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Abstract
Primary familial brain calcification (PFBC) is a genetic neurological disorder characterized by symmetric brain 
calcifications that manifest with variable neurological symptoms. This study aimed to explore the genetic basis 
of PFBC and elucidate the underlying pathophysiological mechanisms. Six patients from four pedigrees with 
brain calcification were enrolled. Whole-exome sequencing identified two novel homozygous variants, c.488G > T 
(p.W163L) and c.2135G > A (p.W712*), within the myogenesis regulating glycosidase (MYORG) gene. Cerebellar 
ataxia (n = 5) and pyramidal signs (n = 4) were predominant symptoms, with significant clinical heterogeneity noted 
even within the same family. An autopsy of one patient revealed extensive brainstem calcifications, sparing the 
cerebral cortex, and marked by calcifications predominantly in capillaries and arterioles. The pathological study 
suggested morphological alterations characterized by shortened foot processes within astrocytes in regions with 
pronounced calcification and decreased immunoreactivity of AQP4. The morphology of astrocytes in regions 
without calcification remains preserved. Neuronal loss and gliosis were observed in the basal ganglia, thalamus, 
brainstem, cerebellum, and dentate nucleus. Notably, olivary hypertrophy, a previously undescribed feature 
in MYORG-PFBC, was discovered. Neuroimaging showed reduced blood flow in the cerebellum, highlighting 
the extent of cerebellar involvement. Among perivascular cells constituting the blood-brain barrier (BBB) and 
neurovascular unit, MYORG is most highly expressed in astrocytes. Astrocytes are integral components of the BBB, 
and their dysfunction can precipitate BBB disruption, potentially leading to brain calcification and subsequent 
neuronal loss. This study presents two novel homozygous variants in the MYORG gene and highlights the pivotal 
role of astrocytes in the development of brain calcifications, providing insights into the pathophysiological 
mechanisms underlying PFBC associated with MYORG variants.
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Introduction
Brain calcification is a common phenomenon that occurs 
in many individuals, particularly the elderly [30]. This 
condition has a multifaceted etiology, involving cellu-
lar senescence, oxidative stress, calcium and phospho-
rus metabolism, mitochondrial dysfunction, infectious 
and autoimmune factors, and blood–brain barrier (BBB) 
breakdown. Although rare, there are cases of brain cal-
cification caused by genetic abnormalities, leading to 
heredofamilial presentations [6, 30, 43]. Primary famil-
ial brain calcification (PFBC) is a rare disease character-
ized by bilateral symmetric calcifications in various brain 
regions, predominantly in the basal ganglia, with six 
genes identified as causative: SLC20A2, XPR1, PDGFB, 
PDGFRB, myogenesis regulating glycosidase (MYORG), 
and JAM2 [6, 43].

Herein, MYORG causes autosomal recessive PFBC 
(AR-PFBC) [46], accounting for approximately 13% of 
PFBC cases, making it the most common gene associ-
ated with AR-PFBC [4]. MYORG variants cause cal-
cifications not only in the basal ganglia but also in the 
cerebellum, thalamus, cerebral white matter, and brain-
stem [4, 7, 13]. In addition, the symptoms of PFBC asso-
ciated with the MYORG gene are more widespread than 
those caused by other genes [4, 13]. The pathophysiology 
of PFBC may vary among genes [43]. Functional experi-
ments in animals and the localization of Myorg RNA, 
mainly within astrocytes, suggest that the MYORG-PFBC 
pathology involves astrocyte dysfunction, affecting the 
neurovascular unit (NVU) and compromising the BBB 
[31, 46]. However, no human pathological examination 
of MYORG-PFBC has been conducted to elucidate its 
characteristic features and the mechanisms leading to 
calcification.

In this study, we conducted genetic testing on six 
patients with brain calcification and identified two novel 
homozygous variants within the MYORG gene. Further-
more, we comprehensively analyzed their clinical and 
imaging findings. We also performed an autopsy on one 
case, which enabled us to conduct detailed brain his-
tological examinations using optical microscopy and 
immunostaining techniques. Our investigation provides 
the original report on the pathological features of PFBC 
patients carrying MYORG variants.

