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Intellectual Disability, and Distinct Facial Features

Elizabeth E. Palmer,1,2,3,4,24,* Renee Carroll,5,24 Marie Shaw,5 Raman Kumar,5 Andre E. Minoche,6

Melanie Leffler,1 Lucinda Murray,1 Rebecca Macintosh,3 Dale Wright,7,8 Chris Troedson,9

Fiona McKenzie,10,11 Sharron Townshend,11 Michelle Ward,11 Urwah Nawaz,5 Anja Ravine,8,12

Cassandra K. Runke,13 Erik C. Thorland,13 Marybeth Hummel,14 Nicola Foulds,15 Olivier Pichon,16

Bertrand Isidor,16 Cédric Le Caignec,17 Bénédicte Demeer,18,19 Joris Andrieux,20 Salam Hadah Albarazi,21

Ann Bye,2,3 Rani Sachdev,2,3 Edwin P. Kirk,2,3 Mark J. Cowley,22 Mike Field,1 and Jozef Gecz5,23,*
Summary
Interpretation of the significance of maternally inherited X chromosome variants in males with neurocognitive phenotypes continues

to present a challenge to clinical geneticists and diagnostic laboratories. Here we report 14males from 9 families with duplications at the

Xq13.2-q13.3 locus with a common facial phenotype, intellectual disability (ID), distinctive behavioral features, and a seizure disorder in

two cases. All tested carrier mothers had normal intelligence. The duplication arose de novo in threemothers where grandparental testing

was possible. In one family the duplication segregated with ID across three generations. RLIM is the only gene common to our duplica-

tions. However, flanking genes duplicated in some but not all the affected individuals included the brain-expressed genes NEXMIF,

SLC16A2, and the long non-coding RNA gene FTX. The contribution of the RLIM-flanking genes to the phenotypes of individuals

with different size duplications has not been fully resolved. Missense variants in RLIM have recently been identified to cause X-linked

ID in males, with heterozygous females typically having normal intelligence and highly skewed X chromosome inactivation. We de-

tected consistent and significant increase of RLIMmRNA and protein levels in cells derived from seven affected males from five families

with the duplication. Subsequent analysis of MDM2, one of the targets of the RLIM E3 ligase activity, showed consistent downregulation

in cells from the affectedmales. All the carrier mothers displayed normal RLIMmRNA levels and had highly skewed X chromosome inac-

tivation.We propose that duplications at Xq13.2-13.3 including RLIM cause a recognizable butmild neurocognitive phenotype in hemi-

zygous males.
Structural or sequence variants affecting X chromosome

genes account for 5%–10% of all intellectual disability

(ID) in males and a higher proportion of ID in multigen-

erational families with affected males.1 The assessment

of pathogenicity of previously unreported X chromo-

somal variants can be challenging, particularly because

heterozygous female carriers are often unaffected. How-

ever, correct interpretation of the pathogenicity of X

chromosome variants is critical not only to allow accurate

genetic counseling for the carrier mother but also for the

extended family that may include several unaffected fe-

male carriers.2
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RLIM (MIM: 300379) was recently identified as a putative

X linked ID (XLID) gene in a three-generation Norwegian

family (Tonne-Kalscheuer syndrome, TOKAS [MIM:

300978]).3 A rare missense variant (GenBank: NM_016120.

4 [RLIM]; c.1067A>G [p.Tyr356Cys]) segregated with a

phenotype inmaleswith subtle facialdysmorphism,autism,

and feeding problems. Hu et al.4 reported missense variants

segregating with ID in three large XLID-affected families.

Recently, Frints et al.5 further delineated the neurodevelop-

mental phenotype in nine families with RLIM missense

variants, confirming a role of RLIM in neurodevelopmental

conditions with the core clinical presentation of ID. Frints
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and colleagues described typical clinical features in the

affected males with mild growth retardation of prenatal

onset, ID of variable severity, hypogenitalism, and subtle

facial features including (relative) microcephaly and

hypertelorism in childhood evolving to hypotelorism in

adulthood. Although they reported autistic features and

hyperactivity, children were also frequently described as

friendly. With age, more difficult behaviors, including

aggressive outbursts and anxiety, depression, and schizo-

phrenia, were reported.5 To date all reported carrier females

had normal cognition and behavior but a few had minor

distinctive physical features, including short stature. All

tested carrier females had skewed X chromosome inactiva-

tion with the X chromosome carrying the missense variant

being selectively inactivated.

