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Abstract

Background: Intellectual disability (ID) can be associated with different syndromes
such as Rubinstein-Taybi syndrome (RSTS) and can also be related to conditions such
as metabolic encephalomyopathic crises, recurrent,with rhabdomyolysis, cardiac
arrhythmias and neurodegeneration. Rare congenital RSTS1 (OMIM 180849) is
characterized by mental and growth retardation, significant and duplicated distal
phalanges of thumbs and halluces, facial dysmorphisms, and an elevated risk of
malignancies. Microdeletions and point mutations in the CREB-binding protein
(CREBBP) gene, located at 16p13.3, have been reported to cause RSTS. By contrast,
TANGO2-related metabolic encephalopathy and arrhythmia (TRMEA) is a rare meta-
bolic condition that causes repeated metabolic crises, hypoglycemia, lactic acidosis,
rhabdomyolysis, arrhythmias and encephalopathy with cognitive decline. Clinicians
need more clinical and genetic evidence to detect and comprehend the phenotypic
spectrum of this disorder.

Methods: Exome sequencing was used to identify the disease-causing variants in
two affected families A and B from District Kohat and District Karak, Khyber
Pakhtunkhwa. Affected individuals from both families presented symptoms of ID,
developmental delay and behavioral abnormalities. The validation and co-segregation
analysis of the filtered variant was carried out using Sanger sequencing.

Results: In the present study, two families (A and B) exhibiting various forms of IDs
were enrolled. In Family A, exome sequencing revealed a novel missense variant
(NM 004380.3: c.4571A>G; NP_004371.2: p.Lys1524Arg) in the CREBBP gene,
whereas, in Family B, a splice site variant (NM 152906.7: c.605 + 1G>A) in the
TANGO2 gene was identified. Sanger sequencing of both variants confirmed their

segregation with ID in both families. The in silico tools verified the aberrant changes
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1 | INTRODUCTION

Worldwide, one in every 100 people is diagnosed with intellectual
impairment, marked by significant difficulties in intellectual function-
ing and adaptive behavior, and typically manifests before the age of
18 years.! A definitive intellectual disability (ID) is diagnosed when an
IQ test of a person reveals a score of 70 or below.? ID has a wide
range of severities (mild, moderate, severe and profound) and can be
isolated or in association with other congenital abnormalities or
neurological malformations, such as epilepsy, sensory impairment and
autism spectrum disorders.®

A congenital condition known as Rubinstein-Taybi syndrome
(RSTS) (OMIM 180849) is marked by growth retardation, psychomo-
tor developmental delay, large and duplicated thumb and hallux distal
phalanges, and various characteristic dysmorphic traits. Broad nasal
bridges, beaked noses, downturned palpebral fissures and micro-
gnathia are examples of facial dysmorphology.* Additionally, although
poorly understood, patients with RSTS are at an elevated risk of
developing tumors.>® The gene encoding the CREB-binding protein
(CREBBP, often known as “CBP™), has been reported to cause RSTS.”
The transcriptional coactivator CREBBP carries out acetyltransferase
activity on lysine residues of histone and non-histone proteins.®
CREBBP regulates the expression of several genes and participates in
essential physiological functions such as growth, differentiation, DNA
repair and apoptosis.” CREBBP protein is a component of a molecular
pathway that controls transcriptional activation, chromatin remodeling
and gene expression. To better activate gene expression, it functions
as a coactivator for other transcription factors such as CREB and
p53.1°'11 CREBBP also has histone acetyltransferase (HAT) activity,
which it uses to acetylate histones and so loosen chromatin structure
and increase gene accessibility. It plays a role in complexes that
remodel chromatin, affects development, and aids in the control of
genes through epigenetic mechanisms.??!® The hereditary condition
RSTS is linked to mutations in CREBBP and is characterized by ID and
developmental delays.* The mutations detected in RSTS patients
range from point mutations to microdeletions eliminating the entire
gene, leading to the haploinsufficiency of this dosage-sensitive

gene.r® More specifically, studies of individuals with missense and

in the CREBBP protein structure. Wild-type and mutant CREBBP protein structures

were superimposed and conformational changes were observed likely altering the

Conclusions: RSTS and TRMEA are exceedingly rare disorders for which specific
clinical characteristics have been clearly established, but more investigations are
underway and required. Multicenter studies are needed to increase our understand-

ing of the clinical phenotypes, mainly showing the genotype-phenotype associations.

