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Xg28 int22h-1/int22h-2 duplication is the result of non-allelic homologous recombi-
nation between int22h-1/int22h-2 repeats separated by 0.5 Mb. It is responsible for
a syndromic form of intellectual disability (ID), with recurrent infections and atopic
diseases. Minor defects, nonspecific facial dysmorphic features, and overweight have
also been described. Half of female carriers have been reported with ID, whereas all
reported evaluated born males present mild to moderate ID, suggesting complete
penetrance. We collected data on 15 families from eight university hospitals. Among
them, 40 patients, 21 females (one fetus), and 19 males (two fetuses), were carriers
of typical or atypical Xg28 int22h-1/int22h-2 duplication. Twenty-one individuals
were considered asymptomatic (16 females and 5 males), without significantly higher
rate of recurrent infections, atopia, overweight, or facial dysmorphism. Approximately
67% live-born males and 23% live-born female carriers of the typical duplication did
not have obvious signs of intellectual disability, suggesting previously undescribed
incomplete penetrance or low expression in certain carriers. The possibility of a
second-hit or modifying factors to this possible susceptibility locus is yet to be stud-
ied but a possible observational bias should be considered in assessing such challeng-

ing X-chromosome copy number gains. Additional segregation studies should help to

quantify this newly described incomplete penetrance.
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1 | INTRODUCTION

X-linked intellectual disability (XLID) is a genetically heterogeneous
disorder that affects 1/1000 males'? associated with more than
140 genes® Various X-chromosome abnormalities have been
described,* many inherited from a healthy heterozygous carrier
mother. Pathogenic microduplications and functional disomies have
long been described within the Xq28 gene-dense region.>® The pres-
ence of several low-copy repeats (LCRs) in the region predisposes it
to recurrent chromosomal rearrangements by non-allelic homologous
recombination (NAHR).”1° One of the most commonly reported vari-
ants is the Xq28 duplication that includes the dosage sensitive MECP2
gene, responsible for Lubs X-linked intellectual developmental disor-
der syndrome (OMIM # 300260).11:12

More distally from the MECP2 gene, El-Hattab et al. first reported
a recurrent ~0.5Mb duplication between LCRs int22h-1 and
int22h-2 as being pathogenic in 2011 and then in 2015.2%%4

To date, 35 cases (19 males and 16 females) with typical int22h-
1/int22h-2-mediated duplication have been reported in the litera-
ture.r>1¢ It is considered to be causal for syndromic XLID, with a
number of inconstant distinguishing behavioral, facial, anthropometric,
and immune features in males. A minority of female carriers are symp-
tomatic, presenting with milder ID than males.”~2°

The duplication includes three disease-causing genes: F8,
RAB39B, and CLIC2. The gene F8 encodes coagulation factor VIII, defi-
cient in hemophilia type A (HA) (OMIM 306700).>* RAB39B and CLIC2
are two major candidate genes for neurodevelopmental disorders
observed in cases of duplication at this locus. Indeed, deleterious
CLIC2 sequence variants have been proposed to be causative for
X-linked syndromic ID in a single family,?? whereas loss-of-function
variants of RAB39B lead to Waisman syndrome (OMIM 311510),224
a form of early onset parkinsonism with ID. However, Vanmarsenille

.2° reported an inconstant increase in CLIC2 mRNA expression in

eta
intellectually disabled male carriers of recurrent int22h-1/int22h-
2-mediated duplications and concluded that CLIC2 “diplosensitivity” is
unlikely. The same study showed increased expression of RAB39B in
male individuals with ID and recurrent int22h-1/int22h-2-mediated
duplications. It is presumed that RAB39B is dose sensitive. The
authors concluded that the involvement of RAB39B in neurodevelop-
mental disorders in Xq28 int22h-1/int22h-2 duplication is still unclear
but plausible.

Of note, healthy male carriers of atypical Xq28 duplications over-
lapping the int22h1-int22h2 interval have been described.?>"2” Fol-
lowing an initial puzzling observation of an asymptomatic male carrier
with the typical int22h-1/int22h-2-mediated duplication and given
the males reported to carry the atypical Xq28 duplication without ID,

we decided to study the penetrance of this syndrome in males.

