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Abstract

Three siblings born to Turkish parents from the same village
had normal brain development until acute neurological de-
terioration between 12 months and 8 years of age. Conse-
quent loss of all acquired motor, social, and language func-
tions following infections was associated with a pontine cyst,
calcification, and cerebellar atrophy. Exome sequencing re-
vealed a homozygous c.1297G>A (p.Gly433Ser) alteration in
BEND4, which was predicted to be deleterious inin silico anal-
ysis tools and segregated in multiple affected individuals in
the family. BEND4 has not been associated with any existing
disease. Immunofluorescence microscopy analysis of wild-
type and mutant BEND4 expressing Vero cells showed nucle-
arand cytoplasmic localization. Wild-type BEND4 displayed a
network-like distribution, whereas mutant BEND4 showed a
juxtanuclear distribution pattern. Differential proteome anal-
ysis of Vero cells expressing BEND4 revealed that mutant
BEND4 expression caused selective increase in reticulocal-
bin-1 and endoplasmic reticulum resident protein-29. Both

proteins are associated with the endoplasmic reticulum and
are primarily involved in protein processing and folding
pathways. Any defect or stress in protein folding creates
stress on cells and may cause chronic damage. This is the first
study showing that pathogenic BEND4 variants may lead to
an infection-induced acute necrotizing encephalopathy as
demonstrated in characteristic neuroimaging findings.

© 2021 S. Karger AG, Basel

Introduction

Infection-induced acute encephalopathies (IIAEs) or
acute necrotizing encephalopathies are characterized by
rapidly progressive neurological deterioration that can oc-
cur in healthy children following common viral infections
in infancy or early childhood [Neilson et al., 2009]. Neuro-
imaging plays an important role in the diagnosis of ITAEs
with characteristic symmetric lesions, which can turn into
necrosis over time, present in the thalami, putamen, inter-
nal and external capsules, cerebellar white matter, pons,
and brainstem [Neilson et al., 2009]. An isolated intrinsic
pontine cyst and pontine calcification and/or cerebellar at-
rophy without leukodystrophy are not reported as being
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characteristic radiological findings for diseases with intra-
cranial calcification and cysts [Livingston et al., 2014a].

BEND4, a BEN domain-containing protein, was first
characterized in 2003 [Dogan et al., 2016]. The BEN do-
main is a conserved DNA-binding domain, and BEN do-
main-containing transcription factors mediate chromatin
organization and transcription [Abhiman etal., 2008; Sath-
yan et al., 2011]. Peptide sequence alignment reveals that
BEND4 in human (Q6ZU67) have 5 potential isoforms
produced by alternative splicing (534 amino acids [aa], 441
aa,416aa, 409 aa, and 316 aa) [UniProt Consortium, 2019].
BENDA4 is highly expressed in the granular layer and Pur-
kinje cells of the cerebellum in the brain, parathyroid, and
adrenal glands in the endocrine tissues, heart muscle, gall-
bladder, salivary gland, stomach, duodenum, small intes-
tine, colon, rectum, kidneys, testis, epididymis, cervix, uter-
us, and fallopian tubes [The Human Protein Atlas; http://
www.proteinatlas.org/ENSG00000188848-BEND4/tis-
sue). The protein is mainly located in the nucleus and cy-
toplasm [Uhlén et al., 2010, 2015]. Some BEN superfamily
proteins are known as transcriptional repressors, including
SMARI, NAC1, BEND3, BEND5, and BENDG6 [Sathyan et
al., 2011]. However, the role of BEND4 in the physiological
state, and the endogenous target genes whose expression is
modulated by BEND4, are not known.

We present 3 siblings born to Turkish parents from the
same settlement with acute-onset neurological deteriora-
tion triggered by infections in infancy to late childhood,
intrinsic pontine cysts and calcification, and cerebellar at-
rophy. Studies on the investigation of genetic basis, im-
munofluorescence microscopy, and proteomics analysis
of the candidate gene are presented.

Materials and Methods

Study Family

A 9-year-old boy born to nonconsanguineous parents was re-
ferred to the Division of Child Neurology, Department of Pediat-
rics, Kocaeli University Medical Faculty because he had siblings
with a severe neurological disability that began during infancy to
late childhood (Fig. 1). His medical records revealed no significant
findings on examination, but his 3 siblings had an unspecified phe-
notype characterized by IIAE associated with pontine cysts and
calcification and cerebellar atrophy. An experimental study was
designed to investigate the genetic cause of this novel phenotype.
The study was conducted in accordance with the Declaration of
Helsinki and national guidelines. Research for genetic analysis and
proteomic studies was approved by the Ethical Review Board of
Kocaeli University. The pedigree of the family was drawn in detail
and signed informed consent was obtained to isolate DNA before
the collection of blood samples and inclusion of the family mem-
bers in the study.