bioinformatics, molecular genetics, neurology

splice-site mutations in the CREBBP HAT domain revealed that loss of
HAT activity is sufficient to cause the ID syndrome.®

TANGO2-related metabolic encephalopathy and arrhythmia
(TRMEA) (OMIM 616878) is an exceptionally uncommon neurological
condition and is phenotypically diverse. A protein called TANGO2
(i.e. transport and Golgi organization two homologs), identified in
2016, has a role in reorganizing the Golgi membranes into the endo-
plasmic reticulum (ER). It is involved in a complex molecular pathway
involving mitochondrial function, lipid metabolism, oxidative stress
response and autophagy.?” Crucially, it aids in the breakdown of fatty
acids for energy production, protects cells from oxidative damage, and
keeps mitochondria healthy and efficient.'® Metabolic crises, muscle
weakness, |D and cardiac abnormalities can result from mutations in
the TANGO2 gene that cause metabolic and neurodevelopmental
diseases.'” Recently, exome sequencing has identified pathogenic
TANGO2 mutations in 15 patients presenting rhabdomyolysis,
convulsions, increasing intellectual impairment, encephalopathy and
cardiac arrhythmias when experiencing a metabolic crisis.2>2* More
clinical and molecular knowledge is required for the clinicians and the
families to comprehend the phenotypic spectrum of this rare
condition.??

The present study aimed to evaluate two Pakistani families
showing various forms of ID. Exome sequencing was employed to
identify the disease-causing variants and in silico tools were used to

study the structural changes in the mutant protein.

2 | MATERIALS AND METHODS

21 | Collection of blood samples

The institutional ethical review board of Kohat University of Science
and Technology, Kohat, Pakistan, approved the study (Ref. No. KUST/
Ethical Committee/2191; Dated 06.10.2021), carefully following
the recommendations of the Declaration of Helsinki. Two families
(A and B) with ID were enrolled for the present study. Family A
presenting autosomal dominant mode of inheritance was sampled

from Billitang, Kohat. Four members, including three affected
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(A) Pedigree of family A showing the autosomal dominant pattern of ID and presenting the unaffected and affected individuals of

Family A. (B) Pedigree of Family B showing the autosomal recessive pattern of ID and presenting the unaffected, heterozygous carrier and

homozygous affected individuals of Family B.

individuals (lI-1, llI-1 and 1lI-2) and an unaffected female (lI-2)
participated in the study. The affected females (lllI-1 and llI-2) of the
family presented relatively severe phenotypes compared to the
affected male member (lI-1). Similarly, Family B showing autosomal
recessive mode of inheritance was recruited from district Karak of
Khyber Pakhtunkhwa. Six members, including three unaffected and
three affected individuals, participated in the study. Adults from both
families were interviewed to compile the disease history, and pedi-
grees were constructed based on the provided information (Figure 1).
The blood samples were collected into BD Vacutainer® (BD, Franklin
Lakes, NJ, USA) blood collection tubes and preserved after gaining
informed and written consent from both families. Standard phenol-
chloroform extraction methods were used to isolate DNA from the
blood samples, and the concentration of the extracted DNA was
measured, using Qubit Fluorometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) to an accuracy of 40 ng/pl.

2.2 | Exome sequencing

For molecular analysis of both families with IDs, whole-exome
sequencing was performed on the samples (Family A-lll-1; Family
B-IV-1). After performing whole-exome sequencing, the data were
filtered to remove the variances.

First, the exonic regions of all 19,433 human genes were captured
by the xGen Exome Research Panel v2 (Integrated DNA Technologies,
Coralville, IA, USA). After capture, a Novaseq 600 system was used to
sequence all captured regions (lllumina, San Diego, CA, USA). We
acquired = 20x coverage in > 98.9% and = 10x coverage in > 99.2%
of target sequences. Following the sequencing, the data were
analyzed using open-source bioinformatics tools and proprietary
software. bcl2fastq v2.20.0.422 (https://emea.support.illumina.com/
downloads/bcl2fastg-conversion-software-v2-20.html) was used to
convert and demultiplex base call sequence files to FASTQ files.