Methods
Whole-exome sequencing
Genomic DNA was analyzed using whole-exome 
sequencing (WES) with the Illumina Hiseq 2000/2500 
platform (Illumina Inc., San Diego, CA, USA) or Ion 
Proton (Thermo Fisher Scientific, Waltham, Massachu-
setts, USA). The WES data were aligned to the human 
genome reference data (NCBI37/hg19), and variant call-
ing was performed using Burrows–Wheeler Aligner and 

SAM tools. The variants were annotated using the CLC 
Genomics Workbench (Qiagen, Hilden, Germany) and 
an in-house script. All candidate variants were validated 
using Sanger sequencing.

Variant interpretation and protein stability
Variants were checked against two public control data-
bases, namely, Genome Aggregation Database (gnomAD; 
https://gnomad.broadinstitute.org) [18] and Japanese 
Multi Omics Reference Panel (jMorp; https://jmorp.
megabank.tohoku.ac.jp), as well as our in-house WES 
database. Furthermore, several in silico tools were used 
to predict the pathogenicity of detected variants, includ-
ing SIFT (http://sift.jcvi.org) [26], PROVEAN (http://
provean.jcvi.org/index.php) [9], PolyPhen-2 (http://
genetics.bwh.harvard.edu/pph2) [2], MutationTaster 
(http://www.mutationtaster.org) [37], FATHMM (http://
fathmm.biocompute.org.uk) [38], CADD (https://cadd.
gs.washington.edu) [21], and BayesDel (http://bjfenglab.
org). To evaluate the evolutionary conservation of the 
MYORG candidate variants, nine protein sequences were 
retrieved from COBALT (https://www.ncbi.nlm.nih.
gov/tools/cobalt/cobalt.cgi). The three-dimensional (3D) 
structures of both wild-type and p.W163L variants in the 
MYORG protein were determined and visualized using 
DynaMut (https://biosig.lab.uq.edu.au/dynamut/) [35]. 
The expression levels of MYORG RNA in the adult mouse 
and human brain were assessed using single-cell RNA-
seq data from (http://betsholtzlab.org/VascularSingl-
eCells/database.html) [16, 41] and (https://twc-stanford.
shinyapps.io/human_bbb/) [44]. The detected variants 
were evaluated according to the guidelines of the Ameri-
can College of Medical Genetics and Genomics and the 
Association for Molecular Pathology (ACMG-AMP cri-
teria), and the ClinGen Sequence Variant Interpretation 
(https://clinicalgenome.org/working-groups/sequence-
variant-interpretation/) [1, 5, 11, 33, 34]. Details of the 
variant classifications are provided in Sup Table 1.

Neuroimaging
Computed tomography (CT), magnetic resonance imag-
ing (MRI), and nuclear imaging were conducted at the 
clinical facilities. MRI was performed using a 1.5 Tesla 
scanner. CT scans were evaluated using axial slices of 
the medulla, pons, midbrain, basal ganglia, and parietal 
lobes. Single-photon emission computed tomography 
(SPECT) was performed on both F1-II-3 and F3-II-2. 
For cerebral blood flow evaluation, Technetium-99  m 
ethyl cysteinate dimer (99mTc-ECD) SPECT was used 
for F1-II-3, while N-isopropyl-I-123-p-iodoamphetamine 
(123-IMP) SPECT was used for F3-II-2. Dopamine trans-
porter evaluation was conducted using 123I ioflupane 
(123I-FP-CIT).
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Histological and immunochemical analysis
An autopsy was performed on patient II-1 from Family 
1. The brain extracted during the procedure was fixed in 
20% buffered formalin. Coronal cuts were made through 
the cerebral hemispheres, transverse cuts through the 
brainstem, and sagittal cuts through the cerebellum. Sub-
sequently, the regions of interest were trimmed, includ-
ing the primary motor cortex; isocortex of the frontal, 
temporal, parietal, and occipital lobes; subcortical white 
matter of the frontal and temporal lobes; anterior cingu-
late gyrus; insular cortex; hippocampus; amygdala; basal 
ganglia; thalamus; midbrain; pons; medulla oblongata; 
and cerebellum. These tissue samples were then paraffin-
embedded for further analysis.