In this retrospective study, we describe a cohort of 15 unrelated
families with typical (10 families) and atypical (5 families) Xq28
int22h-1 and int22h-2 duplication.

2 | FAMILIES

Through the French Array Comparative Genomics Hybridization
(CGH) network AChro-Puce, we collected data from 15 unrelated
families in 8 French university hospitals (written informed consents
were received from the patients). The pedigrees are presented in
Figure 1. Ten families with typical Xq28 int22h-1/int22h-2-mediated
duplication carriers (Families 1, 2, 3, 5, 6, 7, 8, 10, 11, 12) and five fam-
ilies with atypical duplication carriers (Families 4, 9, 13, 14, 15), pre-
sented in Figure 2. Here, we describe the four families in which an
unaffected male carrier was identified and Family 15, containing a
symptomatic male individual without ID. Other families are described

in Figures 1, 2, and Table 1.

21 | Family1

The proband (II-5) showed early childhood language regression, had
no motor delay, and no dysmorphic features. His clinical examination
was normal, except for large tonsils associated with probable recur-
rent infections. His metabolic blood tests were also normal. He was
overweight, of large stature and had an enlarged head circumference.
A familial study showed that the duplication was maternally inherited
and that it was present in three of six sons. Brother II-1 was an
asymptomatic carrier. He went to school and earned a vocational
diploma. Brother II-3, also a carrier, required specialized education but
experienced neonatal anoxia, a potential confounding factor. The
asymptomatic mother (I-2) was a carrier of the typical Xq28 duplica-
tion and was unemployed. She was not tested for X-inactivation bias.
The non-carrier brothers II-2, II-4, and II-6 had no particular problems

or phenotype to report.

22 | Family3

The proband IV-1 was a male fetus (mother llI-2). Prenatal array-CGH
analysis was performed at 27 weeks of gestation after identification
of bilateral talipes equinovarus. This phenotype has not been reported
for patients with typical Xq28 duplications and was considered to be
an incidental finding. Based on reported complete penetrance in males
of Xg28 duplication, the parents opted for termination of the preg-

nancy. For the second male fetus, IV-2 (asymptomatic mother 1lI-4),
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FIGURE 1 Pedigrees. The squares (males) and
circles (females) are filled with black (symptomatic
carrier), white (asymptomatic or status unknown), and
gray (noticeable phenotype not related to Xq28
syndrome); black dot (asymptomatic carrier); minus sign
(tested non-carrier). Arrows indicate the probands. The
status concerning intellectual disability (ID) for Family 6
1-2 is unknown. Family 3 1I-2 was not tested but was a
compulsory carrier. Family 3 IV-1 had bilateral talipes
equinovarus and Family V-2 intrauterine fetal growth
restriction and duplex kidneys. Family 4 1I-3 had the
same phenotype as his brother. Family 5 I-2 has
seizures treated by sodium valproate, Family 5 II-1 and
11-2 have features of fetal valproate syndrome, and
Family 5 1I-3 had spina bifida. Family 9 I-1 has West
syndrome and mild ID. Siblings of Family 12 1.1 are not
represented but there is a history of depressive
disorder (sister), schizophrenia (another sister), and
dyslexia (brother's niece). Family 14 Ill-2 had
myelomeningocele. Family 15 1lI-2 has anterior balanic
hypospadias and hemophilia due to the recurrent
pathogenic intron 22 inversion of F8 (lI-2, II-3, and I-2
are also carriers of this inversion); llI-3 was a tested
non-carrier for F8 int22 inversion and considered to be
non-carrier of the familial xq28 duplication (these two
elements considered to be linked).

