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Abstract
Introduction: The CSF1R gene encodes the 
receptor for colony-stimulating factor-1, the 
macrophage, and monocyte-specific growth 
factor. Mutations in this gene cause hereditary 
diffuse leukoencephalopathy with spheroids 
(HDLS) with autosomal dominant inheritance 
and BANDDOS (Brain Abnormalities, 
Neurodegeneration, and Dysosteosclerosis) with 
autosomal recessive inheritance. 
Methods: Targeted gene sequencing was 
performed on the genomic DNA samples of the 
deceased patient and a fetus along with ten healthy members of his family to identify the disease-
causing mutation. Bioinformatics tools were used to study the mutation effect on protein function 
and structure. To predict the effect of the mutation on the protein, various bioinformatics tools 
were applied. 
Results:  A novel homozygous variant was identified in the gene CSF1R, c.2498C>T; p.T833M in 
exon 19, in the index patient and the fetus. Furthermore, some family members were heterozygous 
for this variant, while they had not any symptoms of the disease. In silico analysis indicated this 
variant has a detrimental effect on CSF1R. It is conserved among humans and other similar species. 
The variant is located within the functionally essential PTK domain of the receptor. However, no 
structural damage was introduced by this substitution. 
Conclusion: In conclusion, regarding the inheritance pattern in the family and clinical 
manifestations in the index patient, we propose that the mentioned variant in the CSF1R gene may 
cause BANDDOS. 
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Introduction
Microglia are macrophage-like cells residing in the brain that 
enter the central nervous system (CNS) during embryonic 
development.1 As the primary immunocompetent cell 
type of the CNS, they contribute to various important 
processes, including the development of brain, synaptic 
plasticity, memory state, and pathophysiological 
conditions by changing from a surveyor to activated 
state.2 Therefore, they can affect neural development, 
maintenance, and function in healthy and unhealthy 
circumstances due to their role in CNS damage and 
repair.3 The proliferation, development, and survival of 
microglia requires the activation of a cell-surface receptor 

named colony-stimulating factor 1 receptor (CSF1R) by 
two cognate ligands, colony-stimulating factor 1 (CSF-
1) and interleukin-34 (IL-34), which triggers several 
signaling pathways. The CSF1 cytokine is expressed on 
microglia, neural progenitor cells (NPCs), and several 
neuronal subtypes.4, 5 The pleiotropic effects of decrease in 
CSF1R have been recently studied widely. 

Based on the ClinVar database (https://www.ncbi.
nlm.nih.gov/clinvar), thus far, 62 pathogenic mutations 
are identified in the CSF1R gene, primarily located 
in the tyrosine kinase domain of the protein. This 
domain is located between exons 12 to 21, and most 
reported mutations take place in exons 18, 19, and 
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20.6 These mutations mainly cause hereditary diffuse 
leukoencephalopathy with spheroids (HDLS) (OMIM 
221820), an autosomal dominant progressive disorder of 
the CNS, with a broad spectrum of clinical manifestations, 
including executive dysfunction, memory decline, changes 
of patient’s personality, motor impairments, seizures, and 
several other symptoms.7,8 HDLS is a leukodystrophy, 
presenting its symptoms with a mean age of onset in the 
fourth or fifth decade9 (the age at onset ranges from eight 
to 78 years),10 and the average disease course ranges from 
six to nine years.11 However, recently, Monies et al in 2017 
reported two cases with pediatric phenotypes distinct 
from HDLS who had homozygous CSF1R mutations. 
The affected individuals presented a progressive disorder 
with highly variable phenotypes including severe 
developmental regression, epilepsy, leukodystrophy, 
periventricular calcifications, osteopetrosis, structural 
anomalies of CNS such as agenesis of the corpus callosum 
(ACC) and even death. A more meticulous analysis of 
their samples unveiled those microglia were completely 
absent within their brain. Therefore, they suggested 
that CSF1R deficiency in the homozygous status can 
cause abnormalities of brain, neurodegeneration, and 
dysosteosclerosis (BANDDOS; OMIM 618476).12,13

Next-generation sequencing technology as a precise and 
reliable option for diagnosing complex genetic disorders 
and novel causative disease genes can provide potential 
for diagnosis of CSF1R deficiencies.14 In this case report, 
we analyzed a patient and 11 members of his family 
employing sequencing and bioinformatics analysis in the 
CSFR1 gene. Our results may help elucidate the etiology 
of this disease.