RLIM encodes a RING (really interesting new gene)

domain-containing zinc-finger E3 ubiquitin ligase shown

to act as a co-factor promoting or inhibiting transcription

via binding to LIM-homeodomain (LIM-HD) transcription

factors. RLIM acts as a recruiter of the Sin3A/histone deace-

tylase corepressor complex and an E3 ubiquitin ligase,

ubiquitinating target proteins for degradation by the pro-

teasome.5,6 Pathogenic variants in multiple E3 ubiquitin

ligase coding genes, such as HERC2 (MIM: 605837),7

CUL4B (MIM: 300304),8 HUWE1 (MIM: 300697),9 TRIP12

(MIM: 604506),10 and UBE3A (MIM: 601623),11 have

been identified in individuals with ID. RLIM has diverse

but incompletely understood functions. RLIM is involved

in control of early embryogenesis, notably brain and neu-

ral tube development. It also has a role in control of cell

migration, for example through ubiquitination of the

negative regulator SMAD7 (MIM: 602932) and through

direct binding to the E3 ubiquitin ligase SMURF2 (MIM:

605532). RLIM is important in the control of cell prolifer-

ation, in particular, by upregulating the TP53 (MIM:

191170) pathway and inhibiting c-Myc transcriptional ac-

tivity via ubiquitination of MDM2 (MIM: 164785). Finally,

RLIM is shown to regulate estrogen-responsive genes,

through ubiquitination and phosphorylation of estrogen

receptor alpha, and to have positive regulation of the

TGF-beta family signaling pathway.5,6 RLIM has been iden-

tified as a dose-dependent activator of X chromosome

inactivation (XCI) in mouse embryonic stem cells

(mESCs).12 Subsequent studies using mESCs showed that

RLIM controls XCI by targeting the XCI inhibitor Zfp42

(also known as Rex1 [MIM: 614572]) for proteasomal

degradation.13 RLIM protein functions also outside XCI

in regulation of RNA polymerase III-dependent transcrip-

tion.14

The impact of structural variants involving RLIM has not

previously been reported. Here we describe 14 affected

males from 9 families with a neurodevelopmental pheno-

type and overlapping X chromosomal duplications con-

taining RLIM.

Through sharing of Australian case subjects and interro-

gation of entries in the NSW DECIPHER consortium, five

Australian families were identified with males who had a
1158 The American Journal of Human Genetics 107, 1157–1169, Dec
neurodevelopmental phenotype and overlapping duplica-

tions on Xq13.2–13.3.15 As RLIM was the only gene in the

shortest region of overlap, we used the gene-oriented query

‘‘RLIM’’ to interrogate two publicly available repositories of

clinical genetic variation in an attempt to find additional

cases: (1) The Database of Chromosomal Imbalance and

Phenotype in Humans using Ensembl Resources, DECI-

PHER15 and (2) the public archive of interpretations of

clinically relevant variants, ClinVar. Individual scientists

were contacted for affected individuals/cases with RLIM

containing duplications of less than 5 Mb in size and

were asked for more clinical information where family

consent was obtainable. Through these means, four addi-

tional families (families 6–9; Table 1) were identified with

overlapping duplications. All families in the present cohort

consented to publication of clinical data and, for seven out

of the nine families, publication of clinical photographs, as

per local ethics committee guidelines. Gene annotations of

the extracted duplications refer to the genome build

GRCh38/hg38.

Chromosomal microarray was performed as a diagnostic

genetic test in all families with appropriate local consent,

with details of the platform used by each diagnostic labora-

tory presented in Supplemental Note: Case reports. XCI

studies were undertaken for families 1–5 and 7 (Table 1) us-

ing standard methodology.16 FISH studies were performed

for families 2 and 8 with a standard protocol using probes

specific to the duplication and a control region (RP11-

79C13 and DXZ1 at Xq13.3 and the ChrX centromere,

respectively: Figure S1 for family 8).

To evaluate for the possibility of additional genomic le-

sions contributing to individual 1 (III:1)’s developmental

and epileptic encephalopathy and individual 5 (III:1)’s

more severe autism and developmental delay, whole-

genome sequencing (WGS) was performed.17 The WGS

data were interrogated for rare sequence variants in

brain-expressed genes identified under de novo, X-linked,

compound heterozygous, and homozygous models. Struc-

tural variants were interrogated using the ClinSV pipe-

line.18

To further evaluate the effect of the Xq13 duplications in

our cohort, lymphoblastoid cell lines (LCLs) were gener-

ated from affected males from Australian families 1–5

and a fibroblast cell line from the affected individual 2

(III:7) from family 2 using published methods.19 The

mRNA expression for three brain-expressed genes (FTX

[MIM: 300936], RLIM, and NEXMIF [MIM: 300524]) in

the duplicated region was examined in all cell lines.

