 15 had WES at GeneDx (http:/www.genedx.com) whose
methods have been reported previously.>”

Gene panel

A panel of 77 genes involved in ID (DI44 defined by the
national system DefiScience) was studied in patient 13, using
HaloPlex and Agilent Technologies for hybridation, followed by
next generation sequencing (NGS) sequencing on MiSeq
Illumina. Alignment was made on the reference human genome
GRCh37/hg19 and annotation was performed by three bioinfor-
matics pipelines: PluginBroad 2.7, MiSeqReporter 2.4
(Mlumina) and Sequence Pilot (JSI). Data were assembled and
filtered in the local database Diagnostic Variants Database.

A panel of 448 genes (DI450) was performed in patient 16,
with capture by XT2 (Agilent Technologies), followed by
sequencing on HiSeq2500. The lists of the genes whose exonic
regions were included in these two panels are available in the
online supplementary data.

WGS
Trio WGS was performed in patient 3. Methods can be found
in ref. 24.

RESULTS

Clinical data

All the individuals presented with ID, ranging from mild to
severe. In addition, four patients had a moderate microcephaly,

from -2 to —4 SD; all of them harboured a STAG1 deletion
(p=0.006). Among the seven individuals with a STAG1 dele-
tion, four had microcephaly below —2 SD, one had an OFC
within the lower range on —1.5 SD and only two had a normal
OFC. Also, 5 out of 17 had intrauterine growth retardation;
however, all but one had a normal postnatal growth. Feeding
difficulties and gastro-oesophageal reflux were common in the
neonatal period, affecting nine individuals. Seven individuals
had behavioural issues, described as autistic features. Seven
patients developed epilepsy, ranging from recurrent febrile sei-
zures to epileptic encephalopathy. Five of them had minor cere-
bral abnormalities: global brain atrophy (two individuals),
heterotopia (one individual), brain atrophy with vermis hypo-
plasia (one individual) and asymptomatic Chiari I malformation
(one patient). Hyperlaxity was reported for five patients.
Visceral malformations were rare, only one patient had a con-
genital heart defect, two males had cryptorchidism.

The cytogenetics or molecular results from the 16 families are
summarised in table 2.

Array-CGH

Array-CGH in patient 1 showed a deletion encompassing two
genes, STAG1 and PCCB, located in 3q22.3 (minimal size 208 kb,
maximal size 531 kb, 3:135979743-136510812). The deletion
was confirmed by qPCR and parental segregation confirmed a de
novo event. PCCB is involved in propionic acidemia, in a recessive
mode of inheritance. Patient 1 also had a 549 kb 8q11.23 dupli-
cation inherited from the healthy father. Array-CGH performed
in patient 2 revealed an overlapping 3q22 deletion (chr3:
136035522-136412 948) encompassing STAG1 and PCCB. The
deletion was confirmed by FISH analysis and parental segregation
confirmed the de novo occurrence. Array-CGH performed on
patient 4 revealed a 3q22.3 deletion encompassing 13-18 exons
of the STAG1 gene (minimal size 99 kb, chr3: 136141380~
136240231, maximal size 201kb, chr3: 136109538-
136310711), confirmed by qPCR analysis. The deletion was
absent in the mother, the father could not be tested. Array CGH
performed on patients 5a and 5b identified a 173 bp intragenic
STAG1 deletion within the long arm of chromosome 3, band
q22.3, including exons 2-5 or 2—-6 within the STAG1 gene (chr3:
136254742-136427833). The familial segregation was consist-
ent with the pathogenicity of this deletion as it was identified
in all the six affected family members and absent from
the unaffected father and maternal grandfather. Array-CGH
identified in patient 6 a 3q22.3 deletion of minimum 336 kb
(chr3: 135969755-136305476) and maximum 486 kb (chr3:
135854035-136340339) encompassing PCCB and the 3’ part of
STAG]1 from the exon 4 or 5. The parental studies are ongoing.