Methods
Patient
The index patient was a boy, born in 2005 as the first 

child of healthy consanguineous parents, who referred 
to Tabriz Genetic Analysis Centre (TGAC) for severe 
motor dysfunctions, dysphagia, cognitive impairment, 
and blindness. The patient died at the age of 9 years. 
The symptoms were initiated with visual problems at 
one month of age, progressive cognitive decline, gait 
disturbance, and epileptic seizures above the age of two 
years. Furthermore, he was admitted several times to 
the hospital due to shortness of breath and aspiration 
pneumonia. Magnetic resonance imaging (MRI), and 
computed tomography (CT) scans were obtained. The brain 
MRI performed at 2 years of age showed confluent high 
signal foci at proventricular with matter and subcortical 
region bilaterally. In addition, mild deep white matter 
volume loss was evident, and cerebral sulci and ventricles 
were prominent (Fig. 1). Moreover, the cranial CT scan 
at 5 years of age revealed a decrease in periventricular 
white matter with considerable calcification in bilateral 
basal ganglia, grey-white matter junctions, and cerebellar 
dentate nucleus. Furthermore, the presence of dilatation 
of the ventricular system and significant cerebellar 
hypoplasia with mega cisterna magna were observed (Fig. 
2). The family pedigree is depicted in Fig. 3A. 

Human subjects
Ethical issues were considered and informed consent was 
received from the deceased patient's parents and family 
members. Following that, genomic DNA was extracted 
from the peripheral blood, leukocytes, and a CVS sample 
of the unborn sibling (Table 1).

NGS-laboratory
Targeted gene sequencing was performed on the deceased 
patient's sample and 11 family members. The Agilent 
in solution technology was used to enrich coding and 
flanking intronic regions, and the sequencing was 

Fig. 1. CT scan findings showing a decreased density in the periventricular white matter with bilateral calcifications within the basal ganglia, cerebellar dentate 
nucleus, and grey-white matter junctions.
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Fig. 2. MRI findings showing bilateral, and confluente high signal area in the periventricular white matter and subcortical region, plus mild deep matter volume 
loss, with the prominence of the sulci, and ventricles.

Fig. 3. Pedigree of the family (A), and sequencing at the novel CSF1R, c.2498C>T; p.T833M variant site (B). A) The filled black or hash pattern symbols 
indicate the homozygous or heterozygous c.2498C>T; p.T833M variant, respectively. A slash marks the deceased individual, and the arrow indicates proband 
of the family. The numbers below each symbol show the number and age (y: years, m: months, w; weeks). (B) Sequencing was performed in individuals I:3, 
II:1, II:2, II:4, III:4, III:6, III:7, III:8, III:9, III:10, IV:4, and IV:5. The DNA for each trace is extracted from blood except for IV:5, which was extracted from chorionic 
villus sampling (CVS). All of the white and hash pattern symbols are healthy and have not shown any disease symptoms.
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performed using Illumine HiSeq2500 system. 
The panel of analyzed genes consisted of AARS2, 

ABCD1, ADAR, AIMP1, ALS2, ARSA, ASPA, CLCN2, 
CSF1R, CYP27A1, CYP7B1, DARS, DARS2, EARS2, 
EIF2B1, EIF2B2, EIF2B4, EIF2B5, FA2H, FAM126A, 

FIG4, FOLR1, FUS, GALC, GAN, GBA, GFAP, GJC2, 
GLB1, HEPACAM, HEXA, HDPD1, L2HGDH, LMNB1, 
MLC1, NDUFS1, NDUVF1, NOTCH3, PANK2, PLP1, 
POLR3A, POLR3B, PSAP, RNASEH2B, RNASEH2C, 
SAMHD1, SERPINI1, SETX, SLC16A2, SOD1, SOX10, 
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SPG11, SPG20, SPG21, SPP1, SUMF1, TARDBP, TREZ1, 
TUBB4A, VAPB, and ZFYVE26.

Computational analysis
Illumina bcl2fastq (1.8.2) was used for demultiplexing the 
sequencing reads. Skewer 0.1.116 and Burrows Wheeler 
Aligner (BWA-mem 0.7.2) were used to remove adapter 
sequences and mapping reads to the human reference 
genome (hg19), respectively. Reads which were mapped 
to more than one location with identical mapping 
scores were discarded. Duplicates resulting from PCR 
amplification were removed. Samtools and Varscan were 
used for variant calling (2.3.3). Technical artifacts were 
removed (in-house software, CeGaT Tübingen), and 
the remaining variants were annotated based on several 
internal and external databases. Moreover, to compute the 
copy number variations, an internally developed method 
based on sequencing coverage depth (CeGaT Tübingen) 
was used. 