BEND4 and Infection-Induced Acute
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Genetic Analyses

DNA was extracted from 2 mL of peripheral blood leukocytes
from each family member (Fig. 1;1:1-2, I1:1,4,5,8) using a commer-
cial kit following the manufacturer’s instructions (Mammalian
Blood DNA Isolation Kit, Roche). Linkage, microarray, and exome
sequencing were all performed successively to find an associated
gene.

Linkage analysis was performed by Mapping by Affymetrix
GeneChip Human Mapping 250K NspI SNP array (Affymetrix-
Ayka, Ankara, Turkey) followed by the conversion of the scanned
genotype data of the Merlin parametric analysis into linkage and
haplotype information by Alohomora (Affymetrix) [Riischendorf
and Nirnberg, 2005]. Autosomal recessive, autosomal dominant
with decreased penetrance, and gonadal mosaicism in parent’s
models were used for analysis.

Affymetrix 6.0 SNP chip array (Affymetrix) is used for deletion
and duplication analysis. Data retrieved in CN5.CNCHP files from
Genotype Console (version 4.0) were visualized on Chromosome
Analysis Suite (ChAS).

Exome capture of the subjects (I:1-2 and II:1-4-5-8) were per-
formed using Agilent Sure Select Human All Exom v4.0 kit, se-
quenced on Illumina HiSeq2000 platform using TruSeq v3 chem-
istry at a mean coverage of 50X, reads provided in Fastq files
mapped to the human genome (hgl9) using Burrows-Wheeler
Aligner (BWA package version 0.6.2), local realignment was per-
formed by Genome Analysis Toolkit (GATK), duplicated reads
were marked for exclusion from further analysis, using Picard
(version 1.107) tool. Further alignment manipulations were per-
formed by Samtools (version 0.1.18) and base quality (Phred scale)
scores were recalibrated using GATK’s covariance recalibration
for each sample (Oxford Gene Technology, UK). Interpretations
of the variants were performed from VarSome Community site,
and gnomAD was referred for frequency data [Kopanos et al.,
2018; Karczewski et al., 2020].

Mitochondrial genome analysis was performed by mtDNA
amplification in 2 overlapping polymerase chain reaction (PCR)
fragments (9731 bp and 12,083 bp) using Roche Expand Long
Range PCR dNTPack (Roche Applied Science Indianapolis, IN,
USA) from the blood of the family members. Next-generation se-
quencing was performed using the Illumina MiSeq Next Genera-
tion Sequencer. The sequence reading was aligned with the revised
Cambridge Reference Sequence (rCRS) (NC_012920), using
CLCBIO Genomics Workbench v5.1 (CLCBIO) [Andrews et al.,
1999]. SNPs and deletion-insertion polymorphisms were deter-
mined for each patient. All data were compared to MITOMAP and
PubMed [Kogelnik et al., 1996].

Protein Study

Cloning of the Wild-Type and the Mutant BEND4 Genes

The BEND4 full-length gene sequence was retrieved from
NCBI (Accession number NM_207406.3). The sequence was
modified to create ¢.1297G>A mutation and both the wild-type
(WT) and the mutant gene sequences were synthesized and cloned
into pPCDNA4/TO by Eurofins (https://www.eurofinsgenomics.
eu/). The clones were re-sequenced to confirm in-frame expres-
sion.

Expression of the Wild-Type and the Mutant BEND4 Proteins
Vero cells isolated from the kidney of an African green mon-
key, Cercopithecus aethiops, are of epithelial origin and used in
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many studies [Ammerman et al., 2008]. The cells were acquired
from ATCC (CCL-81) and propagated as recommended. Vero
cells were grown to 60% confluence in DMEM supplemented with
10% (vol/vol) fetal bovine serum, 100 U/mL penicillin-streptomy-
cin, and 2 mML-glutamine at 37°C in a humidified 5% CO, atmo-
sphere. pPCDNA4/TO harboring BEND4 gene sequences was
transfected using Lipofectamine 3000 (LifeTech, USA). Empty
PCDNA4/TO transfected cells were used as the control.

Immunofluorescence Microscopy

The WT and the mutant BEND4 transfected cells were cultured
under standard tissue culture conditions in culture plates contain-
ing glass coverslips. After 48 h of BEND4 expressions, the cells
were fixed with formaldehyde and stained for BEND4 with an an-
ti-BEND4 antibody (BEND4 (T-12): sc-137377, Santa Cruz, Dal-
las, TX, USA). The nuclei of the cells were stained with DAPI
(LifeTech, USA). Coverslips were mounted in Mowiol before the
analysis. Imaging was performed with an inverted microscope
(Olympus CKX41) using appropriate filter sets.