ultrasound showed intrauterine growth retardation and duplex kid- showed that individual II-3 carried the duplication. He was a crafts-

neys. Array-CGH identified the Xq28 duplication. The parents opted man and considered to be asymptomatic. Individual II-2 could not be

for termination of the pregnancy. Further familial investigations genetically tested for the duplication but is considered to be an
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FIGURE 2 Xq28 int22h-1/int22h-2-mediated duplications in our cohort and in the literature sorted by date. CNV are represented as dark
blue boxes (male duplication carriers with intellectual disability [ID]), red boxes (male duplication carriers without ID, or families with at least one
male carrier without ID), green boxes (triplication), or a light gray box (deletion). The light gray-blue box is the minimum overlap area of
duplication with OMIM “morbid” genes in patients with ID (except for the F8 region, considered to be non-causal for ID). The blue arrows
represent OMIM “morbid” genes and the light gray arrows OMIM “non-morbid” genes. The direction of the arrows indicates the direction of
transcription. Patient 1 from the study of Lannoy et al. was reported to have moderate HA; Patient 2, severe HA with intron 22 inversion of F8;
and Patient 3, ID and no HA. Patient 1 from the study of Jourdy et al. was reported to have HA and intron 1 inversion of F8 and Patients 2, 3, and
4, HA and intron 22 inversion. The four carriers of Family 15 also have the F8 intron 22 inversion (1 male patient with HA and 3 female patients
without HA). The direction of the LCR is represented in accordance with the literature.®> *Patient 18 from the study of Isrie et al. is the same as

Patient AV1 from that of Vanmarsenille et al.

obligatory carrier (Figure 1). We have no information about his profes-
sional activity or study path, but he was not reported to have an
ID. He had two asymptomatic carrier daughters, 11I-3 and 1lI-2. No
female carrier was tested for X-inactivation bias in this family. No his-

tory of intellectual impairment was reported in the rest of the family.

23 | Family5
In this family, the asymptomatic father (I-1) and his daughter (lI-1)
were carriers of the typical Xg28 duplication. His son (lI-2) did not
carry the duplication.

The mother was treated with sodium valproate for seizures (treat-

ment continued during pregnancy). Her two children showed

behavioral problems that may fit the spectrum of valproate fetopathy.
The daughter (II-1) had a specific learning disability without ID and
anxiety-depressive disorder. For this study, she was considered to be
symptomatic, as involvement of Xq28 duplication could not be ruled
out. Her brother (patient 11-2) had oral language disorders and a work-

ing memory defect.

24 | Family 14

In Family 14, female fetus IlI-2 was prenatally affected by myelome-
ningocele with a cerebral impact for which amniocentesis was per-
formed. Array-CGH showed an atypical Xq28 duplication (cf. Table 1
and Figure 2) inherited from the asymptomatic father (lI-1), who had
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an advanced technician's certificate and did not report academic diffi-
culties. These duplications were considered to be incidental findings
in the fetus but because of the severity of the myelomeningocele, the
parents opted to terminate the pregnancy at 23 weeks gestation (fetal
autopsy was rejected). The paternal grandmother was a heterozygous
carrier.

We considered this duplication to be atypical because there were
normal array-CGH probes within the copy number variation (CNV)
(Figure 2). Both duplications have been proven to be in cis. We were

unable to further characterize this chromosomal rearrangement.

25 | Family 15

The proband of this family was a male (llI-1) diagnosed with hypospa-
dias at birth and severe hemophilia at 1 year of age due to multiple
episodes of ecchymosis. He carried an atypical Xq28 duplication that
did not span RAB39B nor CLIC2, associated with the recurrent patho-
genic intron 22 inversion of F8 responsible for hemophilia A (HA). He
showed normal psychomotor development. His mother (II-2), an aunt
(11-3), and his grandmother (I-2) were asymptomatic carriers. For this
study, we considered patient IlI-1 to be symptomatic because of
hypospadias (already described in the Xg28 duplication syndromic
spectrum) but he did not show a neurodevelopmental disorder.

2.6 | Overall cohort

Our cohort included 40 patients, 21 females (one fetus) and 19 males
(two fetuses). Twenty-one individuals were considered to be asymp-
tomatic (16 females and 5 males). Probands had inherited the Xq28
duplication from an unaffected carrier parent in 13 cases (11 mothers,
2 fathers) and inheritance was not known in one case (Family 7).
Asymptomatic carrier mothers possibly inherited the duplication from
their fathers in Families 8 and 10, in which segregation was impossible
for the father and mothers were proven non-carriers (Figure 1). The
CNV of all probands was confirmed by targeted analysis, such as
gPCR, MAQ, MLPA, or FISH (not available for Family 5). For two of
the symptomatic carriers, environmental factors could explain part
of their phenotype (Family 1, individual 11.3: perinatal anoxia; Family
5, individual 1I-1: fetal valproate syndrome; see Table 1 and Figure 1).
No identical formal investigation of ID was performed on our patients.