Expression of SLC16A2 (MIM: 300095) was analyzed only

in the fibroblast cell line as SLC16A2 is not adequately ex-

pressed in LCLs. Protein levels of RLIM and known down-

stream interactors MDM2 and TP53 were assayed by west-

ern blot (see Supplemental Material and Methods).

The clinical characteristics of the 14 affected males in

our cohort are presented in Table 2, pedigrees in Figure 1,

and photographs in Figure 2. Detailed case reports for all

individuals are available in the supplemental data
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The American Jour
(Supplemental Note: Case reports). The most common

neurocognitive phenotype was of mild ID, autism spec-

trum, social anxiety, disordered sleep, and hyperactivity.

Most affected males were described as having a pleasant

and happy behavioral profile. All required additional

educational assistance: individual 3 (III:1) and individual

7 (III:1) were in specialist education in a high school

with both aiming to work in hospitality. Individual 5

(III:1) had moderate global developmental delay, severe

anxiety, and expressive and receptive language delay. He

was attending an autism support class in a mainstream

school. Individual 1 (III:1) had the most severe neurocog-

nitive phenotype in the cohort, characterized by a severe

drug-resistant epilepsy, profound ID, andmovement disor-

der. He was nonverbal and non-ambulant. Seizures were

experienced by two other individuals and neither required

ongoing antiepileptic therapy. When assessed as a group,

common distinctive facial features were apparent,

including straight, medially flared eyebrows, short palpe-

bral fissures, and flat midface (Figure 2). Other than mild

joint hypermobility, particularly of the small joints, no

consistent pattern of other systemic features was noted.

In all families the duplication was inherited from an un-

affected heterozygous mother (Figure 1). Further segrega-

tion studies in relatives of families 3, 4, and 5 demonstrated

absence of the duplication in samples from all six maternal

grandparents, consistent with de novo maternal duplication

events. In families 1 and 5, the duplication was not detected

in the tested maternal male relatives of the proband with

normal learning. In family 2, the duplication was present

in three males over three generations, with segregation be-

ing consistentwithX-linked recessive inheritance (Figure 1).

In all tested carrier mothers, XCI was moderately (>80%) to

severely (>95%) skewed, indicating presence of a variant of

clinical significance on the X chromosome (Table 1). As

shown in Table 1 (families 1–9), although the gene content

of the duplicated regions varied among families, all

included the entire RLIM gene. FISH data from families 2

and 8 did not reveal insertional duplications, making it

likely that the duplications were in tandem (Figure S1: fam-

ily 8; family 2 data not shown). Affectedmales from families

1 and 5 were further evaluated by WGS. All rare sequence

variants in brain-expressed genes identified on analysis for

de novo, X-linked, compound heterozygous or homozygous

models are listed in Table S1; however, nonemet the ACMG

criteria for (likely) pathogenicity.20 No likely causative vari-

ants were identified on interrogation of the mitochondrial

DNA. On analysis for structural variants, further delineation

of complex structural events on the X chromosome was

possible (Figures 3 and 4). For the affected male from family

1 (III:1), WGS revealed two adjacent X chromosomal dupli-

cations, separated by a region of normal copy number. One

duplication was separated by a fragment/region from chro-

mosome Xq13.1 and had the breakpoints 71,524,941–

71,740,786 (hg38). It was 215 kb in size and included the

protein coding genes OGT (MIM: 300255), GCNA (MIM:

300369), and CXCR3 (MIM: 300574), as well as the 30 non
nal of Human Genetics 107, 1157–1169, December 3, 2020 1159



Table 2. Clinical Features of Affected Individuals from Families 1–9

Individual 1 (III:1) 2 (III:7) 2 (II:4) 2 (IV:1) 3 (III:1) 4 (III:1) 4 (III:2) 5 (III:1) 6 (II:1) 7 (III:1) 8 (III:1) 9 (III:1) 9 (III:2) 9 (III:3)

Current
age
(years)

11 23 60 20 15 8 5 6 NR 16 9 11 5 3

Ethnicity Australian Australian Australian Australian Australian Australian Australian Australian French UK USA French French French

Gestation
at birth

36 weeks term term term term 29 weeks 36 weeks term term term term term term term