Sections with 9-µm thickness were prepared for stain-
ing with hematoxylin–eosin (HE), Klüver–Barrera, 
Gallyas–Braak, von Kossa, Dahr, and Berlin blue. Fur-
thermore, sections with 4.5-µm thickness were spe-
cifically prepared for immunohistochemistry analysis. 
The primary antibodies used for immunohistochem-
istry were anti-α-synuclein (polyclonal rabbit, 1:1000; 
Sigma Aldrich, St. Louis, MO), anti-β-amyloid (clone 
6  F/3D; monoclonal mouse, 1:100; Dako, Glostrup, 
Denmark), anti-phosphorylated tau (AT8; monoclo-
nal mouse, 1:5000; Fujirebio Europe, Ghent, Belgium), 
anti-phosphorylated transactive response DNA-bind-
ing protein 43 kDa (pTDP-43, polyclonal rabbit, 1:5000; 
Cosmo Bio, Tokyo, Japan), anti-glial fibrillary acid pro-
tein (monoclonal, 1:400; Dako, Glostrup, Denmark), 
anti-polyglutamin-expansion disease marker (5TF1-1C2, 
monoclonal mouse, 1:3000, Millipore, Darmstadt, Ger-
many), anti-AQP4 (CL0178, monoclonal mouse, 1:800, 
Sigma-Aldrich, Germany), and anti-Iba1 (polyclonal rab-
bit, 1:8000, WAKO Chemical), and anti-CD31 (JC70A, 
monoclonal mouse, 1:120, Dako, Glostrup, Denmark).

Results
Clinical features
Family 1
The proband (referred to as F1-II-1 in Fig. 1) in this fam-
ily was a Japanese man, the eldest among three siblings. 
He was diagnosed with diabetes mellitus at 30 years old, 
which was accompanied by diabetic retinopathy and 
nephropathy. At the age of 34, he began experiencing 
gait instability and difficulties with fine motor skills. At 
the age of 39, consultation with a neurologist revealed 
dysarthria with scanning speech, cerebellar ataxia, trunk 
ataxia, and pyramidal tract signs predominantly affect-
ing the right side of limbs. Cognitive function assessment 
using the Revised Hasegawa’s Dementia Scale (HDS-R) 
yielded a score of 28/30 points (normal range: 21–30). At 
the age of 46, progressive limb deterioration and trunk 
cerebellar ataxia necessitated the use of a wheelchair. At 
the age of 49, chorea and dystonia mainly affecting the 

upper limbs became evident. Simultaneously, the pro-
band underwent endoscopic gastrostomy to address dys-
phagia. Unfortunately, he passed away at the age of 53 
due to aspiration pneumonia complications.

F1-II-2 (a 55-year-old man) and F1-II-3 (a 52-year-old 
man) are younger siblings of F1-II-1. F1-II-2 has a history 
of cerebral hemorrhage in the left frontal lobe and dem-
onstrated reduced tendon reflexes; however, no other 
neurological abnormalities were observed. F1-II-3 devel-
oped hand tremors at the age of 36 and was diagnosed 
with speech articulation disorders at the age of 41. Con-
sultation with a neurologist revealed mild speech articu-
lation disorders, cerebellar limb ataxia, trunk ataxia, and 
limb rigidity. F1-II-3 has shown an extremely slow pro-
gression and, after 16 years since onset, continues with 
daily activities.

Their parents (F1-I-1 and F1-I-2) also underwent neu-
rological examinations, but no evident neurological 
abnormalities were observed.

Family 2
The proband (F2-II-1) was a 49-year-old Japanese 
woman, the eldest of four siblings. Although her parents 
were not consanguineous, they both originated from the 
same small island. Neither her parents nor siblings exhib-
ited any neurological abnormalities. The proband expe-
rienced articulation difficulties and struggled with clear 
pronunciation at 45 years old. At the age of 46, a head CT 
scan revealed brain calcifications. At the age of 47, she 
had difficulty in walking. Neurological evaluation at 48 
years old revealed saccadic ocular movement, ataxic dys-
arthria, increased tendon reflexes in the limbs, cerebellar 
ataxia, and gait disturbances. Notably, dysarthria, par-
kinsonism, muscle weakness, sensory impairment, and 
autonomic dysfunction were not observed. Her HDS-R 
and Mini-Mental State Examination (MMSE) scores were 
27 and 25/30, respectively, both falling within the nor-
mal range. Blood tests revealed normal levels of calcium, 
phosphate, and parathyroid hormone.