Western Blot Analysis

Cell-free extracts were prepared as described by Ozgul et al.
[2015]. Western blot analysis was performed using an anti-BEND4
(BEND4 (T-12):sc-37377, Santa Cruz, USA) and an anti-beta actin
(Santa Cruz; ACTBD, sc-81178) antibodies as described by Kasap
et al. [2018]. Untransfected Vero cells were used to determine the
level of endogenous BEND4 expression. Proteins were separated
by 12% SDS-PAGE and transferred to a nitrocellulose membrane
(Roche) using a Semi-Dry Transfer Cell (BioRad, Hercules, CA,
USA). The membrane was blocked in TBS-T buffer (Tris.HCI 25
mM pH 7.2, NaCl 150 mM, and 0.1% Tween 20) containing 5%
non-fat dry milk for 1 h at room temperature. After blocking, the
membranes were incubated overnight at 4°C with appropriately
diluted primary antibodies in TBS-T. The membranes were washed
3x with TBS-T and then incubated with HRP-labeled secondary
antibodies (BioRad) for 1 h at room temperature. Following 3
washes with TBS-T, the membranes were visualized with the ECL
detection system (BioRad ) using X-ray films and the VersaDoc
imaging system (BioRad). The bands were quantified with Quan-

Fig. 1. Pedigree and electropherograms of the study family and
photographs of the affected siblings (brother, II-1; older sister, II-
4; and younger sister, II-5) and the proband, II-8. Brain MRI of the
brother showed a 20.4 x 12.7 mm intraparenchymal pontine cyst
on sagittal T1-weighted and fluid attenuation inversion recovery
images (a, e, arrowhead) and cerebellar atrophy on a coronal T2-
weighted image at the age of 22 years (i). Cranial CT image of the
older sister showed pontine calcification on sagittal (b), axial (f),
and coronal (j) images (arrows) at the age of 22 years. Cranial CT
image of the younger sister showed a pontine cyst (arrowhead) and
calcification on a sagittal image (c, arrow), pontine cyst on an ax-
ial image (g, arrowhead), and cerebellar atrophy on a coronal im-
age (k) at the age of 20 years. Brain MRI of the proband showed
normal sagittal T2-weighted (d), axial T2-weighted (h), and coro-
nal fluid attenuation inversion recovery (I) images at the age of 10
years. n.t., not tested; +/+, homozygous for the variant; +/-, het-
erozygous for the variant.

BEND4 and Infection-Induced Acute
Encephalopathy

tity One 1D image analysis software (BioRad). Each experiment
was performed at least 3 times.

2D Gel electrophoresis experiments, image analysis, protein
identification, and bioinformatics analysis, see online supplemen-
tary material (for all online suppl. information, see www.karger.
com/doi/10.1159/000517541).

Results

Clinical Findings

A 9-year-old boy (Fig. 1; II:8) was brought to be as-
sessed in terms of the disease of the siblings. He had no
complaints. His neurological examination was normal.
The parents reported they were not consanguineous but
were from the same village. The mother was 35 years old.
She had type 1 diabetes mellitus and arterial hypertension
for 5 years with a history of surgery for gallbladder stones.
Her exercise capacity was limited and echocardiography
showed mild mitral valve insufficiency. A brother and a
sister of the mother died in infancy, and another sister
had a history of an unexpected death at the age of 35 years.
The father was 37 years old and had a history of uroli-
thiasis. Two boys born to the parents had died of un-
known cause when they were 45 days and 7 months old,
respectively. They were born at term and appeared healthy
until death. In addition, twin boys were born premature-
ly at 24 weeks gestation and died 1 h after delivery. The
siblings of the boy were evaluated in a house visit. The
older brother and the 2 sisters were bedridden, and all had
a similar history (Fig. 1). The older brother was 23 years
old (II:1), the older sister was 18 years old (II:4), and the
younger sister was 15 years old (II:5) at the first visit. All
patients were born at term, and their prenatal, natal, and
early postnatal periods were uneventful.