WES

Trio exome sequencing performed in patient 7 revealed two
heterozygous de novo point mutations: c.641A>G (p.
GIn214Arg) in STAGI (chr3:136240090G>T) and ¢.1480dup
(p-Met494Asnfs*14) in SETDB2, and a maternally inherited
missense variant in PLXNB3 on the X-chromosome:
c.1718G>A, p.(Arg573Gln). These findings were previously
published in ref. 23. WES in patients 8, 6, 9, 10, 11, 13
and 14 identified de novo heterozygous variant in STAGI,
respectively, NM_005862.2:¢c.1433A>C, p-(His478Pro),
NM 005862.2:c.646A>G, p.(Arg216Gly), NM 005862.2:
c.1118G>A, p.(Arg373Gln), NM_005862.2:c.1460 1464dup,
p.(Trp489Valfs*10), NM_005862.2:c.659A>G, p.(His220Arg),
NM_005862.2:¢.2936A>G, p.(Lys979Arg), and NM_005862.2:
c.1052T>G, p.(Leu351Trp). All are absent from the public
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Table 2 Summary of the molecular and cytogenetics findings of the 16 families of the series

Patient Deletion Deleted genes Inheritance Identification
1 chr3: 135979743-136510812 STAG1, PCCB De novo Array-CGH

2 chr3: 136035522-136412948 STAG1, PCCB De novo Array-CGH

3 chr3: 135983184-136383429 STAG1, PCCB De novo WGS

4 chr3: 136109538-136310711 STAGT exons 13-18 Absent in the mother (father NA) Array-CGH

5a chr3: 136254742-136427833 STAGT exons 2-5 Inherited Array-CGH

5b chr3: 136254742-136427833 STAGT exons 2-5 Inherited Array-CGH

6 chr3: 135969755-136305476 STAG1, PCCB NA Array-CGH
Patient Variant Protein Exon Type Inheritance Identification
7 NM_005862.2:c.641A>G p.(GIn214Arg) 7 Missense De novo WES

8 NM_005862.2:c.1433A>C p.(His478Pro) 15 Missense De novo WES

9 NM_005862.2:c.646A>G p.(Arg216Gly) 7 Missense De novo WES

10 NM_005862.2:c.1118G>A p.(Arg373Gln) 11 Missense De novo WES

11 NM_005862.2:¢.1460_1464dup p.(Trp489Valfs*10) 15 Frameshift De novo WES

12 NM_005862.2:c.659A>G p.(His220Arg) 7 Missense De novo WES

13 NM_005862.2:¢.997A>C p.(Lys333GIn) 10 Missense De novo Panel

14 NM_005862.2:c.2936A>G p.(Lys979Arg) 27 Missense De novo WES

15 NM_005862.2: c.1052T>G p.(Leu351Trp) " Missense De novo WES

16 NM_005862.2:c.1736dup p.(Ser580Valfs*21) 17 Frameshift De novo Panel

CGH, comparative genomic hybridisation; NA, non-available.

database ExAC, and the missense variants have high predicted
pathogenicity scores in PolyPhen, Grantham and CADD, as
shown in table 3, which support their pathogenicity.

Gene panel

The DI44 panel studied in patient 13 identified a de novo mis-
sense variant in STAGI (NM_005862.2:c.997A>C, p.
(Lys333Gln), affected a highly conserved among species amino
acid, predicted to be deleterious by SIFT, Polyphen and
MutationTaster, absent from the ExAC database. The DI450
panel identified a de novo frameshift variant (NM_005862.2:
c.1736dup; p.(Ser580Valfs*21) in STAG1 in patient 16.

WGS

Whole-genome sequencing was performed in patient 3 and his
parents and identified a de novo deletion in chromosome 3
involving STAG1 and PCCB (3:135983184 -136383429).
These cytogenetics findings were published in ref. 24.