Family 3
The proband (F3-II-2) was a 51-year-old Japanese man. 
At the age of 24, he underwent a head radiological exami-
nation, which revealed brain calcification. At the age of 
28, he presented with dysarthria after a cerebral hemor-
rhage, which gradually improved over time and even-
tually resolved. At the age of 43, depressive symptoms 
emerged; thus, antidepressant medication was initiated. 
At the age of 51, neurological examination revealed gait 
disturbances, fatigue, mild cerebellar ataxia, increased 
tendon reflexes in the limbs, autonomic nervous system 
failure, and bipolar disorder. The Wechsler Adult Intel-
ligence Scale indicated a full intelligence quotient score 
of 93, with a decrease in the performance intelligence 
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quotient score to 57. In the cognitive function tests, his 
HDS-R and MMSE scores were 29 and 28, respectively, 
both falling within the normal range.

Family 4
The proband (F4-II-1) was a 66-year-old Japanese woman 
from non-consanguineous parents. Her parents origi-
nated from a small island (distinct from Family 2). She 
had seven younger siblings, none of whom exhibited neu-
rological abnormalities. At the age of 50, despite being 
asymptomatic, brain MRI revealed calcifications in the 
basal ganglia and dentate nucleus. At around 64 years 
old, she began experiencing dysarthria and difficulties in 
fine motor skills. At the age of 66, she started stumbling 

and experiencing frequent falls while walking. Due to the 
progressive worsening of her dysarthria, she underwent a 
neurological evaluation, which revealed dysarthria, dys-
phagia, and saccade ocular movements. The finger-to-
nose test indicated bilateral cerebellar ataxia. Her tendon 
reflexes were normal, and her Babinski reflex was nega-
tive. Furthermore, limb muscle strength and cognitive 
function (MMSE: 26 points) were normal. No signs of 
parkinsonism were evident. Blood tests indicated normal 
levels of calcium, phosphate, and parathyroid hormone.

The clinical symptoms of all the affected cases within 
Families 1–4 are shown in Table 1.

Fig. 1  Genetic analysis of the MYORG gene in four families. A: Family pedigrees of ascertained individuals and detected MYORG variants. Family 1: F1-I-1 
and F1-I-2 are heterozygous carriers of c.488G > T whereas F1-II-1, F1-II-2, and F1-II-3 are homozygous carriers of c.488G > T in MYORG. Families 2, 3, and 4: 
homozygous c.2135G > A variant in the MYORG gene was detected in all probands (F2-II-1, F3-II-2, and F4-II-1) and in an asymptomatic individual, F2-II-4. 
B: Sanger sequencing reveals c.488G > T (p.W163L) in Family 1 and c.2135G > A (p.W712*) in Families 2, 3, and 4. Black arrows indicate homozygous vari-
ants. C: Conservation analysis of p.W163L and p.W712* variants in MYORG. Both residues are highly conserved across multiple species. Refseq, reference 
sequence
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Neuroimaging
Brain CT images were available for six cases (F1-II-
1, F1-II-2, F1-II-3, F2-II-1, F3-II-2, and F4-II-1) with 
homozygous variants in the MYORG gene (Fig. 2). In all 
six cases, calcifications were found in the basal ganglia, 
cerebellar dentate nucleus, and cerebral white matter. In 
addition, calcifications in the thalamus were observed in 
all cases except for F4-II-1. F1-II-1, F1-II-3, and F3-II-2 
also showed calcifications in the brainstem, which were 
symmetric in all cases.

Although F1-II-2 was asymptomatic, brain CT revealed 
the presence of calcifications. However, the CT of F1-II-2 
did not reveal calcifications in the brainstem, and the 
severity of the calcifications was milder than that in sib-
lings F1-II-1 and F1-II-3. Variations in the degree and 
location of calcifications within the same family were 
noted. F1-II-1, who presented with the most severe clini-
cal symptoms, also exhibited the highest degree of cal-
cifications in the brain CT. The bilateral inferior olivary 
of F1-II-1 revealed no abnormal signal in the brain MRI 
(Fig. S2).