Prenatal
complication

intra-uterine
growth
restriction

mild
gestational
hypertension

none none none antenatal
hemorrhage

threatened
premature
delivery

diet
controlled
gestational
diabetes

none none antenatal
hemorrhage

none none antenatal
hemorrhage

Perinatal
complication

none congenital
hip dysplasia

none none none none none none none none none none none none

Birth weight 2.5 kg 3.6 kg N/D N/D 4.2 kg 1.5 kg 3.65 kg N/D 3.2 kg 3.5 kg 3.43 kg 3.02 kg 3.25 kg 3.26 kg

Phenotype:
ID

severe –
profound ID

mild ID mild ID mild ID mild ID mild ID mild ID moderate ID learning
difficulties;
speech delay

mild ID mild ID moderate
ID

mild ID speech delay

Phenotype:
Seizures

developmental
and epileptic
encephalopathy

no no one possible
afebrile
seizure

prolonged
febrile
seizures

no no one possible
afebrile seizure

no no no no no no

Phenotype:
ASD

some ASD
features

some ASD
features

no no ASD ASD some ASD
features

level 3 ASD no some ASD
feature

pervasive
development
disorder

no no no

Phenotype:
other
behavioral

no aggression
prior to
dexamp
hetamine

no no no no no concerns anxiety,
hyperarousal

no challenging
behaviors

mood swings anxiety no no

Phenotype:
other
learning
difficulties

no ADHD no ADHD,
dyslexia

ADHD easily
distracted

poor
concentration
and sustained
attention

hyperactivity hyperactivity hyperactivity no easily
distracted,
poor
concentration

no no

Phenotype:
sleep

no concerns disordered
sleep

no
concerns

no concerns disordered
sleep
initiation

disordered
sleep
initiation
and
maintenance

no concerns disordered
sleep
initiation
and
maintenance

no concerns no concerns disordered
sleep

disordered
sleep
initiation
and
maintenance

no no

MRI prominent
CSF spaces

N/D N/D neuroepithelial
cyst and
white matter
hyperintensities

normal normal N/D normal N/D N/D N/D normal N/D N/D

Phenotype:
musculoskeletal

hypotonic congenital
hip
dysplasia,
pes planus,
metatarsus
adductus

none none hypermobility
fingers,
wrist, flat feet,
pes planus

hypotonia,
easy
fatigability

low muscle
tone,
small joint
hypermobility

hypotonia,
flexible
small joints

none hypotonia
in infancy,
restricted
elbow
extension

none bilateral
talipes
equinovarus,
pes planus

fifth
finger
clinodactyly

none

(Continued on next page)
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Table 2. Continued

Individual 1 (III:1) 2 (III:7) 2 (II:4) 2 (IV:1) 3 (III:1) 4 (III:1) 4 (III:2) 5 (III:1) 6 (II:1) 7 (III:1) 8 (III:1) 9 (III:1) 9 (III:2) 9 (III:3)

Phenotype:
other
non-
neurological

none idiopathic
thrombo
cytopenic
purpura,
hay fever,
hyperacusis

none childhood-onset
hypothyroidism,
asthma

asthma myopia,
hernia

none recurrent
ear infections

small ears;
short fifth
fingers

asthma,
recurrent
croup,
eustachian
ear tubes
for OME

constipation none none asthma

Current
height
(centile)

10th 25th–50th N/D 25th–50th 50th–75th N/D N/D 50th–75th 50th 10th–25th 13th 75th–90th 50th 90th

Current
weight
(centile)

<2nd 50th N/D 90th 75th N/D N/D 25th–50th 25th–50th 75th 6th 90th 75th–90th 75th

Current head
circumference
(centile)

3th–5th 98th N/D 50th 75th 25th 75th–90th 50th 2nd 25th 25th 50th 25th–50th 50th

Facial features medially
flared
eyebrows,
deep set
relatively
small eyes,
straight
eyebrows,
thin upper lip

short
palpebral
fissures and
medially
flared
eyebrows,
flat midface

– medially
flared
eyebrows,
bilateral
epicanthic
folds, short
palpebral
fissures

high broad
forehead,
flat midface,
medially
flared eyebrows,
short palpebral
fissures

almond
shaped eyes,
flattened
mid face

almond
shaped eyes,
up-slanting
palpebral
fissures,
flattened
mid face,
epicanthic
folds

