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Abstract

X-linked intellectual disability is the most common form of cognitive disability in males.
Syndromic intellectual disability encompasses cognitive deficits with other medical and
behavioral manifestations. Recently, a large family with a novel form of syndromic X-linked
intellectual disability was characterized. Eight of 24 members of the family are male and had
cognitive dysfunction, short stature, aphasia, skeletal abnormalities, and minor anomalies. To
identify the causative gene(s), we performed exome sequencing in three affected boys, both
parents, and an unaffected sister. We identified a haplotype consisting of eight variants located in
ciswithin the linkage region that segregated with affected members in the family. Of these
variants, two were novel. The first was at the splice-donor site of intron 7 (¢.974+1G>T) in the
cullin-RING ubiquitin ligase (E3) gene, CUL4B. This variant is predicted to result in failure to
splice and remove intron 7 from the primary transcript. The second variant mapped to the 3’-UTR
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region of the KAISO gene (c.1127T>G). Sanger sequencing validated the variants in these
relatives as well as in three affected males and five carriers. The KAISO gene variant was
predicted to create a binding site for the microRNAs miR-4999 and miR-4774; however,
luciferase expression assays failed to validate increased targeting of these miRNAs to the variant
3’-UTR. This SNP may affect 3’-UTR structure leading to decreased mRNA stability. Our results
suggest that the intellectual disability phenotype in this family is caused by aberrant splicing and
removal of intron 7 from CUL4B gene primary transcript.
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INTRODUCTION

Intellectual disability (ID) is characterized by limitations in intellectual function and
developmental delays in motor, cognitive, and speech functioning [Lubs et al., 2012;
Bassani et al., 2013] and affects 1-3% of the population [Bassani et al., 2013]. Intellectual
disability can be caused by genetic and non-genetic factors such as infections or perinatal
asphyxia. Genetic causes include large deletions, duplications, or aneuplodies affecting
multiple genes [Vissers et al., 2003; Ravnan et al., 2006].

X-linked ID (XLID) accounts for 5-10% of all intellectual disability [Bassani et al., 2013]
and is the most common cause of ID in males. X-linked ID can be categorized into two
groups based on phenotype. Syndromic ID is associated with neurological or behavioral
manifestations, structural anomalies where patients often manifest autism and/or seizures
[Stevenson et al., 2012]. In contrast, non-syndromic ID is classified as those in which ID is
the only characteristic. To date, more than 150 XLID syndromes have been described and
over 100 mutated genes have been identified, accounting for 81 of these syndromes
[Cabezas et al., 2000; Tarpey et al., 2009; Lubs et al., 2012; Stevenson et al., 2012; Bassani
etal., 2013].

We previously reported a form of syndromic XLID associated with short stature in a large
family [Vitale et al., 2001]. The 26-member family consisted of eight affected males with
severe ID, lack of speech, short stature, microcephaly, coarse lineaments, short down-
slanted palpebral fissure, bulbous nose, wide mouth, small ear lobes, small hands and feet,
as well as short toes and fingers (Fig. 1). Carriers did not exhibit ID, but two female cousins
had a minor learning disability. Linkage analysis in the family identified a 16 cm region on
the X-chromosome with a LOD score of 3.61 [Vitale et al., 2001]. Additional families with
XLID with some overlapping phenotypes have been reported [Cabezas et al., 2000; Tarpey
et al., 2007; Zou et al., 2007; Badura-Stronka et al., 2010; Isidor et al., 2010] and in most
cases, mutations in the CUL4B (NM_003588.3) gene were identified as causative in these
families (Supplemental Table SI—see supporting information online). CUL4B is within the
X-chromosome region of linkage in this family. Here, we report on the use of exome
sequencing to identify the causative variant in this family.

AmJ Med Genet A. Author manuscript; available in PMC 2015 April 21.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Londin et al. Page 3