SPECT was performed on both F1-II-3 and F3-II-2. 
Both cases exhibited reduced blood flow in the bilateral 
cerebellum and brainstem. In F1-II-3, a reduction in the 
blood flow to the frontal lobe was also observed. Fur-
thermore, in F3-II-2, a 123I-FP-CIT (DaTSCAN) was 
conducted. The specific binding ratios were 7.33 and 7.43 
on the right and left, respectively, indicating preserved 
dopamine transporter levels (Fig. 3).

Genetic findings
MYORG variants and interpretations
Two novel homozygous variants were identified within 
four families from the MYORG gene (NM_020702.5) 
(Fig.  1A), namely, c.488G > T (p.W163L) from Family 1 
and c.2135G > A (p.W712*) from Families 2, 3, and 4.

Pedigree analysis was conducted for Families 1 and 2 
(Fig. 1B). In Family 1, the co-segregation of the MYORG 
variant and clinical phenotypes was confirmed, where 
asymptomatic individuals F1-I-1 and F1-I-2 were found 
to be heterozygous carriers of p.W163L. In Family 2, the 
parents (F2-I-1 and F2-I-2) were heterozygous carriers of 
p.W712*, whereas the younger sisters (F2-II-2 and F2-II-
3) carried wild-type alleles. However, the homozygous 
p.W712* was found to be shared by the younger brother 
of the proband (F2-II-4), who presented with no subjec-
tive symptoms. Unfortunately, a CT scan for F2-II-4, 
which was crucial for assessing the status of this individ-
ual, was unavailable. Therefore, the possibility of pres-
ymptomatic brain calcification cannot be ruled out.

These two MYORG variants were not registered as 
homozygous in either public control databases or our 
in-house database and were predicted to be pathogenic 
in multiple in silico analyses (Table  2). The residues of 
these variants are highly conserved across multiple spe-
cies (Fig.  1C). According to the ACMG/AMP crite-
ria, c.488G > T and c.2135G > A were classified as likely 
pathogenic variants (Table 2).

Table 1  Clinical characteristics and onset age of 6 patients with MYORG-PFBC
MYORG variant c.488G > T, p.W163L c.2135G > A, p.W712*
Family no. Family 1 Family 2 Family 3 Family 4
Patient no. F1-II-1 F1-II-2 F1-II-3 F2-II-1 F3-II-2 F4-II-1
Sex M M M F M F
Onset age (y) 34 n.a 36 45 43 64
Examination age (y) 53 54 51 49 51 66
Dysarthria + - + + - +
Dysphagia + - - - - +
Muscle weakness + - - - - -
Sensory disturbance - - - - - -
Brisk tendon reflex + - + + + -
Babinski sign + - - - - -
Limb rigidity + - + - - -
Cerebellar ataxia + - + + + +
Tremor + - + - - -
Chorea/dystonia + - - - - -
Autonomic failure - - - - + -
Dementia - - - - - -
Depression - - - - + -
Seizure - - - - - -
mRS 6 0 1 2 3 1
mRS, modified Rankin Scale
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Stability analysis and expression of MYORG
The ΔΔG for the MYORG c.488G > T variant was pre-
dicted to be − 2.699 kcal/mol by mCSM, − 2.480 kcal/mol 
by SDM, and − 2.719  kcal/mol by DUET, all indicating 
protein destabilization (Table  2, Fig. S1A). The scRNA-
Seq data of vascular and vessel-associated cells in the 
adult mouse brain revealed that the MYORG mRNA is 

predominantly expressed in astrocytes (Fig. S1B). A tran-
scriptomic dataset of human brain vascular and perivas-
cular cell types showed that MYORG is most abundantly 
expressed in the astrocytes of the cortex, but is also dis-
tributed in ependymal, venous, capillary, and arterial 
cells (Fig. S1C).