Variant calling and annotation followed the alignment of the

sequencing data to the GRCh37/hg19 human reference genome was
carried out using BWA-mem 0.7.17 (arXiv:1303.3997 [g-bio.GN]) to
generate BAM files. BAM files were processed using GATK best
practices (GATK, version 3.8; https://www.broadinstitute.org) for
single nucleotide variants and small insertions/deletions (indel)
variant calling to generate VCF files.2>?* For copy number variant
calling based on depth-of-coverage (DOC) data, Conifer®® and
3bCNV (https://3billion.io/resources) were used. The region of
homozygosity (ROH) was mapped from the VCF file using AutoMap
v1.2.%

EVIDENCE tool (https://3billion.io/resources) was used to select
variants according to the ACMG guidelines and each patient's
phenotype. Variant filtration, categorization and similarity score for
the patient's phenotype are three significant steps in this approach.
For allele frequency estimation, a genome aggregation database
(gnomAD; http://gnomad.broadinstitute.org) and the 3billion genome
database (https://3billion.io/main) were utilized in the first step.
According to ACMG guidelines, gene variations with more than 5%
allele frequency were filtered out. Next, VarSome,?” Human Gene
Mutation Database (HGMD) (https://www.hgmd.cf.ac.uk/ac/all.php)
Professional 2022.1, Pakistan Genetic Mutation Database (PGMD)
(https://www.pakmutation.kust.edu.pk),?® Database of Single Nucleo-
tide Polymorphism (dbSNP) (https://www.ncbi.nlm.nih.gov/snp/) and
ClinVar (https://www.ncbi.nlm.nih.gov/clinvar) were utilized for the
evaluation of variants. Then, the assessment of each variant concern-
ing disease phenotype was carried out using the ACMG guidelines.??
Finally, in the third step, the patient's clinical phenotypes were
converted to standardized human phenotype ontology terms
(https://hpo.jax.org) and retrieved to determine the degree of similar-

ity30,31

and https://www.orpha.net/consor/cgi-bin). According to the ACMG

with each of 7000 rare genetic diseases (https://omim.org/

guidelines, the similarity score between each patient's phenotype and
symptoms related to that disease caused by priority variations varied
from O to 10. Medical geneticists and physicians then manually

evaluate probable alterations and related disorders. Bidirectional
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Sanger sequencing was used to confirm single nucleotide variants and
all indels.

2.3 | Segregation analysis

Sanger sequencing was used to validate and confirm the segregation
of identified variants in the families. Primer3 (https://primer3.ut.ee/)
was used to design the primers (flanking ~500 bp up- and down-

stream of the variants of interest). Two sets of primers were designed:

CREBBP-Forward 5'-CACACATGCATGGGACTC-3
CREBBP-Reverse 5'-CACTGTGCAGAGAGTGCAG-3'
TANGO2-: Forward 5'-CAGCTGTACCCCGTGTTAG-3'
TANGO2-Reverse 5'-ATCAAAAGTCCCTGGTGTTG-3'

2.4 | Structural analysis prediction and validation

The whole three-dimensional structure of the CREBBP cannot be
found in the protein data bank (PDB), comprising a set of online
resources (https://www.rcsb.org/?ref=nav_home). Alpha Fold, an
online web server (https://alphafold.ebi.ac.uk), was used to predict
the structure of the multiprotein template.>?> The Ramachandran plot

Y

and the ERRAT (https://saves.mbi.ucla.edu/) were made with
Procheck (https://saves.mbi.ucla.edu/) to validate the 3D-modelled
structure of the CREBBP, and to check the phi and psi angles.>®

2.5 | Protein mutagenesis

Biovia Discovery Studio (https://www.3ds.com/products-services/
biovia/products/molecular-modeling-simulation/biovia-discovery-
studio/) and Chimera (https://www.rbvi.ucsf.edu/chimera) were used
to determine the 3D-structure of the mutant protein, which differs
from the wild-type protein in crucial ways.>* The wild-type protein
served as a source for the mutant design. Biovia Discovery Studio was
used to examine structural differences between wild-type and mutant

proteins.