The cohort included three carrier fetuses. Their neurodevelop-
mental status is unknown (terminated pregnancies, impossible to carry
out a childhood evaluation).

The Xg28 chromosomal microduplications from our cohort are
presented in Figure 2 and compared to those reported in the litera-
ture. Typical recurrent Xg28 int22h-1/In22h-2-mediated duplication
was present in Families 1, 2, 3,5, 6, 7, 8, 10, 11, and 12. Atypical Xg28
duplications were present in Families 4, 9, 13, 14, and 15 (Figure 2).

In Family 4, the proband and his asymptomatic mother were also
carriers of another Xq28 duplication, classified as a variant of unknown
significance (arrffGRCh37] Xq28(154722370_154908471)x2 mat).

Although recurrent infections, atopia, overweight or obesity, and
facial dysmorphism have been described in the literature, none of
these elements were clearly apparent in our cohort. Patient II-1
of Family 11 was the only one reported with recurrent infections (oti-
tis). Patient II-2 from Family 4 died from varicella zoster virus septice-
mia at 2 years of age, which can be considered as a sign of immune
dysfunction, but without certitude. He was also the only patient in
our cohort with atopia. Finally, patient II-5 from Family 1 had a tonsil-
lectomy, which could be a sign of recurrent infections, but his medical
record did not explicitly mention it. Six of our patients were over-
weight or obese and seven were not (status unknown for 24, nonap-
plicable for the three fetuses). We found no recurrent or distinctive
facial dysmorphism in our cohort.

3 | DISCUSSION

Our study is the first to report unaffected male carriers of the typical
int22h-1/int22h-2 duplication (Families 1, 3, 5). This finding suggests
incomplete penetrance of this CNV in male hemizygous carriers and
should change genetic counseling with respect to neurodevelopment
when this variant is identified. Among the 27 patients with a typical
int22h-1/int22h-2 Xq28 duplication in our cohort, 8 of 12 (~67%)
live-born male carriers are intellectually disabled (including Patient II-3
from Family 1, who experienced perinatal cerebral anoxia). Patient I-1
from Family 10 and I-1 from Family 8 are likely male carriers, but they
were not tested and therefore their symptomatic/asymptomatic sta-
tus is unknown. Three of 13 (~23%) live-born female carriers of a typ-
ical Xg28 duplication are intellectually disabled (including a probable
case of valproate fetal syndrome for Patient 1I-1, Family 5). Taking into
account the typical and atypical duplication carriers, 11/17 (~65%)
live-born male carriers are intellectually disabled (~59% excluding
questionable Patient II-3 from Family 1) and 4/20 (20%) of live-born
female carriers are intellectually disabled (15% excluding questionable
Patient II-1, Family 5). Interestingly, the variant is present 13 times in
gnomAD-SV v4.0 including three cases of male hemizygous carriers.
These results are inconsistent with data from the most recent
review of the literature in which 100% of assessable males and 50%
of assessable females with Xq28 duplications were reported to be
intellectually disabled.” In Family 4, the Xq28 duplication is shorter
than the typical duplication, and spare the two ID candidate genes
RAB39B and CLIC2 (Figure 2). The proband (ll-2) and his mother (I-2)
are also carriers of another small Xq28 duplication, considered to be a
significance (arr[GRCh37] Xq28
(154722370_154908471)x2 mat) that affects the TMLHE gene. A