The older brother (II:1) showed normal neurological
development until he suffered an acute encephalopathy
attack at the age of 8 years. Preceding this acute neuro-
logical insult, he had a history of upper respiratory infec-
tions. Then, he lost all his acquired motor, social, and lan-
guage development and became bedridden. When he
reached the age of 15 years, he started bleeding in the up-
per gastrointestinal system. Endoscopic examination
showed a duodenal ulcer, esophagitis, and hiatus hernia.
Physical examination at the age of 23 years revealed that
he could not sit or walk, and spoke only 2 words, “moth-
er” and “father”. He could understand conversations,
watch television, play computer games, and indicate his
toilet needs (online suppl. video). He did not have car-
diac or respiratory problems. He had severe generalized
muscle atrophy, flexor joint contractions of the elbows,
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wrists, and knees, and finger deformities. Cranial nerve
examinations were normal. He had upper motor neuron
signs, such as increased muscle tonus in all extremities,
increased deep tendon reflexes, ankle clonus, and muscle
weakness. Pathologic reflexes could not be elicited. Cer-
ebellar signs and unintentional movements were not ob-
served. There was no organomegaly. His vision and hear-
ing were normal. Eye fundus examination was normal.
He had no dysmorphism. Whole blood count, serum bio-
chemistry, urine analysis, blood gases, plasma ammonia,
and lactate levels were normal. Tandem mass spectrom-
etry, urine organic acids, and plasma amino acid chroma-
tography did not reveal any evidence in support of an
inborn error of metabolism. An IQ test could not be per-
formed due to a lack of cooperation. Visual examination
and hearing screening tests were normal. Brain MRI of
the older brother showed an intrinsic pontine cyst and
moderate cerebellar atrophy (Fig. 1a, e, i) at the age of 21
years. Cranial CT could not be performed. Currently, the
older brother is 30 years old and has had stable neuro-
logical findings for the last 6 years of the survey.

The older sister (I1:4) showed normal neurological de-
velopment until the age of 18 months. At that age, she
suffered acute encephalopathy following a gastroenteritis
infection. The causative agent was unknown. She lost all
motor, social, and language development after this acute
insultand became bedridden. Physical examination at the
age of 18 years showed that she could neither sit, walk nor
speak. She had severe failure to thrive. Her mental perfor-
mance was much worse than her older brother. No mean-
ingful relationship could be established with the patient.
She had difficulties swallowing. Her muscle bulk was se-
verely reduced, and there were flexor contractures in the
large joints of the upper and lower extremities and finger
deformities. She had crossed legs and scoliosis (online
suppl. video). Cranial nerve examinations were normal
and eye movements were intact. She had spastic tetrapa-
resis with increased deep tendon reflexes, ankle clonus,
and extensor plantar reflexes. There were no cerebellar
and extrapyramidal signs. Her vision and hearing were
intact. Eye fundus examination was normal. She had no
organomegaly and other system examinations were nor-
mal. Facially she looked like her sister and mother. Rou-
tine laboratory tests were normal. At the age of 22 years,
cranial CT showed spot calcification in the pons and mild
cerebellar atrophy without a pontine cyst (Fig. 1b, f, j).
Brain MRI could not be obtained. At follow-up, she was
hospitalized many times for upper gastrointestinal sys-
tem bleeding and anemia necessitating blood transfusion.
Her endoscopic examination showed erosive gastritis; co-
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agulation parameters were normal. She died at the age of
24 years after an excessive hemorrhagic vomiting attack
at home according to the history taken from the parents.

The younger sister’s (II:5) neurological development
was defined as normal until the age of 12 months. At that
age, she had an acute encephalopathy attack following an
upper respiratory tract infection and lost all her achieved
neurological milestones. The results of her physical ex-
amination and routine laboratory examinations were
similar to her sister’s at 15 years of age. She had an intrin-
sic pontine cyst, spot calcification in the pons, and mod-
erate cerebellar atrophy on cranial CT at the age of 20
years (Fig. 1c, g, k). Brain MRI could not be obtained. The
younger sister had a stable clinical status until the age of
22 years when she died in a hospital in another city. We
learned from the doctor who followed the patient that she
died as a result of sudden-onset multiple organ failure,
but the underlying cause could not be clarified.

Brain MRI of the younger brother (II:8) was normal
(Fig. 1d, h,1). He currently is 16 years old and asymptom-
atic.

Genetic Analyses

Analysis with 250K Nspl SNP array for autosomal re-
cessive (AR) and autosomal dominant (AD) models
showed no significant linked regions, with LOD (loga-
rithm of the odds) scores above 3.0 and 2.0, respectively.
SNP 6.0 chip array showed no duplications (>200 kb dis-
closed by a minimum of 20 copy number probes) or dele-
tions (>20 kb disclosed by a minimum of 5 copy number
probes) that are shared by the affected individuals in the
family.