Diagnostic data analysis
Only variants in the coding region and the flanking 
intronic regions (±8 bp) with a minor allele frequency 
(MAF) <5% were evaluated. MAF was taken from the 
following databases: 1000 genomes, dbSNP, Exome 
Variant Server, and an in-house database. Variants were 
termed according to the HGVS recommendations.

Bioinformatics analysis
To predict the effect of mutations on CSFR1 protein, 
Mutation Taster15 and Polymorphism Phenotyping v2 
(PolyPhen-2) databases were used. The DNA and protein 
sequence of the CSFR1 were aligned with similar species 
(Chimpanzee, Gorilla, Angola colobus, Bonobo, Gibbon) 
using Clustal Omega multiple sequence alignment 
program.16 Furthermore, to study involved domains of 
CSFR1 protein, Conserved Domain Database (CDD) 
was used.17 In order to study the effect of the mutation 
on the 3D structure of the protein, the iterative threading 
assembly refinement (I-TASSER) server was used for 
modelling,18 and the CCP4mg software was used for the 
depiction of the resulted protein models.19 The model was 

provided as input to Missense3D to predict the structural 
changes resulting from the amino acid substitution.20 

Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) were used to study the protein-protein 
interactions of CSF1R. 

Results
Targeted sequencing of the patient
The genetic analysis demonstrated a novel homozygous 
c.2498C>T; p.T833M variant in exon 19 in the gene 
CSF1R, which could potentially be causative for the 
deceased patient. The mutation causes the substitution 
of an evolutionary, highly conserved amino acid located 
within the receptor's functionally important tyrosine 
kinase domain.

The same variant was also detected in a heterozygous 
state in the paternal grandmother, two maternal uncles, 
and in the CVS sample of a sibling in a homozygous 
state (Fig. 3B). This variant has not been reported in the 
literature so far. Furthermore, it is not present in our 
local variant database of 232 Azeri Turkish whole-exome 
sequencing samples (MAF < 0.005 in normal populations 
- 1000 genomes, dbSNP, Exome Variant Server).

Bioinformatics analysis of the identified mutation
Computational analysis of the identified variant showed 
that this variant is rated consistently as pathogenic by in 
silico analyses such as Mutation Taster and PolyPhen-2. 
DNA and protein alignment results showed the CSFR1 
sequence is well-conserved among many species and 
humans (Figs. 4 and 5). A study of the involved domains 
of CSFR1 indicated that a novel identified variant is 
located in the protein kinase domain of the protein (Fig. 
6). Missense3D online database revealed no structural 
damage to the protein. The structure of CSF1R protein 
is depicted in Fig. 7. The protein-protein interaction 
network of CSF1R is depicted in Fig. 8.

The segregation analysis performed in the context of 
this molecular analysis revealed that the parents of the 
deceased patient are both heterozygous carriers of the 
variant c.2498C>T; p.T833M in exon 19 in the CSF1R 
gene.

Table 1. The clinical information of family members 

ID Relation to index patient Age Zygosity Symptom Samples of DNA

III:6 Paternal aunt 26 Wild type Healthy Blood

II:1 Paternal grandfather 65 Wild type Healthy Blood

II:2 Paternal grandmother 61 Heterozygous Healthy Blood

III:4 Paternal uncle 33 Wild type Healthy Blood

I:3 Maternal great-grandfather 80 Wild type Healthy Blood

II:4 Maternal grandmother 50 Wild type Healthy Blood

III:9 Maternal uncle 30 Heterozygous Healthy Blood

III:10 Maternal uncle 28 Heterozygous Healthy Blood

IV:5 Sibling Prenatal Homozygous - CVS

III:7 Father 39 Heterozygous Healthy Blood

III:8 Mother 34 Heterozygous Healthy Blood
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Discussion
As mentioned earlier, more than 60 mutations have been 
described in CSF1R.9,13 Most mutations are inherited in an 
autosomal dominant manner and cause HDLS. However, 
in 2017, Monies et al reported a novel homozygous 
truncating variant in CSF1R for which the heterozygous 

Fig. 4. DNA alignment of CSF1R between human and other similar species.

Fig. 5. Protein alignment of CSF1R between human and other similar 
species.