complex chromosomal rearrangement with a duplication of TMLHE

variant of unknown

has already been reported for an individual with severe HA without
ID28 in which the proband's brother had the same phenotype but was
not a carrier of the TMLHE duplication. This may suggest that this
CNV is not causative, but no further studies were performed. In Fam-
ily 9 of our cohort, the duplication only partially overlapped with the
classical Xg28 int22h-1/int22h-2-mediated duplication (Figure 2),
excluding RAB39B and CLIC2. The familial history suggests a
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neurological condition for the father (seizures) and ID for the mother.
Genetic investigations could be pursued. In Family 14, we found two
monoallelic duplications. These duplications appear to spare the
BRCC3 gene but candidate genes RAB39B and CLIC2 are included (see
Figure 2). Ballout et al. reported an atypical Xq28 duplication associ-
ated with ID in males (patient 9)*>¢ that spares RAB39B and CLIC2.
There are several possible explanations for our observations. A
two-hit model, as discussed before for 16p12.1 and 16p13.11
deletions,?%%°
males and Xqg28 int22h-1/int22h-2-mediated duplication could be a
risk factor for ID. In our study, there was no exome or genome

could explain the observed incomplete penetrance in

sequencing data to investigate this possibility, except for Patient II-2
of Family 4 (no additional variant reported). Polygenic etiology or dis-
ruption of regulatory elements could also be involved. Another as yet
unexplored possibility is the existence of environmental modifying
factors (exogenic agents in pregnancy, educational environment, etc.).

In females, incomplete penetrance could result from skewed
X-inactivation but no correlation between affected females and
X-inactivation has been yet described.3'"** In our study, six females
were tested for skewed X-inactivation. Two asymptomatic carrier
mothers (Family 6, Patient I-2; Family 8, Patient 1I-2) and two symp-
tomatic carrier probands (Family 7, Patient 1l-1; Family 9, Patient 1-2)
show skewed X-inactivation. However, one symptomatic carrier
female does not show skewed X-inactivation (Family 6, Patient 1I-4).
Thus, there is no clear correlation between skewed X-inactivation and
the phenotype.

The last possibility is that of an observational/reporting bias.
Xqg28 int22h-1/int22h-2-mediated duplication could be a rare CNV
incidentally identified in affected patients referred for testing in a set-
ting in which array-CGH are used as a first-tier test. In our four fami-
lies with asymptomatic male carriers of Xg28 duplications, family
testing was required after discovery of the CNV in fetuses, with
array-CGH indicated for common ultrasound signs. Asymptomatic
male carriers of atypical duplications encompassing the int22h-1/
int22h-2 interval and the candidate genes for ID have been reported
(Levy et al.2>; Lannoy et al.2%; Jourdy et al.?”; gnomAD DUP_X_54663
and DUP_X_54668) but are poorly discussed in the reports that
describe the affected patients. To date and to our knowledge, no
benign or likely benign typical Xq28 int22h-1/int22h-2 duplication are
described in publicly available databases (Decipher, Clinvar). The vari-
ant has been observed 13 times in gnomAD-SV v4 population data-
base with equivalent allele frequencies for females (n = 10, 0.015%)
and males (n = 3, 0.01%).

Our retrospective study is based on data collection by multiple
teams in multiple French university hospitals. Some of the collected
data from the medical records may be imprecise. The method used to
evaluate ID was not specified in our data, but array-CGH testing of
probands was requested by specialists accustomed to determining
ID. To overcome the absence of formal neuropsychological evaluation
of unaffected carriers, we used educational attainment to approxi-
mate the autonomy of carriers and therefore the absence of ID.

Our study sheds new light on the possible incomplete penetrance
of Xg28 int22h-1/int22h-2-mediated duplication. This has an

important impact on genetic counseling, in particular, in situations of
prenatal diagnosis. In our cohort, three fetuses had inherited the
duplication from their mother. In all cases, the CNV was considered to
be an incidental finding with respect to the reason for the referral.
Several couples opted for termination of the pregnancy, assuming
complete penetrance.

Further characterization of the penetrance of Xq28 duplication
will require extensive segregation studies to increase the number of
male carrier cases and thus clarify genetic counseling. If incomplete
penetrance is confirmed, this would justify the pursuit of genetic
investigations beyond array-CGH to rule out the presence of another
pathogenic variant before genetic counseling.

Our cohort study allowed us to assert incomplete penetrance for
ID in males carrying the 0.5 Mb typical Xg28 int22h-1/int22h-
2-mediated duplication, as we report four unaffected male carriers.
Further studies with extensive segregation analysis are required to
better determine and quantify penetrance and expressivity so that
genetic counseling can be adapted accordingly.
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