MATERIALS AND METHODS

Exome Sequencing and Data Analysis

Informed consent signed by legal guardians and/or patients for genetic studies was obtained
during routine clinical care according to the World Medical Association Declaration of
Helsinki. Exome sequencing was performed using the TargetSeq enrichment kit and
sequenced on the SOLID 5500xI (Life Technologies, Carlsbhad, CA) platform. Paired-end
sequence reads of 50 and 35 bp in length were generated and aligned to the hg19 reference
genome using LifeScope software (Life Technologies). Only those sequence reads mapping
uniquely to the genome and with no more than two mismatches were considered. Post-
alignment processing including re-aligning around insertions and deletions (indels) and base
quality recalibration were performed using the Genome Analysis Toolkit (GATK, Broad
Institute, Cambridge, MA) [McKenna et al., 2010; DePristo et al., 2011]. The SNP and indel
calls were made using the UnifiedGenotyper module of GATK. All variants were further
annotated using the SNPeff analysis package [Cingolani et al., 2012]. Identified variants
were maintained if they met the following criteria: (i) a minimum coverage =20x, (ii) base
and strand mapping qualities =20, and (iii) 220% of the reads having the non-reference
allele. Sanger sequencing was used to validate candidate variants on an Applied Biosystems
3730 DNA Sequencer (Life Technologies).

Luciferase Assay

A 333 bp sequence containing part of KAISO (NM_00118472.1) 3’-UTR was amplified
from DNA samples of patients 102 (carrying SNP) and 103 (hormal) and cloned into Psi-
check2 dual-luciferase plasmid at the Xho I site located in the 3’-UTR of the renilla
luciferase gene. As a positive control, a portion of the 3’-UTR (1,508 bp sequence; with
miR-211 seed sequence) of a known miR-211 target gene, TCF4 (NM_001243230.1), was
cloned into psi-check?2. Luciferase constructs were transfected into HEK293 cells. Firefly
and renilla luciferase activities were evaluated using the Dual-Glo® Luciferase Assay
System (Promega, Madison, WI) according to manufacturer’s protocol were assayed 2-days
post-transfection. The ratio of renilla/firefly luciferase luminescence signal was used to
evaluate the effect of miR-4774 or miR-4999 on relative expression of the KAISO gene
caused by increased targeting of the variant in the 3’-UTR. The effect of miR-4774 or
miR-4999 on renilla luciferase intensity (normalized to firefly/luciferase intensity) was
determined using the Dual-Glo® renilla/luciferase assay. Total RNA harvested from cells
using Trizol reagent, and mature miR-4774 and miR-4999 expression in the samples were
verified using TagMan miRNA assay (Life Technologies). The gRT-PCR was performed
using ABI PRISM® 7000 Sequence Detection System (Life Technologies) using settings
indicated by the manufacturer.

RESULTS

Exome Sequencing Identifies a Haplotype of Two Novel Variants in an XLID Linkage
Region

A total of 38,802 unique variants were identified (a summary of sequencing and read
mapping results is shown in Supplemental Table SIl—in supporting information online). As
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the phenotype and linkage studies indicated X-linked inheritance (Fig. 1A), we focused our
analysis on X-chromosome variants (676 variants) within the linkage region (38 variants,
Supplemental Table SIl1I—in supporting information online). Of these 38 variants, eight
were identified as segregating with the phenotype in the family (i.e., all three affected boys
had the variant, while the mother and daughter were heterozygous and the father did not
have the variant). Included among these variants, were four synonymous mutations in the
SEPT6 (NM_145799.3), LAMP2 (NM_002294.2), DOCK11 (NM_144658.3), and CXorf64
(NM_001122716.1) genes and two additional changes resulted in missense mutations in the
UTP14A and BCORL1 genes, but both were predicted to be non-damaging and catalogued
previously in dbSNP or the 1000 Genomes Project.

The remaining two variants were novel (not represented in dbSNP or the 1000 Genomes
project). The first is in the 3-UTR of the KAISO gene (c.1127T>G; transcript id
NM_00118472.1). KAISO binds to methylated DNA, represses target genes in the Wnt
signaling pathway and is highly expressed in the brain [Della Ragione et al., 2006; Defossez
and Stancheva, 2011; Blattler et al., 2013]. The second is at the splice-donor site at the
exon7/intron 7 splice donor site (c.974+1G>T; transcript ID NM_003588.3) in the CUL4B
(NM_003588.3) gene, and is predicted to result in aberrant or no splicing of intron 7 from
the primary transcript. CUL4B is a E3 ubiquitin ligase, which catalyzes polyubiquitinylation.
Additionally, CUL4B has previously been associated with XLID (Table I). Sanger
sequencing validated both of the identified variants in the six sequenced family members as
well as for their presence in three additional affected members of the extended pedigree, and
five carriers (indicated in the pedigree in Fig. 1B and C and Supplemental Fig. S1—in
supporting information online).