Fig. 6. The functional domains of CSFR1 protein.

parents did not show any manifestations of the HDLS.12 
Following that, Guo et al in 2019 reported CSF1R 
mutations in six patients with homozygous or compound 
heterozygous pattern. The inheritance and clinical 
findings were consistent with "brain abnormalities, 
neurodegeneration, and dysosteosclerosis" (BANDDOS; 
OMIM 618476) with highly variable phenotypes. The 
manifestation of the disease may present at birth or later 
in childhood or early adulthood.21 Moreover, Oosterhof et 
al reported homozygous mutations in the CSF1R gene in 
two patients.13

 The family under our study, a patient with the 
aforementioned symptoms was referred to our center 
with medical documents compatible with leukodystrophy 
(Figs. 1 and 2). Therefore, due to the heterogeneity of 
leukodystrophies, we decided to perform a targeted NGS 
panel in the index patient, his father, his pregnant mother, 
and the mother's fetus to diagnose the pathogenicity of 
the disease. We identified a novel homozygous missense 
variant (c.2498C>T; p.T833M) in exon 19 of the CSF1R 
gene in our index patient and fetus. Previously, according 
to the OMIM database, pathogenic mutations in CSF1R 
just caused HDSL. The father and mother of the patient 
both were heterozygous for the mutation, and they were 
39 and 34 years old, respectively. Therefore, regarding 
the fact that HDLS is an autosomal dominant adult-
onset disease,4 we investigated eight extra members of 
this family by targeted NGS (Table 1). Some of them 
were heterozygous for this mutation; however, they did 
not show any disease manifestations. Furthermore, some 
symptoms of the patient were inconsistent with HDLS. 
Consequently, we omitted the possibility of the HDLS. 
 In addition to the age of onset of HDLS in our patient and 
inheritance pattern in his family, we executed additional 
clinical investigation to reveal the exact cause of the 
disease. As well as MRI and CT scan outcomes that were 
more compatible with BANDDOS rather than HDLS, the 
patient had pectus abnormalities, respiratory problems, 
aspiration pneumonia, visual problems, and skeletal 
abnormalities that all confirmed our hypothesis that our 
patient had BANDDOS. After identifying the cause of 
the disease, the mother of the patient chose to abort the 
fetus, who was homozygous for the mutation, after genetic 
consulting. Following that, performing ovum donation 
and preimplantation genetic diagnosis, the pregnant 
woman achieved a normal pregnancy leading to a child 
who was wild type for the variant. He is now one-year-old 
and a healthy child.
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Fig. 7. 3D structure of mutant T833M (Red, A) and normal (Blue, B) CSF1R protein 

Fig. 8. The protein-protein interaction network of CSF1R mostly 
participating in brain function.

Bioinformatics analysis indicated a detrimental effect of 
the novel identified variant on CSF1R protein. Mutation 
taster and polyphen-2 databases showed the variant to 
have a pathogenic effect. Alignment results depicted that 
the sequence of this protein is well conserved among 
humans and other similar species. Thus, the substitutions 
may result in a malfunction in the function of the protein. 
Similar to previous studies, the mutation is located in 
the tyrosine kinase domain of the protein. In the current 
study, threonine is replaced with methionine. Threonine 
is mostly found in the functional domain of the proteins 
and the kinases commonly phosphorylate it to facilitate 
signal transduction, while methionine is rarely involved 
in direct protein function.22 Concerning the involved 
domain, the primary function of the CSF1R protein may 
be affected by this substitution. The online missense3D 
database indicated no structural damage to the CSF1R 
protein.

Protein-protein interactions of CSF1R showed 
interactions with proteins related to the brain and nervous 
system function (Fig. 8). The ligand of CSF1R, CSF1, is 
required to differentiate and maintain microglial cells 
in the developing embryo.23 Loss of function mutations 
in TYROBP is related to dementia and Alzheimer's 
disease.24,25 VAV3 and HRAS are involved in cerebellar 
development and brain malignant transformation, 
respectively.26,27 Hence, the protein network of CSF1R 
seems to be involved in multiple brain functions and 
further research about the role of other components of 
this network might be of interest.

Conclusion
In summary, due to the compatibility of the BANDDOS 
with the age of onset and inheritance pattern and in 
combination with the clinical phenotypes of the deceased 
patient, we propose that the homozygous variant 
c.2498C>T; p.T833M in exon 19 of the CSF1R gene 

can be potentially causative for "Brain abnormalities, 
neurodegeneration, and dysosteosclerosis" (BANDDOS). 
This study has some limitations such as insufficient 
sample and lack of functional in-vitro study to prove the 
pathogenicity of this variant. All things considered, we 
hope our results would help have a better understanding 
of BANDDOS and improved diagnosis in future cases 
with similar symptoms.
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What is the current knowledge?
√ The CSF1R gene encodes a tyrosine kinase growth factor 
receptor for colony-stimulating factor-1.

What is new here?
√ A novel homozygous variant identified in the gene CSF1R, 
c.2498C>T; p.T833M in exon 19.
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