DISCUSSION
The clinical features of the 17 patients of this series with a
point mutation or deletion of STAG1 are summarised in table 1

and their frequency within this series in table 4. Interestingly,
57% (4/7) of the individuals with a STAG1 deletion had micro-
cephaly, whereas the 10 patients with a STAG1 single-nucleotide
variant had an OFC in the normal range. This result is signifi-
cant, with a p value <0.05 (p=0.006). Half of the microceph-
alic individuals had an intragenic STAG1 deletion, half had a
larger deletion also encompassing PCCB; however, microceph-
aly has not been reported in individuals with homozygous
PCCB mutations, which is not in favour of a role of this gene in
microcephaly. The observation of one adult with cerebral
atrophy but no epilepsy suggests that minor cerebral findings
could be directly linked to STAG1 dysfunction rather than being
a consequence or cause of epilepsy. Of note, patients without
epilepsy are less prone to have a brain imaging performed. The
high prevalence of feeding difficulties in infancy is consistent
with what is known in other cohesinopathies. The individuals
all shared mild but similar dysmorphic features, with a wide
mouth and deep-set eyes, which in some cases is reminiscent of
the Pitt-Hopkins syndrome gestalt, and which become more
obvious with age. Regarding patient 4, who had a phenotype
more severe, we cannot rule out a second disorder that would
account for this unusual severity. The clinical phenotype

Table 3 Evidences to support the pathogenicity of the eight STAG1 missense variants: frequency in EXAC, prediction scores (Polyphen,

Grantham score, CADD score)

Frequency

Patient Variant (EXAC) Polyphen score Grantham score CADD score
7 NM_005862.2:¢.641A>G, p.(GIn214Arg) 0 0.988 43 24.4

8 NM_005862.2:c.1433A>C, p.(His478Pro) 0 0.985 77 24.2

9 NM_005862.2:¢.646A>G, p.(Arg216Gly) 0 1 125 22.9

10 NM_005862.2:¢.1118G>A, p.(Arg373Gln) 0 0.997 43 36

12 NM_005862.2:¢.659A>G, p.(His220Arg) 0 1 29 225

13 NM_005862.2:¢.997A>C, p.(Lys333Gln) 0 0.989 53 275

14 NM_005862.2:¢.2936A>G, p.(Lys979Arg) 0 0.998 26 21.9

15 NM_005862.2: c.1052T>G, p.(Leu351Trp) 0 1 61 27.8

Lehalle D, et al. / Med Genet 2017,0:1-10. doi:10.1136/jmedgenet-2016-104468 7



Developmental defects

Table 4 Frequency of the clinical features observed in the 17
patients

Number of patients %

Neurological features
ID/DD 1717 100
Epilepsy mi 4
Autistic features mi 4
Microcephaly an7 24
Brain anomaly

Atrophy 317 18

Other unspecific anomaly 317 18
Facial features

Deep-set eyes 14117 82

Wide mouth 1317 76

High nasal bridge mi 4

Thin eyebrows 8/17 47

Widely spaced central incisors 417 24
Growth retardation

Prenatal 317 18

Postnatal 117 6
Feeding difficulties/GER 97 53
Hyperlaxity 517 29
Cryptorchidism 2/9 22
Scoliosis 2117 12
Congenital heart defect 117 6
Supernumerary nipple 117 6

DD, developmental delay; GER, gastro-oesophageal reflux; ID, intellectual disability.

associated with STAG1 aberrations seems to be milder than the
phenotype associated with other cohesinopathies, such as CdLS.
In particular, the facial features do not resemble any of the
CdLS characteristic findings.

The cytogenetics and molecular findings of all 16 patients
or families are summarised in table 2. Four unrelated patients
had a small microdeletion of similar size encompassing both
STAG1 and PCCB, the latter being involved in a recessive
metabolic disease, propionic academia. Classically, the hetero-
zygous parents of the homozygous individuals affected by pro-
pionic  academia are asymptomatic, suggesting that
haploinsufficiency of PCCB is not pathogenic. Despite this
deletion being in the same locus in four individuals, there is
no evidence for a recurrent event as there is no low copy
repeat or segmental duplication at the distal or proximal
breakpoints. Three patients including two siblings had a
STAG1 intragenic deletion. Among the 10 de novo heterozy-
gous STAG1 variants, 8 were missense and 2 frameshift. Three
were localised in exon 7, two in exon 11 and two in exon 15;
one each was in exons 10, 17 and 27. There is no recurrent
mutation in the series. Apart from microcephaly, there was no
striking difference in this series among patients with a deletion
or a point mutation in STAGI.