The ¢.1127T>G KAISO 3’-UTR Variant is Predicted to Create a Binding site for miR-4999
and miR-4774

In contrast to the splice-donor site mutation of CUL4B, the effect of the 3’-UTR variant on
gene function was much less obvious. While the mutation does not result in a protein
change, the 3’-UTR contains regulatory regions, which influence post-transcriptional
expression, including polyadenylation, translational efficiency, stability of the mRNA as
well as harboring miRNA binding sites [Chatterjee and Pal, 2009; Barrett et al., 2012]. With
this in mind, we hypothesized that this variant may affect the binding of microRNAs
(miRNAs) within the 3-UTR of the gene. To determine if the KAISO ¢.1127T>G variant
functioned in this manner, both RNA22 [Miranda et al., 2006] and TargetScan [Lewis et al.,
2005] algorithms were used to determine if this variant affected binding of miRNAs. Using
both programs, we identified two miRNAs (miR-4999 and miR-4774) for which the variant
was predicted to create a new binding site.

To test this hypothesis, the KAISO 3’-UTRs harboring either normal or variant allele was
cloned into the 3’-UTR of the renilla luciferase gene within the psi-check2 dual-luciferase
vector. This dual-luciferase vector contains both renilla and firefly cDNAs, so relative
expression is readily determined and corrected for variation in transfection efficiencies.
Each of these vectors was co-expressed with pre-miR-4774 or pre-miR-4999 in HEK293
cells, and renilla luciferase expression standardized to firefly expression was evaluated after
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2 days. If the variant created a new 3’-UTR binding site for miRNA targeting, we would
expect to see a decrease in relative renilla expression in these assays. As shown in
Supplemental Fig. S2 (see supporting information online), expression of pre-miR-4774 or
-4999 had no effect on relative expression of renilla luciferase containing normal or variant
SNP. In a separate experiment, we verified that transfecting HEK293 cells with pre-
miR-4774 or -4999 resulted in high expression of the mature form of the corresponding
miRNAs in HEK293 cells. In addition, as a positive control, psi-check2 containing renilla
luciferase gene with the 3/-UTR of a known miR-211 target gene (TCF4) was co-expressed
with pre-miR-211 in HEK?293 cells. Under the same experimental conditions, miR-211
suppressed expression of renilla luciferase gene containing TCF4 3’-UTR (Supplemental
Fig. S2—in supporting information online). Taken together, our data indicated that the novel
SNP in the ZBTB33 3’-UTR did not create a target site for miR-4774 or -4999, but
nonetheless, the variant may still function to regulate KAISO gene function.

DISCUSSION

We performed exome sequencing in a large family with syndromic XLID. Previous linkage
analysis of the family identified a 16 cm locus (lod score of 3.61) segregating with the
phenotype [Vitale et al., 2001]. Our analysis identified two novel variants located within the
region of linkage, which segregated (Supplemental Table SI1I—in supporting information
online) with the phenotype. The first variant was located within the 3’-UTR of the KAISO
gene and the second was a splice donor mutation in the CUL4B gene. The combination of
the previous linkage study and the segregation of the variants within the family as well as
presence in additional affected members of the extended family implicate both changes as
potentially causative for the XLID phenotype.

CUL4B is a scaffold protein of the Cullin4B-RING E3 ligase complex (CRL4B) that
regulates degradation of cellular proteins, signals nucleotide excision repair, and DNA
damage response control. One indel (c.1007_1011delTTATA), three nonsense (c.1162C>T,
€.2107A>T and ¢.2566C>T), one exon 7 splice acceptor site (¢.901-2A>G), one cryptic
splice (c.2493G>A), three missense mutations (c.1714C>T, ¢.2234T>C, ¢.638C>T), and one
deletion have been associated to date with ID (Fig. 2 and Table I). It should be noted that the
families for which these mutations were identified shared overlapping phenotypic features
with the family examined here including short stature, skeletal abnormalities, and
dysmorphic features, facial dysmorphism [Zou et al., 2007; Tarpey et al., 2009; Isidor et al.,
2010] (OMIN 300304) (Supplemental Table SI—in supporting information online). In
addition, it has been shown that in -thalassemia patients harboring a G to T change at the
splice junction in the first nucleotide of intron 2 results in a f° phenotype resulting in no -
globin chain production [Baird et al., 1981; Talerico and Berget, 1990]. With the high
degree of overlapping phenotypic features in this family and the reported families with
CUL4B mutations, the identified splice-donor mutation identified here (c.974+1G>T) is
probably causing the XLID phenotype observed in this family. Furthermore, we believe that
this variant results in aberrant or no splicing of the CUL4B gene ultimately leading to little
or no protein produced.
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The second novel variant identified was in the 3-UTR (c.1127T>G) of the KAISO gene.
KAISO is a member of the zinc finger and BTB family of transcription factors [Della
Ragione et al., 2006; Defossez and Stancheva, 2011; Blattler et al., 2013]. Functionally,
KAISO is a methyl-CpG-binding protein, which binds to methylated DNA and recruits
chromatin remodeling proteins, which facilitate transcriptional silencing. In Xenopus,
inhibition of KAISO function results in premature transcription of many genes leading to
developmental arrest and apoptosis [Ruzov et al., 2004; Defossez and Stancheva, 2011].
This dysfunction is similar to the effect of removal of the DNA methylating enzyme
DNMT1, suggesting a role as a methylation-dependent repressor. In contrast, in the mouse
embryo, KAISO knockout does not cause major phenotypic disturbances; however, minor
phenotypic changes may occur [Della Ragione et al., 2006; Martin Caballero et al., 2009].
Additionally, its high expression in the brain is suggestive of some neuronal function for this
protein [Della Ragione et al., 2006].