Exome sequencing analysis of variants sequenced
equal to or above 20X in depth is considered for interpre-
tation. For AD inheritance model shared variants be-
tween I1:1, I1:4, and II:5 which are not found in I:1, I:2 or
I1:8, and AR inheritance form, compound heterozygose,
and homozygous variants shared in II:1, II:4, and II:5
which are not have a call in compound heterozygous or
homozygous form in II:8 are searched. There were no
variants in conformity with AD or compound heterozy-
gosity models. Nevertheless, 86 variants were found in
homozygous form in the affected individuals and hetero-
zygous in the unaffected parents and heterozygous or ab-
sent in healthy sibling, II:8 (online suppl. Table). Among
all those variants, c.1297G>A altering glycine to serine
(p.Gly433Ser, NP_997289) in exon 5 of the BEND4 gene
annotated with reference number rs779411414, distin-
guished from all others by having no frequency data and
interpreted as a variance of unknown significance ac-

Kara et al.



cording to VarSome since it was not found in gnomAD
exome and genome populations and predicted pathogen-
ic based on 9 prediction programs (BayesDel_addAF,
DANN, EIGEN, FATHMM-MKL, LIST-S2, M-CAP,
MutationTaster, PrimateAl, and SIFT) and benign on 4
(DEOGEN2, MVP, MutationAssessor, and REVEL). The
frequency data for all the remaining 85 variants were high
in rate, with the lowest with 1.8% in gnomAD-genome
(567:31,322 alleles). The parents and a single healthy sib-
ling were heterozygous for the same variant in BEND4.
The ¢.1297G>A variant was not found in DNA samples
from 50 independent individuals searched initially and
this followed by investigating 100 in-house trio groups
from the Advanced Genomics and Bioinformatics Re-
search Group of the National Research Institute of Elec-
tronics and Cryptology of Turkey (AGBRG), plus 128 in-
dependent samples from our in-house exome sequencing
collection data. This variant was also not found in the
Greater Middle East (GME) Variome Project database,
including 2,497 individuals from 6 different Middle East
countries [Scott et al., 2016]. Altogether we confirmed
that the ¢.1297G>A variant of BEND4 is not found in
5,950 alleles from related geographical regions of Turkey
and Middle Eastern country populations. This variant
was only shown in a single allele in an ExAc Aggregated
Population of 120,680 alleles, obtained from dbSNP
[Sherry et al., 1999; Lek et al., 2016]. Mitochondrial DNA
sequencing of all siblings and parents did not reveal any
pathogenic variations.

Proteomics Study

Protein extracts from Vero cells transiently expressing
the WT and the mutant BEND4 proteins were subjected
to western blot analysis to assess any changes that may
occur in the BEND4 profile (Fig. 2). The level of BEND4
expression has significantly increased after transient ex-
pression of the WT and the mutant clones (p < 0.05).
There was no change in molecular weights of both pro-
teins indicating that the proteins were not post transla-
tionally modified. On the other hand, a weak band in pro-
tein extracts prepared from non-transfected cells was ob-
served. Vero cells have endogenous BEND4 expression at
a detectable level. To test whether the expression level of
endogenous BEND4 was constant in time, we performed
several western blots. The results showed that the expres-
sion of endogenous BEND4 protein was stable with no
change in time. The exogenous expression of the WT and
the mutant BEND4 proteins was time-dependent and in-
creased in time. We confirmed that 24 h of BEND4 ex-
pression produces a moderate level of BEND4 proteins

BEND4 and Infection-Induced Acute
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Fig. 2. Western blot analysis of protein extracts prepared from
Vero cells expressing the wild-type (WT) and the mutant BEND4
proteins. The weak band in vector-only transfected cells (pCD-
NA4/TO) illustrates the level of endogenous BEND4 expression in
Vero cells. Beta-actin was used as the internal control.

which were suitable to study their effects on cell metabo-
lism.

In some cases, mutations cause changes in the cellular
localization of the proteins. Therefore, we performed an
immunofluorescence microscopy study to determine the
localization of the WT BEND4 and if there is any effect of
the mutation on its localization (Fig. 3). The WT BEND4
displayed an interesting distribution pattern within the
cells. A distinct rim around the nucleus with some net-
work-like cytoplasmic distribution was evident. On the
other hand, the mutant BEND4 protein had a significant
loss in its cytoplasmic distribution pattern. A more pro-
nounced nuclear localization without a distinct rim was
evident. More interestingly, in a juxtanuclear position, a
thread-like distribution resembling the distribution of
Golgi apparatus was observed. The overall evaluation of
the immunofluorescence microscopy results implied a
change in the distribution pattern of BEND4 upon the
introduction of the mutation.