3 | RESULTS

3.1 | Clinical features of Family A

Four members of Family A, including three affected members (lI-1,
I1I-1 and Ill-2) (Figure 1A), were recruited in the study. The affected
individuals displayed mild to severe ID and associated disease

FIGURE 2 (A-B) Physical appearance
and facial features of the affected
individual (llI-1). (C-D) Physical
appearance and facial features of affected
individual (111-2) of Family A.
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characteristics such as broad nasal bridges, beaked noses, short
stature, facial features that are not typical, and unusually large
thumbs and first toes (Figure 2). The additional clinical description of
patient in Family A are summarized in the Supporting information
(Table S1).

3.2 | Clinical features of Family B

From Family B, six members were recruited including three affected
(IV-1, IV-2 and IV-3) individuals (Figure 1B). The affected individuals
presented characteristic neurodevelopmental anomalies such as ID,
seizures and difficulties in coordinating voluntary movements (ataxia)
leading to awkwardness, an unsteady gait and speech difficulties
(dysarthria) that were evident in the affected individuals. There is a
continuum of ID from mild to moderate to severe. The additional
clinical description of the patients in Family B is summarized in the
Supporting information (Table S2).

3.3 | Molecular findings

Exome sequencing of Family A revealed a novel missense variant
(NM_004380.3, c.4571A>G; NP_004371.2: p.Lys1524Arg) in exon-28
of the CREBBP gene. Sequencing analysis confirmed segregation of
this variant in the family, consistent with the autosomal dominant
inheritance pattern. Affected individuals were heterozygous

(c.4571A/G), whereas the unaffected individuals were homozygous

Family A

Chromosome: 16

A)

CREBBP Gene

for this variant (Figure 3A-C). Exome sequencing of Family B revealed
a splice site mutation (NM_152906.7, c.605 + 1G>A) in the TANGO2
gene. The segregation of this splice site variant was confirmed in the
family by Sanger sequencing. Parents were heterozygous (c.605
+ 1G/A) for this splice site mutation, whereas affected individuals
were homozygous (c.605 + 1A/A), confirming the autosomal

recessive mode of inheritance (Figure 3D-F).

3.4 | Secondary structure prediction

The PDBsum tool (http://www.ebi.ac.uk/thornton-srv/databases/
pdbsum/) was used to determine the prediction of the secondary
structure for the wild-type CREBBP. It contains six sheets, one beta
alpha beta unit, nine beta hairpins, seven beta bulges, 19 strands,
42 helices, 37 helix-helix interactions, 89 beta turns and

23 gamma turn.

3.5 | Structural analysis prediction and validation
of wild-type CREBBP

Using the Ensemble genome browser (https://asia.ensembl.org/
Homo_sapiens/Info/Index), we retrieved the CREBBP protein
sequence. The three-dimensional structure was created using
AlphaFold (https://alphafold.ebi.ac.uk/) (Figure 4). For structure
validation, EERAT was utilized, which calculated a quality factor score
of 73.6%.

Family B

Cliromosome: 22

(D) N @

(na
(B) (E)
CREBBP
Flanking Region 5’UTR c.457i§>0 3’UTR Flanking Region Flanking Region 5. /g 3UTR Flanking Region
© GATAT TT TCAAACAA GCAACT C.605+1G>A

!

Unaffected Individual (II-2)

G ATATTT TCAA ACAAGCAACT

Affected Individual (II-1) l

(F) ATGAAGAGGCATGAGT GGGCG

l

Unaffected Individual (ITI-2)

ATGAAGAGGCATGAGTGGGCG

!