The canonical role of the cohesin complex in chromosomal
segregation and cohesion of sister chromatids has long been
studied. It was demonstrated that STAG2 was required for
centromeric cohesion, whereas STAG3 was required to stabilise
cohesin on chromosome axes and STAG1 had a specific role in
telomere cohesion.” *® Besides its canonical role in chromosome
segregation, the cohesin complex indeed directly influences tran-
scription via an essential role in transcriptional enhancer func-
tion.” Cohesin promotes the transition of promoter-proximal
paused RNA polymerase II (Pol II) to elongation at the genes

that it binds by facilitating enhancer-promoter contact.
Moreover, cohesin depletion reduces the level of transcription-
ally engaged Pol II at the promoter of most genes that do not
bind cohesin, suggesting a wider role for the cohesin complex in
the expression of broadly acting transcription factors that regu-
lates many or most genes. Cohesin subunits participate in all
cohesin-related processes, including chromatid cohesion during
the S phase, gene transcription regulation during the interphase
and DNA damage repair. Therefore, mutations in genes encod-
ing these proteins have the potential to disrupt all these pro-
cesses.”’ The importance of gene dosage is illustrated by the
observations of the effect on gene transcription but not on
chromosome segregation upon the reduction of cohesin levels
by 80% in Drosophila cells.*® In human cells, complete lack of a
cohesin subunit is associated with cohesion defects, a classical
feature of recessive cohesinopathies, whereas dominant cohesi-
nopathies arise through transcriptional dysregulation. As exam-
ples, chromosomes of RS cells exhibit premature centromere
separation,®’ karyotypes of fibroblasts from individuals with
homozygous SGOL1 mutations harbour the railroad appearance
marker of centromeric cohesion defects*® and the cellular fea-
tures of WBS are both increased breakage in the presence of
mitomycin C and cohesion defects, suggesting an underlying
DNA repair dysfunction.'® 3> On the other hand, CdLS arises
through transcriptional dysregulation, as demonstrated by
genome-wide transcriptional microarrays and proteomics
approach in cells mutated in NIPBL, SMCI1A, SMC3 and
RAD21.% 3* Along this line, AFF4 is a component of the super
elongation complex that plays a crucial role in transcriptional
regulation. Transcriptome analyses revealed a similar expression
pattern of dysregulated genes in CHOPS and CdLS syn-
dromes.'” Given the phenotypic homogeneity in this series, it is
likely that the underlying physiopathology is common in STAG1
deletions, frameshift variants and missense variants we report,
strongly suggesting that this phenotype is caused by STAG1 hap-
loinsufficiency. Therefore, transcriptional dysregulation is likely
to be the causative mechanism underlying the associated
phenotype.

Essential data about the function of STAG1 indeed have been
provided by the observations and studies made on a mouse
model deficient for STAG1.>>73” Homozygous Stagl-null mice
did not survive the embryonic stage, demonstrating the essential
function of STAG1 in viability, and the non-redundant role of
STAG1 and STAG2. Stagl—/— embryos showed severe develop-
mental anomalies. Stagl+/— mice had an increased incidence of
early-onset tumours, features of premature ageing and a shorter
lifespan. It was shown that STAG1 contributes to the chromatin
architecture in the regenerative islet-derived gene clusters of the
pancreas of the STAG1 heterozygous mice.’” Moreover, the
studies of the transcriptomes of STAGI1-null and wildtype
mouse embryonic fibroblasts revealed transcriptional changes in
the STAG1-null cells. These data suggested a specific and role of
STAG1 in gene regulation, essential for the embryonic
development.*®

In conclusion, this series reports 17 patients with STAG1 dele-
tions or single-nucleotide variants, all with a presentation of ID,
similar facial gestalt and variable associated features. The spread
of deep-sequencing techniques, such as whole-exome and
whole-genome sequencing, in patients with ID, will probably
add more reports and allow a better characterisation of this syn-
drome in the near future. Moreover, the constitution of this
series adds another building block to the power of data sharing
in order to cluster and delineate new entities based on molecular
data.
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URLs
ExAC Browser, exac.broadinstitute.org
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