To further assess the effect of expressing the WT and
the mutant BEND4 proteins, we studied the changes at
the proteome level using 2DE gels (Fig. 4). 750 protein
spots were evaluated. There was a great deal of similarity
among the protein distribution patterns. The overall
mean coefficient of variation was 31.8%. Based on the
2-fold up-or downregulation criteria, in comparison to
non-transfected cells, 4 differentially regulated proteins
in BEND4 WT expressing cells and 5 differentially regu-
lated proteins in BEND4 mutant expressing cells were de-
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Fig. 3. Immunofluorescence microscopy analysis of Vero cells ex-
pressing either the wild-type (WT) or the mutant BEND4 proteins.
The weak staining in vector-only transfected cells (p)CDNA4/TO)
illustrates the level of endogenous BEND4 expression in Vero cells.
The cellular distribution of the WT-BENDA4 differed from the dis-

pCDNA4/TO-WT pCDNA4/TO-Mutant

tribution of the mutant BENDA4 protein. The WT-BEND4 protein
formed a distinct rim around the nucleus with some network-like
cytoplasmic distribution pattern while the mutant BEND4 had a
significant loss in its cytoplasmic distribution and a more pro-
nounced nuclear localization without a distinct rim.
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Fig. 4. Representative 2D gel images of the cell-free extracts prepared from the wild-type (WT) and the mutant
BENDA4 expressing Vero cells. The control gel is prepared from the Vero cells transfected with the empty plasmid
DNA, pCDNA4/TO. The regulated protein spots were marked with black circles.

tected (Table 1). However, only 2 proteins displayed
changes in their levels upon expression of the mutant
BEND4. Those proteins were reticulocalbin-1 and ER-
resident protein-29. On the other hand, there was one
protein that displayed regulation in its level upon expres-
sion of the WT BENDA4. That protein was Rab GDP dis-
sociation inhibitor beta (GDIp).

Discussion

A total of 16,368 genes have been reported in OMIM.
Nevertheless, only 5,921 of those have currently been re-
vealed with molecular basis and associated with a pheno-
type (OMIM; https://www.omim.org/statistics/entry;
October 31, 2020). Many genes still cannot be associated
with any disease. Here, we have presented a new IIAE

18 Mol Syndromol 2022;13:12-22
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phenotype in 3 siblings that may be associated with a vari-
ant of the BEND4 gene, which was not reported to cause
disease previously. Combined Annotation Dependent
Depletion (CADD) score of ¢.1297G>A within the “mu-
tation significance cutoft (MSC)” value at a 99% confi-
dence interval was 8.429, and the MSC-CADD_score was
3.313, indicating a high-impact prediction for damage for
this missense alteration at the gene level by using data
from ClinVar and the Human Genome Mutation data-
base [Itan et al., 2016; Requena et al., 2018]. We were cu-
rious as to why the 4p13 region was not linked in our first
study with 250K Nspl SNP array and inferred that the
BEND4 region was encompassed with only 3 markers
(rs16854011, rs7677472, and rs7684103), which are not
sufficient for powerful analysis. In fact, missing heritabil-
ity in genome-wide association studies were well recog-
nized in previous genetic studies since gaps between

Kara et al.



markers was the critical factor liable for decreased statis-
tical power for the linkage analysis [Lopez-Cortegano and
Caballero, 2019].

There were no known functional human disorders as-
sociated with BEND4 according to a detailed survey of the
literature. Because our variant was located in the coding
region of the BEN domain, which is known to have novel
sequence-specific DNA-binding properties in neural
transcription, we considered this variant highly respon-
sible for the phenotype in our family [Dai et al., 2013].

Although sharing of the same variant by 3 similarly af-
fected siblings provides multiple verifications and is a
strong supportive factor for genetic associations, the es-
tablishment of a cause-and-effect relationship is not an
easy task for novel or rare variants that have not been as-
sociated with any phenotype before. Legitimate verifica-
tion needs functional studies or identification of a second
unrelated case with a similar phenotype with the same
variant. Our cases had an unspecified phenotype, and
similar cases have not yet been reported. The presence of
the BEND4 gene in Gene Matcher (GM - Submissions -
Identifier: bend4 (genematcher.org) (https://genematch-
er.org/) was checked, and no submissions of the clinical-
ly relevant variant were found. We studied immunofluo-
rescence microscopy and proteomics analysis to show the
distribution pattern and changes in protein expression
profiles of WT and mutant BEND4 in Vero cells from
kidney epithelium.