Affected Individual (IV-1)

FIGURE 3 (A) Representing the location of CREBBP (p13.3) at chromosome 16. (B) Representing the typical structure of the CREBBP gene
comprising 31 exons and also indicating the location of missense variant (c.4571A>G; p.Lys1524Arg) in exon 28 (C) chromatograms of a
homozygous unaffected mother (II-2) and heterozygous affected father (lI-1) of Family A. (D) Location of TANGO2 (q11.21) at chromosome 22.
(E) The typical structure of the TANGO2 gene comprising nine exons, indicating the location of splice-site variant (c.605 + 1G>a) in the intronic
region. (F) Chromatograms of the heterozygous unaffected mother (llI-2) and homozygous affected son (IV-1) of Family B.
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FIGURE 4 (A) Structure of wild-type CREBBP protein shown in blue, and Lys 1524 protein residue highlighted in red. (B) The structure of the
mutant CREBBP protein is shown in gray, and Arg 1524 protein residue is highlighted in violet. (C) Superimposition of wild-type CREBBP protein
presented by the blue colored band and Lys residue (red) and mutant CREBBP protein presented by the gray colored band and arginine residue

(violet).

3.6 | Mutagenesis of CREBBP and comparison
with wild-type CREBBP

The structure of the CREBBP mutant was aligned to the wild-type
structure. Both wild-type and mutant structures were superimposed
using Biovia Discovery Studio for checking the conformational
changes. Conformational changes were observed between the
wild-type CREBBP and mutant CREBBP protein altering the protein
structure and function (Figure 4C).

4 | DISCUSSION

RSTS is a congenital illness with a unique morphology that its
symptoms can identify. In RSTS, the cardinal symptoms are typical
facial characteristics, large thumbs and halluces, microcephaly, mental
impairment, talon cusps, and slow growth. In addition, several other
RSTS associated abnormalities have been noted, including tumors,
keloid tissues, congenital heart disease, genitourinary anomalies
and joint abnormalities.>> The patients enrolled in the present
study showed characteristic facial dysmorphology, broad thumbs, 1D
and cryptorchidism, which are well known characteristics in male
patients.>® Only a few studies have described the associated
central nervous system malformations,®” including corpus callosal
agenesis in a Brazilian boy with RSTS.2® Thorough clinical surveys
of RSTS patients may identify more central nervous system

deformities.

CREBBP is involved in gene transcription, comprising a transcrip-
tional coactivator with acetyltransferase activity on both histone and
non-histone protein lysine residues. It activates itself after attaching
to phosphorylated CREB,” subsequently activating gene transcription
and recruitment of other transcription factors.®? Additionally, it binds
to GLI3, a transcription factor protein, in the Sonic Hedgehog-
Patched-Gli (SHH) pathway.*® SHH is expressed throughout the
human embryo, from the notochord and floorplate of the neural tube
through the brain and the zone of polarizing activity in the developing
limbs and the stomach.*® On the other hand, CREBBP plays an
essential role in cell expansion, transformation and development,
along with the intrinsic HAT activity.'> CREBBP~/~ knockout studies
have explained the critical role of CREBBP in brain development and
neuronal morphogenesis.*!

Acute metabolic crisis (hypoglycemia, increased lactate and mild
hyperammonemia) or developmental delay, regression and/or seizures
are all possible manifestations of TANGO2-related metabolic encepha-
lopathy and arrhythmias.*? The initial symptoms might range from
profound lethargy to severe muscular weakness, ataxia and/or disori-
entation.?* Rhabdomyolysis can occur at any stage of life, manifesting
with sudden and severe epileptic attacks.*?> Myoglobinuria has been
reported in patients as young as 5 months old. Myoglobinuria can
cause acute kidney injury and renal failure by damaging kidney
filtration tubules.22*? Acute illness is associated with short-term
abnormalities in electrocardiogram findings, the most prevalent of
which is QT prolongation.*? Recurrent ventricular tachycardia, often

known as torsade de pointes, is most common during severe illness.*?
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Some individuals with metabolic disorders do not have acute
symptoms such as a metabolic crisis, but may still have walking or
talking difficulties.*?> Almost everyone has some degree of intellectual
impairment and more than 75% of individuals with epilepsy report
experiencing seizures outside of acute situations. Moreover, one-third
of the general population has hypothyroidism.*? According to the
findings of our research, the affected members of Family B had
symptoms of intellectual impairment. The affected individuals had
neurodevelopmental abnormalities such as intellectual incapacity,
seizures and difficulty in coordinating voluntary movements (ataxia),
which resulted in discomfort, an unsteady gait and speech issues
(dysarthria).