– – ptosis, short
palpebral
fissures,
straight
eyebrows,
posteriorly
rotated ears

anterior hair
whorl

high
forehead,
relatively
short
palpebral
fissures,
high arched
eyebrows
sparse
laterally,
flattened
midface,
prognathism

short
palpebral
fissures,
medially
flared
eyebrows,
flat
midface

high broad
forehead,
protruding
simple ears
with anteverted
lobes,
eyebrows
sparse
laterally,
bilateral
epicanthic
folds, short
palpebral
fissures,
flattened
midface

Abbreviations: N/D, no data; NR, not reported; OME, otitis media with effusion; ASD, autism spectrum disorder; CSF cerebrospinal fluid; ID, intellectual disability; ADHD, attention deficit hyperactivity disorder.
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Figure 1. Pedigrees
Pedigrees of families with Xq13.2–13.3 duplication: affected males with neurodevelopmental disorder, filled boxes; unaffected carrier
females, half-filled circles; tested individuals with Xq duplication are marked with a plus sign; tested individuals without Xq duplication
are marked with a minus sign; individuals who have not been tested are denoted ‘‘NT;’’
translated region of TAF1 (MIM: 313650). The more distal

duplication contained chromosomal material from

Xq13.2q13.3. The breakpoints were refined to chrX:

74,345,279–74,736,519 (hg38), which included the 30 re-
gion of NEXMIF (also known as KIAA2022) as well as

SLC16A2 and RLIM. The duplication was 391 kb in size.

The duplicated segments are contiguous with one in in-

verted orientation to the other based on evidence from split

read and discordant pairs (Figure 3). It was not possible to

discern the insertion site of the fragment as the data (model

I or model II) can be explained by two possible alignments.

For individual 5 (III:1), data from read depth, split read, and

discordant pairs were consistent with a simple tandem

duplication in a male (Figure 4). Within the duplicated re-

gion there is also a small deletion affecting ABCB7 (Gen-

Bank: NM_001271696, MIM: 300135). The deletion is pre-

dicted to remove exon 4 or create an intron retention

which could lead to a frameshift and premature truncation.

One intact copy of ABCB7was predicted to remain. The sin-

gle exon deletion of ABCD7 was not apparent on the orig-

inal 60K ISCA oligonucleotide array.

RLIM expression was increased in all tested hemizygous

male LCLs compared to four male control subjects and

FTX expression was increased only in the males from fam-

ilies 2, 3, and 4 with this gene wholly or partially dupli-

cated. FTX expression in families 1 and 5, i.e., individuals

without FTX gene duplication, was similar to control sub-

jects (Figure 5). NEXMIF expression varied greatly between

affected male LCL samples irrespective of whetherNEXMIF

was included in their duplicated region. Large variation

was also observed in the four male control samples, and

also in an RNA sequencing dataset of 95 male control
1162 The American Journal of Human Genetics 107, 1157–1169, Dec
LCLs (Figure S3). NEXMIF expression appeared increased

in the affected individual 2 (III:7)’s fibroblast sample as

compared to five male control subjects, despite the gene

not being duplicated in this individual (Figure 5). Given

the negligible expression of SLC16A2 in LCLs, its expres-

sion was interrogated only in individual 2 (III:7)’s

fibroblast sample, which was not significantly different

to control subjects. RLIM expression was also interrogated

in LCLs from the mothers in families 1, 2, and 3

(Figure S2) and showed that expression was not signifi-

cantly different from control subjects, consistent with

their skewed X chromosome inactivation status and

normal clinical presentation.

We evaluated the functional impact of the Xq13 dupli-

cations by determining the protein levels of RLIM and its

known downstream interacting partners MDM2 and

TP53 by western blot assay (Figure 6). Compared to con-

trol subjects, the affected LCLs from families 1–5 (where

cell lines were available) showed significantly increased

RLIM and moderately yet consistently across all affected

individuals tested, reduced levels of the RLIM E3 ligase

target MDM2. However, the levels of MDM2’s target

TP53 seemed unaltered. We also examined protein

expression levels in two male LCLs with the pathogenic

RLIM missense variant (GenBank: NM_016120.4

[RLIM]; c.1093C>T [p.Arg365Cys]) that had previously

been demonstrated to result in retained, if not possibly

increased, ubiquitination.8 The missense variants were

associated with significantly reduced RLIM protein

levels, a small decrease in MDM2 levels compared to

wild type, and no discernable difference in TP53 levels

(Figure 6).
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Figure 2. Photographs
Facial features of males with Xq13.2–13.3 duplications where families consented to sharing photographs. Common distinctive facial
features include straight, medially flared eyebrows, short palpebral fissures, and flat midface.
On aggregate the overlapping similarity of clinical,