BEND4 is a BEN domain-containing protein with a
calculated molecular weight of 58.338 Da. The physio-
logical function of BEND4 is not known. Based on the
Human Protein Expression Atlas (https://www.ebi.ac.
uk/gxa/home/), BEND4 is moderately expressed in
brain tissue and in the spinal cord as well as the repro-
ductive organs. BioGrid analysis of BEND4 to elucidate
its interaction partners did not yield significant hits, in-
dicating that BEND4 has not been described as an inter-
action partner in any of the known metabolic events.
Further bioinformatic analysis using the STRING data-
base with a text-mining tool predicted connections be-
tween BEND4 and Ribonuclease T2, BTG3 associated
nuclear protein, and Zinc finger protein 583. A common
property of these 3 BEND4-connected proteins is that
they are involved in the transcriptional regulation of
several genes. Our immunofluorescence microscopy
analysis demonstrated nuclear localization of BEND4
and in a way verified the prediction made by the STRING
analysis.

Expression of both the WT and the mutant BEND4
proteins caused changes in the abundance of 3 proteins:

BEND4 and Infection-Induced Acute
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Table 1. The results of MALDI-TOF/TOF analysis for regulated protein spots

Downregulated in

Upregulated in

Best protein description

Seq. cov., %

Matches

Best protein Acc Best protein score Expect

AC No.

SSP No.

Wild-type and mutant

Mutant

14-3-3 protein epsilon
Reticulocalbin-1

Calreticulin

56
18
47

21

8.1e-026
5.1e-011
1e-070
1e-009

1433E_HUMAN 294
RCN1_HUMAN

P62258

05
303

1

146
743

CALR_HUMAN

Q15293

31

P27797
P07195

Wild-type and mutant

LDHB_HUMAN

Wild-type and mutant

Endoplasmic reticulum resident protein 29 Mutant

L-lactate dehydrogenase B chain
Rab GDP dissociation inhibitor beta

15
32

10
17

17

33

ERP29_HUMAN 338

1

3205
5104
5502

3,20E-30
5,10E-11

GDIB_HUMAN

P30040
P50395

Wild-type

28

146

The TOF spectra were recorded in the positive ion reflector mode with a mass range from 400 to 2,000 Da. The Peptide Mass Fingerprints (PMFs) search was performed using MASCOT ver-
sion 2.5 (Matrix Science). The following search criteria were used: species restricted to human; enzyme of trypsin; at least two independent peptides matched; at most one missed cleavage site;
MS tolerance of £50 ppm and MS/MS tolerance of +0.4 Da; fixed modification being carbamidomethyl (Cys) and variable modification being oxidation (Met); peptide charge of 1+; and being

monoisotopic. Only significant hits, as defined by the MASCOT probability analysis (p < 0.05), were accepted
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14-3-3 protein epsilon, calreticulin, and L-lactate dehy-
drogenase B chain. We assume that none of these chang-
es were associated with the effect of the mutant BEND4
expression. STRING analysis with these 3 proteins de-
tected no significantly enriched pathway.

The expression of the WT BEND4 distinctively altered
the level of the Rab GDIp. Rab GDI is a member of the
GDP dissociation inhibitor family, which controls the re-
cycling of Rab GTPases involved in membrane trafficking
and is related to tumorigenicity, development, and inva-
sion [Sedlacek et al., 1994; Ming et al., 2014]. This protein
regulates the GDP/GTP exchange reaction of most Rab
proteins by inhibiting the dissociation of GDP from them,
and the subsequent binding of GTP to them. BioGRID
analysis revealed 58 interactors and 71 interactions of
GDIp. This finding puts GDIP at the center of several
metabolic pathways and makes it a hub in the regulation
of various interactomes.

To predict the effect of Gly433 on Ser mutation, we
used 2 different bioinformatics approaches. The first ap-
proach involved modeling BEND4 and its mutant using
Swiss Modeller. The most appropriate template structure
that was found by the server belonged to inositol poly-
phosphate 5-phosphatase (3qis.1.A). However, the re-
gion that showed similarity was short, covering only 97
amino acids (starting from Glu378, ending at Thr475),
thus the model did not provide any evidence for distor-
tion in the 3D structure of BEND4. Prediction of the do-
main structure using the Pfam database located the BEN
domain between L415 and E480. Computational analysis
suggests that the BEN domain mediates protein-DNA
and protein-protein interactions during chromatin orga-
nization and transcription, and thus may have a signifi-
cant effect on protein structure and function. The muta-
tion discovered in this study is located within the BEN
domain and thus may have a deleterious effect on BEND4
function. Indeed, PROVEAN predicted a score of —3.92
for Gly-Ser mutation, indicating that the mutation ought
to have a deleterious effect on protein structure or func-
tion.