Two Pakistani families with ID were recruited for the clinical and
genetic investigations. A novel missense variant (NM 004380.3,
c.4571A>G; NP_004371.2: p.Lys1524Arg) in exon-28 of the CREBBP
gene was identified in Family A. According to ACMG guidelines,* this
missense variant is likely pathogenic (PM1, PM2, PM3, PP1 and PP3).
It was observed that the patients with the CREBBP variant were
experiencing growth retardation in height and weight, seizures, and a
lower-than-average 1Q. Molecular analysis of Family B revealed
a splice site mutation (NM 152906.7: c.605 + 1G>A) previously
reported by Lalani et al.?! in the TANGO2 gene. They hypothesized
that disrupting the Golgi and ER and increased ER stress because of
TANGO2 mutations could contribute to the disease mechanism. The
splice site variant is categorized as pathogenic (PVS1, PM2, PP1 and
PP3) after following ACMG guidelines.*® The patients showed typical
features of metabolic encephalopathy and arrhythmias associated
with TANGO2 in an autosomal recessive pattern. Previous studies
have identified biallelic pathogenic mutations in this gene causing loss
of protein function.?*

We have investigated the effects of the mutation (p.Lys1524Arg)
on the stability and function of the CREBBP protein. To identify its
potential role in causing ID in Family A, we have performed in silico
analyses. The function of a protein is dependent on its conformational
and dynamic interactions, ligand binding ability, protein-protein
interactions and protein flexibility.***> The changes in the protein's
flexibility alter its activity and ability with respect to binding to the
substrates and affect its interactions with other molecules.*® In
the present study, the identified sequence variant was assumed to
alter the structure and function of the CREBBP protein, changing its
molecular flexibility, and leading to the gain or loss of protein function.
Superimposition of wild-type and mutant CREBBP protein revealed a
significant difference in the protein's conformation and likely abortion
of its normal function causing ID in Family A. By interfering with
typical cellular functions or signaling pathways, the gain and loss of
function of proteins in ID may accelerate the disease progression.*” In
the present study, we looked for a likely association between genetic
variations and the severity or presence of particular clinical symptoms
in the probands by carefully reviewing the clinical descriptions of our
patients compared to previous studies.*®~>° This clinical comparison
revealed only the standard features, including the characteristic
dysmorphic traits of RSTS, postnatal growth retardation, moderate to

severe |ID and various physical abnormalities. We could not establish a

significant genotype-phenotype correlation. Future studies may
confirm our in silico findings and expand our understanding of the
molecular mechanisms underlying IDs.

More than 300 million people worldwide suffer from rare genetic
disorders, affecting about one in 2000 persons.”* The correct diagno-
sis can have far-reaching consequences for the patient and their loved
ones, providing insight into disease's cause, progression and prognosis
and making it simpler to find support groups and access genetic
counseling.>? Data sharing and global collaboration among clinicians
and scientists may lead to future gene therapy development.>® Recent
advances in next-generation sequencing technology, such as whole-
exome sequencing and whole-genome sequencing, have led to the
discovery of pathogenic mutations in many previously unresolved rare
genetic disorders.>®> Some additional screening testing may further
improve the diagnostic standards such as Newborn Screening
Program (NBS) and non-invasive prenatal testing (NIPT). NBS has
gained global recognition as an exceptionally effective public health
initiative for promoting health and preventing diseases. Presently,
NIPT for aneuploidy is widely employed globally as an initial screening

modality for the prevailing fetal screening.>*>°

5 | CONCLUSIONS

The present molecular genetic study found a novel variant in the
CREBBP gene and a mutation in the TANGO2 gene, thus further
extending the mutational spectrum and allelic heterogeneity of
CREBBP and TANGOZ2 and its association with ID. Next-generation
sequencing techniques have not only improved the understanding of
the genetic heterogeneity of the syndrome, but also widened the
phenotypic spectrum of RSTS by encompassing the broader field of
chromatinopathies rendering phenotype/genotype correlations more
complex. Affected individuals with TRMEA frequently experience
life-threatening complications preceded by common neurological
symptoms. Additional work on disease pathophysiology and potential
therapeutics is needed.
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