genomic, and expression study results from this patient

cohort supports the hypothesis that RLIM is a dosage-sen-

sitive gene and that increased protein levels arising from

duplications are associated with neurocognitive abnormal-

ities. Consistent with this hypothesis, Frints and col-

leagues and Bustos and colleagues,5,6 by examining the

functional consequence of missense variants affecting

different domains of the RLIM protein, demonstrated

that some sequence variants were associated with

increased ubiquitin ligase activity, whereas others had

reduced activity. Based on multiple lines of evidence, the

authors concluded these missense variants are likely to

represent loss-of-function alleles.5 Their findings are also

supportive of RLIM being a dosage-sensitive gene, where

primarily decreased expression of RLIM may lead to com-

plex downstream modifications in pathways important

for neuronal development and function.5,6 Several other

E3 ubiquitin ligase genes have been demonstrated to

have an exquisite dosage sensitivity, whereby both reduc-

tion and increase in gene dosage is associated with a neuro-

developmental phenotype.21–23 Our own expression data

from LCLs in a control population (Figure S3) shows very

tight RLIM expression values, also supporting the observa-

tion that RLIM might be under tight dosage regulation.

Many conditions resulting from increased or decreased

expression of a dosage-sensitive gene result in both, some

phenotypic similarities and distinctions. For example,

Smith-Magenis syndrome (SMS [MIM: 182290]) caused

by deletion of 17p11.2 region or haploinsufficiency of

the critical gene RAI1 (MIM: 607642) has many pheno-

typic similarities to, but also some differences from, Po-

tocki-Lupski syndrome (PTLS [MIM: 610883]). caused by

duplication or triplication of the 17p11.2 region.24 The

cohort of individuals with duplications including RLIM

described here share many phenotypic features with indi-

viduals from families with RLIM single-nucleotide variants,

including autism spectrum, ID, ADHD, and behavioral is-

sues. However, they lack the more severe multiple congen-

ital malformations which are described in affected individ-

uals with deleterious variants in the RING finger domain:
The American Jour
these variants most severely affect the ability of RLIM to

ubiquitinate substrate(s).5 Such severe effects may be selec-

tively due to single-nucleotide damaging variants pre-

dicted to result in severe RLIM LoF.5

It is possible that the structural variants identified in our

cohort have a more distant, in cis, effect on X chromosome

gene expression or that other genes in this region may have

a modifying impact on the phenotype, also depending on

the size of the duplication.We have not tested these possibil-

ities.We list all the genes included in the differently sized du-

plications in our cohort in Table S2 and discuss three genes in

more detail here: SLC16A2 and NEXMIF (expressed in brain

and associatedwith clinical phenotypes)25,26 and FTX (impli-

cated in a neurological phenotype in animal studies).27

Several (but not all) duplications included the whole of

SLC16A2, a gene in which LoF and missense variants cause

Allan-Herndon-Dudley syndrome (AHDS [MIM: 300523]).

AHDS is characterized by severe infantile hypotonia,

reduced muscle mass, progressive spastic quadriplegia

and dystonia/athetoid movement disorder, and an

increased risk of seizures25 due to decreased access of thy-

roid hormone to the developing brain.28 All individuals

with AHDS have pathognomonic changes in thyroid func-

tion tests (T3, reverse T3, thyroxine, and TSH concentra-

tions). However, all tested males with the SLC16A2 dupli-

cation in our cohort (individuals from families 1, 2, 4,

and 7) did not have this pattern of thyroid function

changes and SLC16A2 expression was not significantly

increased in fibroblasts in the one affectedmale (individual

III:7 from family 2) where this cell line was available for

testing, compared to control subjects (Figure 5). We could

not obtain consent for generating fibroblasts for other

affected individuals in the cohort.

We considered the possible role of FTX andNEXMIF over-

expression. Although no humanneurocognitive phenotype

has been described in association with variants in the long

non-coding gene FTX, a recent report shows that Ftx tar-

geted deletion causes eye abnormalities in a subset of female

mice and in a rat model of temporal lobe epilepsy, Ftx levels

were reduced, while overexpression of Ftx reduced seizure

activity and inhibited hippocampal apoptosis.27 There is
nal of Human Genetics 107, 1157–1169, December 3, 2020 1163