The mutant BEND4 expression caused a selective in-
crease in the abundance of reticulocalbin-1 (RCN1) and
ER resident protein-29 (ERP29). These 2 proteins do not
appear to be functionally connected to each other. RCN1
may regulate calcium-dependent activities in the endo-
plasmic reticulum (ER) lumen or post-ER compartment.
The mutant BEND4 expression regulates calcium-depen-
dent activities in the ER lumen or post-ER compartment.
ERP29 plays an important role in the processing of secre-
tory proteins within the ER, possibly by participating in

20 Mol Syndromol 2022;13:12-22
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the folding of proteins in the ER [Shnyder and Hubbard,
2002]. However, both proteins are associated with the ER
and are primarily involved in protein processing and
folding pathways. Any defect or stress in protein folding
creates pressure on cells and may cause chronic damage
to the cells.

Gene ontology analysis did not reveal any significant
pathway or a biological process in which BEND4 might
play a role. However, BIOGRID analysis indicated that
BEND4 interacts with activator protein-1 (AP-1). The in-
teraction was elucidated with affinity capture-MS analy-
sis and listed as a high-confidence interaction [Li et al,,
2015]. AP-1 is a transcription factor and a proto-onco-
gene. It binds to an enhancer motif to promote the activ-
ity of NR5A1 when phosphorylated with HIPK3 [Qing et
al., 2000; Ji et al., 2012]. Phosphorylation of AP-1 leads to
activation of the cAMP signaling pathway [Lan et al.,
2007]. The cAMP is well established as a potent regulator
of innate and adaptive immune cell functions. Like
BENDA4, any factor that affects CAMP generation should
have immunoregulatory potential in autoimmune and
inflammatory disorders [Raker et al., 2016].

Initial motor and intellectual development of our cas-
es were normal, followed by acute-onset neurological de-
terioration triggered by infections in infancy to late child-
hood. Attacks resulted in irreversible loss of motor, ver-
bal, social, and intellectual functions with patients
becoming bedridden with a stable neurological status.
This course resembles vanishing white matter disease,
and ITAE susceptibility syndromes, triggered by some vi-
ruses such as influenza A, influenza B, parainfluenza II
viruses, and Herpes simplex virus-1 [Bugiani et al., 2010;
Gika et al., 2010]. In our cases, no further deterioration
was observed, and there were no episodes of lethargy or
coma after minor infection or minor head trauma in the
following years. Moreover, brain MRI findings were not
compatible with vanishing white matter disease. Clinical
and neuroimaging findings of our cases were more con-
sistent with ITAEs. The detection of a cystic lesion in the
pons in an unpublished case in our clinic with an RAN-
BP2 mutation increased the probability of ITAE. Howev-
er, there was no significant variation in all known ITAEs
genes.

Brain MRI findings of our cases were specific. All sib-
lings had an intrinsic pontine cyst and/or spot calcifica-
tion in the pons. Isolated intrinsic pontine cysts and pon-
tine calcification are extremely rare radiological findings
in pediatric patients with neurological disorders. Cystic
tumors, particularly epidermoid cysts, are rarely located
in the pons. Their clinical findings are limited to the mass
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effect of the lesion and/or hydrocephalus, and they gener-
ally grow slowly with a good course [Patibandla et al.,
2016]. Pontine cysts in our cases had no mass effect, and
the clinical findings could not be explained solely by the
cystic lesion in the pons. Coats plus disease (CP) due to
CTCI or STN1 mutations and leukoencephalopathy with
calcification and cysts (LCC) due to SNORD1 18 mutation
are 2 different disorders with largely identical neuroimag-
ing findings [Livingston et al., 2014b; Jenkinson et al.,
2016; Simon et al., 2016]. Intrinsic brainstem cysts and
intracranial calcifications may be seen in these disorders.
Cysts are generally multiple and may develop in different
parts of the brain as well as the brainstem, frequently
causing a mass effect. Calcification was spot-like and re-
stricted to the pons in our cases, not rock-like or blush-
like, and widely located in the basal ganglia, thalami, den-
tate nucleus, deep gyri, deep white matter as in CP or
LCC. Also, the absence of leukodystrophy in our cases
was not compatible with CP or LCC. Congenital cyto-
megalovirus infection, cystic leukoencephalopathy with-
out megalencephaly (RNASET2 mutation), and COL4A1
mutation-related disease are other disorders presenting
with an intraparenchymal brain cyst and calcification and
were excluded with the radiological features and genetic
analysis [Livingston et al., 2014b]. IIAEs progress with
necrotizing changes in the affected brain regions. Since
pons involvement can also be seen in ITAEs, theoretically,
cysts may develop in the pons. However, isolated pontine
cysts and calcification are not defined in the radiological
findings of known ITAEs.

In this study, we present 3 siblings with a new ITAE as-
sociated with a pontine cyst and calcification, an unspec-
ified phenotype, probably due to a deleterious effect of a
BEND4 variation. Proteomics studies support the dis-
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