Fig. 2  Brain CT imaging of 6 patients with MYORG variants. Brain CT imaging depicts symmetrical calcifications in various brain regions across six cases. 
All cases exhibit calcifications in the basal ganglia, cerebellar dentate nucleus, and cerebral white matter. Midbrain, pontine, and medullary calcifications 
are observed in F1-II-1 and F1-II-3. Periventricular calcifications are observed in F3-II-2, F1-II-3, F2-II-1, F3-II-2, and F4-II-1. The most severe calcifications are 
observed in F1-II-1
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Pathological findings of brain tissue from F1-II-1
The brain weighed 895  g before fixation. Macroscopic 
examination revealed diffuse atrophy of the cerebrum 
(Fig.  4A), brainstem (Fig. S3A-C), and cerebellum (Fig. 
S3D). Coronal sections exhibited brownish discoloration 
with gritty consistency in the basal ganglia and thalamus 
(Fig. 4A). A similar gritty consistency was observed in the 
cut surfaces of the brainstem and cerebellum. Mineraliza-
tion was detected in multiple lesions, including the basal 

ganglia (Fig.  4), thalamus, brainstem, cerebellum, and 
cerebral white matter, as shown by HE, von Kossa, and 
Berlin blue staining (Fig. S3E-K). Notably, mineraliza-
tion was predominantly noted in the capillaries (Fig. 4D, 
E) and in the tunica media of medium- and small-caliber 
arteries and arterioles (Fig.  4G-K). In the basal ganglia, 
the most pronounced mineralization of vessel walls was 
observed in the region of the medial and intermedi-
ate lenticulostriate arteries (Fig.  4B) of the perforating 
branches of the middle cerebral artery. Mild mineral-
ization was observed in the distal portion of the lateral 
lenticulostriate artery, whereas severe mineralization 
was noted in the posterior limb of the internal capsule, 
thalamus, and hippocampus. The cerebral white matter 
showed mild mineralization of vessel walls (Fig. 4G). The 
cerebral cortices were relatively preserved, and mineral-
ization was not detected, except for the hippocampus. 
The brainstem demonstrated marked mineralization, 
neuronal loss, and gliosis in various regions, including the 
substantia nigra, red nucleus (Fig. S3E), superior collicu-
lus, periaqueductal gray matter, pontine and medullary 
tegmentum, pontine and medullary reticular formation 
(Fig. S3F, G), and middle cerebellar peduncles. Pseudo-
hypertrophy of the bilateral inferior olivary nuclei was 
observed (Fig. S3C, H). In the cerebellum, the molecular 
and granular cell layers exhibited marked mineraliza-
tion; moreover, the dentate nucleus showed severe min-
eralization with neuronal loss and gliosis (Fig. S3I, J, K). 
Neuronal cell mineralization was observed in the basal 
ganglia (Fig.  4F). Atherosclerotic lesions in brain blood 
vessels and histological brain ischemic changes were 
scarce. Notably, astrocytes exhibited marked cellular 
hypertrophy associated with shortened and enlarged foot 
processes in regions with severe mineralization (Fig. 5C). 
Meanwhile, similar astrocytic changes were not found in 
regions without mineralization (Fig.  5D). AQP4 immu-
noreactivity is decreased (Fig. 5E) in the area with severe 
mineralization (Fig. 5A), compared to that (Fig. 5F) in the 

Table 2  In silico analysis and classification of two novel MYORG 
variants
MYORG variant (NM_020702.5) c.488G > T c.2135G > A
Amino acid change p.Trp163Leu p.Trp712*
jMorp (allele frequency_hetero) 0.000018 0.000009
jMorp (allele frequency_homo) 0 0
gnomAD (allele 
frequency_hetero)

0.000000697 0.00000169

gnomAD (allele 
frequency_homo)

0 0

SIFT 0.18 n.a
PolyPhen-2 1 n.a
PROVEAN −9.981 n.a
Mutation Taster 1 0.9997
FATHMN-MKL 0.9859 0.9649
CADD (RawScore) 3.915469 7.867326
CADD (PHRED) 26.4 39
BayesDel noAF 0.343 0.6022
ΔΔG (mCSM prediction) −2.699 kcal/mol n.a
ΔΔG (SDM prediction) −2.480 kcal/mol n.a
ΔΔG (DUET prediction) −2.719 kcal/mol n.a
ACMG criteria

PP1/PP4 Strong PVS1 Moderate
PM2 Supporting PM2 

Supporting
PP3 Moderate PP3 Moderate
PS4 Supporting PS4 Moderate
Likely Pathogenic Likely 