Figure 3. Duplication of RLIM Caused by Structural Variants, Revealed by WGS in the Male Probands from Family 1
This panel demonstrates the location of the two duplications relative to the X chromosome and RLIM, i.e., Xq13.1 (red triangle) and
Xq13.2–13.3 (blue triangle) in the proband from family 1. The depth of coverage is shown in blue and the phred scaled read mapping
quality in gray (Q¼�10 log10 * P, Q of 30 corresponds to 1 misaligned reads in 1,000). The structural variants (SVs) and their supporting
discordant pairs (DP) and split reads (SR) are shown. TheWGS data indicate the existence of four breakpoints (labeled Bp1–4) and 3 struc-
tural variants (SV1–3). Also shown is a dot matrix view of genome sequence surrounding breakpoint 2 (Bp2) aligned to itself, showing a
palindromic sequence that could cause DP and SR reads to misalign. As a result, SV1 and SV3 could represent a single SV. Alongside is
shown models of the rearrangement considering depth of coverage change, discordant pairs, and split reads. Model I and II are equally
plausible and only involve SV1 and SV2. A model involving SV3 is not plausible as it would require the middle section between both
duplications to also be duplicated (model III), which contradicts the observed depth of coverage. The sequencing reads of SV3 at Bp2
are most likely wrongly mapped due to the palindrome and should instead map upstream of Bp2, which then provides further support-
ing evidence for SV1, thus SV1 and SV2 being the only real SV in this region. Breakpoints are provided in hg38.
growing evidence that FTX is important in the control of

XCI,29,30 and abnormalities of FTX expression have also

been reported in various cancer tissues as well as in areas

of ischemia.31 Interestingly FTX expression was signifi-

cantly increased in individuals from families 2, 3, and 4

with FTX duplication. However, FTX is not duplicated in

all affected individuals in this cohort. While there is

currently no clear evidence that an increased dosage of

FTX would cause a neurocognitive phenotype in males, it

is conceivable that FTX overexpression might modulate

the phenotype given that the phenotype is very similar in

affected individuals from families 2, 3, and 4 and milder

than for individuals from families 1 and 5.

Affected individuals from families 3 and 5 carry a full-

length NEXMIF, previously known as KIAA2022, duplica-
1164 The American Journal of Human Genetics 107, 1157–1169, Dec
tion, whereas the breakpoint in the affected male in family

1 (III:1) is located within the 30 UTR (NEXMIF is on the

antisense strand). Although NEXMIF is not included in

all individuals with duplications in our cohort, its poten-

tial role in the phenotype of individuals from families 1,

3, and 5 was considered further. LoF variants in NEXMIF

are established as the cause of a typically severe neurocog-

nitive phenotype (mental retardation, X-linked 98 [MIM:

300912]). In affectedmales, the phenotype is characterized

by intellectual disability, typically severe to profound, with

common comorbidities of autism and behavioral disor-

ders, epilepsy, infantile hypotonia evolving to spasticity,

gastrointestinal issues, strabismus, and stereotypical move-

ments.26 Dysmorphic features have also been noted but

there is not a clearly distinctive facial gestalt. Pathogenic
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Figure 4. Duplication of RLIM Caused by Structural Variants, Revealed by WGS in the Male Probands from Family 5
This panel demonstrates duplication relative to the X chromosome and RLIM in the proband from family 5. Evidence from split reads is
shown, consistent with the duplication being a simple tandem duplication, which contains a small deletion within ABCB7. Breakpoints
are provided in hg38.
variants either occur de novo or are inherited from an

asymptomatic carrier mother with highly skewed X chro-

mosome inactivation. De novo loss of one allele of NEXMIF

in females is characterized by moderate-severe ID, infantile

hypotonia, a seizure disorder that can be consistent with a

developmental and epileptic encephalopathy, autistic fea-

tures, and progressive spasticity and movement disor-

der.32–38 X chromosome inactivation in these females is

usually random, and the resulting cellular mosaicism likely

contributes to the pathology.34,39 NEXMIF plays important

roles in the control of neuronal migration and morpho-

genesis.37,40 Several groups have described individuals

with this phenotype and reduced NEXMIF expression re-

sulting from structural variations including partial37 and

whole41 gene duplications and inversions and transloca-

tions with breakpoints within NEXMIF.37,42,43 Charzewska

and colleagues41 reported a multi-generational family with

five affected males with moderate-severe ID and increased

chance of seizures, in whom the whole of NEXMIF was

duplicated. Expression of NEXMIF was reduced by �60%

in LCLs and by �90% in fibroblasts using RT-qPCR, which

the authors suggested could be due to a duplication dis-

rupting association with non-coding regulatory regions;

however, the actual experimental data were not shown.41

In our cohort, the effect ofNEXMIF duplication was, at first

sight, unclear, due to large variation in expression levels in

all LCL samples, including controls (Figure 5), and we were

unable to reconcile the effect of genomic dosage of NEX-

MIF on its mRNA level. We therefore decided to investigate
The American Jour
further by interrogating NEXMIFmRNA expression in LCL

in a larger control population available to our laboratory

(n ¼ 95) and which clearly shows that NEXMIF mRNA

expression varies widely in the population (Figure S3).