The role of methyl-binding proteins in the vertebrate nervous system has been studied in
relation to X-linked syndromes, including ID. Effects observed in Xenopus embryos are
similar to those when other methyl-deacylases such as MECP2 are inhibited. MECP2 is the
cause of Rett syndrome, one of the most common causes of ID [Berdasco and Esteller,
2013]. Thus, it is plausible that KAISO is functioning in a similar manner.

The functional effect of this 3’-UTR mutation is less obvious than the splice-donor CUL4B
mutation. Alterations in the 3-UTR have been associated with disease. For example,
dysregulation of AU-rich binding proteins by mutations can lead to hematopoietic
malignancies and leukemogenesis [Khabar, 2010; Baou et al., 2011]. An expanded number
of trinucleotide (CTG) repeats in the 3’-UTR of the dystrophia myotonica protein kinase
gene causes muscular dystrophy [Udd and Krahe, 2012], while rare forms of non-deletional
alpha thalassemia result from mutation of the polyadenylation signal in the adult alpha-
globin gene [Prior et al., 2007]. While the predicted miRNA binding sites identified here did
not alter the expression of the gene, the variant may still functionally regulate genes
expression through means other than miRNA binding.

In summary, by using exome sequencing, we identified a haplo-type consisting of two
variants in the CUL4B and KAISO genes conferring risk to XLID. The CUL4B splice-donor
mutation will lead to aberrant or no splicing of intron 6 from the primary transcript and is
most likely the major contributing factor to the phenotype. While the functional effect of the
3-UTR KAISO variant is currently unknown, it may still play an additional contributing
factor to the disease phenotype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.
Pedigree of the extended family with the XLID phenotype (A). The six members of the

family for whom exome sequencing was performed are highlighted in the red box. Sanger
sequencing was performed to validate the identified variants in the CUL4B gene (B) and the
KAISO gene (C). Sanger sequencing of the two variants was performed also on members of
the extended family, and those containing the two variants are highlighted (asterisk).
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Shown is a schematic representation of the genomic structure of the CUL4B gene with all
the locations of the previously characterized mutations. The splice-site mutation identified

here is highlighted.
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TABLE |
XLID Associated CUL4B Mutations
CUL4B variant Mutation class Refs.
€.638C>T; p.T213I Missense Tarpey et al. AJHG [2007]
€.901-2A>G Splice (exon 6/7 splice acceptor)  Tarpey et al. AJHG [2007]
c.974+1G>T Splice (intron 7/8 splice donor) This study

€.1007_1011delTTATA
€.1162C>T; p.R388X
€.1714C>T; p.R572C
¢.2107A>T; p.K703X
€.2234T>C; p.V745A
€.2493G>A; p.T831T
€.2566C>T; p.R856X
CUL4B gene deletion

Deletion
Nonsense
Missense
Nonsense
Missense

Cryptic splice site
Nonsense

Deletion of gene region

Tarpey et al. AJHG [2007]

Tarpey et al. AJHG [2007]; Zou et al. AJHG [2007]
Tarpey et al. AJHG [2007]

Badura-Stronka et al. Clin Genet [2010]

Tarpey et al. AJHG [2007]

Tarpey et al. AJHG [2007]

Tarpey et al. AJHG [2007]

Isidor et al. Am J Med Genet Part A [2010];Ravn et al. Clin Genet [2012]
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