We therefore recommend careful interpretation of the sig-

nificance of any alteration involving NEXMIF mRNA in at

least LCLs.

Themore severe phenotype observed in the affectedmale

from family 1 (III:1) is not yet fully explained. It is possible

that an additional unidentified genomic lesion is contrib-

uting to a potentially blended phenotype. It could also be

possible that the complex structural variation unveiled by

WGS affects the 3D genomic configuration influencing the

expression or function of other genes located in this region.

The true incidence of Xq13.2–13.3 duplications in males

with intellectual disability is currently unknown, but it is

striking that we have detected four individuals under 16

years old with overlapping duplications from one Austra-

lian state (NSW: affected individuals from families 1, 3,

and 4). This suggests that copy number duplications in

this X chromosome region may be relatively frequent but

to date have been underidentified and/or underreported

due to the relatively mild neurodevelopmental features

and inherent difficulty attributing pathogenicity to chro-

mosomal duplications overall.

In summary, the evidence presented here supports the

notion that duplications at the Xq13.2–13.3 locus result

in a syndromic neurocognitive condition in hemizygous

males. The phenotype is most typically of mild ID, some
nal of Human Genetics 107, 1157–1169, December 3, 2020 1165



Figure 5. Gene Expression Studies
RT-qPCR analysis of FTX, RLIM, and NEXMIF expression in LCLs from the affected males from families 1–5 (upper graphs) and RT-qPCR
analysis of FTX, SLC16A2, RLIM, andNEXMIF expression in fibroblasts (FIB) from individual 2 (III:7) from family 2 (lower graphs), with a
graphic depiction of the duplicated region in each family tested. Samples were run in triplicate and mean gene expression was normal-
ized to mean expression of either HPRT1 or GAPDH. WT male data is presented as mean 5 SD (error bars).
features on the autistic spectrum, hyperactivity, and sub-

tly distinctive facial features including short palpebral

fissures and a relatively flat midface. Our data suggest

that the most likely gene for the core phenotype is

RLIM because RLIM is the only fully duplicated gene in

all subjects (Table 1) and because the extra copy of

RLIM leads to increased mRNA as well as RLIM protein

levels in cells of all tested affected males (Figures 5 and

6). In addition, many roles played by RLIM including

E3 ubiquitin ligation and transcriptional regulation

make it a plausible dosage-sensitive gene. However, we

cannot exclude the possibility of phenotype-modifying

effects of other RLIM-flanking genes, particularly FTX,

SLC16A2, and NEXMIF. Confirmation of these findings

in a larger clinical cohort will be required to clarify the

significance, genotypic-phenotypic spectrum, and repro-

ductive counseling implications of this previously unde-

scribed X chromosome-linked condition. This study,

along with the studies describing phenotypes associated

with duplications of HUWE1, STAG2 (MIM: 300826), and

MECP2 (MIM: 300005) and the Xq25q26 duplication

syndrome containing both GPC3 (MIM: 300037) and

IGSF1 (MIM: 300137)22,44–47 supports the hypothesis
1166 The American Journal of Human Genetics 107, 1157–1169, Dec
that X chromosome duplications involving highly con-

strained and known ID genes are worthy of further

investigations.
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Figure 6. Protein Expression Studies
Western blots of LCL lysates probed for
RLIM and its downstream targets MDM2
and TP53. ACTBwas used as a loading con-
trol. RLIM, MDM2, and TP53 western blot
signals were quantified using Image Lab
software (Bio-Rad) and their normalized
values relative to ACTB signal intensity
were plotted. *p ¼ 0.029 and **p ¼
0.006, using a two-tailed unpaired t test.
Control subjects were four individuals
with wild-type RLIM, ‘‘RLIM dup’’ were 7
individuals with chromosomal duplica-
tions from the current cohort with all of
RLIM duplicated, and ‘‘R365C’’ were two
brothers with a previously reported
missense variant in RLIM p.Arg365Cys.
The data are presented as mean 5 SD
(error bars).
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