Pathogenic
n.a, not available

Fig. 3  Brain perfusion and dopamine transporter visualization. A: Single-photon emission computed tomography imaging of F1-II-3 (99mTc-ECD) and 
F3-II-2 (123I-IMP). Blood flow reduction in the bilateral cerebellum and brainstem is observed in both cases. B: Dopamine transporter scintigraphy of F3-II-
2 using 123I-FP-CIT (DaTSCAN). Uptake in the bilateral putamen is preserved, with a specific binding ratio of 7.33 on the right side and 7.43 on the left side
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Fig. 4  Macro- and microscopic findings of patient F1-II-1. Coronal sections show diffuse brain atrophy in the cerebrum (A). Mineralization and rarefaction 
of the caudate head (asterisk) and pallidum (B). Mineralization in the area (asterisk in B) (C) and capillary (D). Prominent mineralization around the capillar-
ies (E). Mineralization (arrows) in neuron in the pallidum (F). Mineralization within the walls of the intracerebral arteries in periventricular white matter (G). 
In the intracerebral arteries, mineralization clusters outer side of the smooth muscle layer (H, I, J) with iron deposition (K). Staining: B-D, von Kossa; E, G-J, 
hematoxylin–eosin; F, Klüver–Barrera; K, Berlin blue. Scale bar: A, 2 cm; B, 4 mm; C, 100 μm; D, F, H-J, 10 μm; E, 50 μm; G, 500 μm; K, 20 μm
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Fig. 5  Immunohistochemical findings of caudate head of patient F1-II-1. Pronounced mineralization region (A) and area without mineralization (B) in the 
caudate head. Astrocytic cell bodies (arrows) appear enlarged, accompanied by shortening, and distortion processes (C) in the region (A). The morphol-
ogy of astrocytes in the region (B) remains preserved (D). AQP4 immunoreactivity is decreased (E) in the region (A), compared to that (F) in the region 
(B). Iba1 immunoreactive microglia surrounds the mineralized capillary (arrow, G) in the area (A). Iba1 immunoreactive microglia attaches the capillary 
wall (arrow, H) in the region (B). Staining: A, B, von Kossa; C, D, anti-glial fibrillary acid protein antibody; E, F, anti-AQP4 antibody; G, H, anti-Iba1 antibody. 
Scale bar: A-F, 20 μm; G–H, 10 μm
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region without mineralization (Fig. 5B). Iba1 immunore-
active hypertrophic microglia surrounds the mineralized 
capillary (Fig. 5G, arrow) in the area with severe miner-
alization. Iba1 immunoreactive microglia attaches the 
capillary wall (Fig. 5H, arrow) in the region without min-
eralization. CD31 immunoreactivity is observed inside 
the globular mineralization (Fig.  S4). Astrocytic cellular 
hypertrophy associated with shortened foot processes 
was also observed in the subcortical white matter with 
mineralization (Fig. S5). However, these morphologi-
cal changes were not found in the cortices without min-
eralization (Fig. S5). Anti-1C2 immunohistochemistry 
revealed no significant findings. The tau deposition was 
minimal, Braak AT8 stage 1, and no amyloid plaques or 
α-synuclein deposits were identified.

The summary of the neuropathological findings is 
shown in Table 3.

Discussion
In this study, two novel variants in the MYORG 
gene, namely, c.488G > T (p.W163L) and c.2135G > A 
(p.W712*), were identified in six patients from four 
families with brain calcifications (Fig. 1A, B). Both vari-
ants were classified as likely pathogenic according to the 
ACMG-AMP guidelines. The homozygous nonsense 
variant p.W712*, located at the end of MYORG, would 
result in the production of a truncated protein. This 
variant represents the closest proximity to the 3’UTR of 
MYORG identified thus far.

Patients with PFBC commonly experience extrapy-
ramidal and psychiatric symptoms as well as cognitive 
dysfunction [4]. However, in MYORG-PFBC, there is an 
additional higher incidence of involuntary movements, 
cerebellar ataxia, pyramidal signs, and dysarthria com-
pared with other PFBC-related genes [3, 13]. Among 
these symptoms, dysarthria has been reported to be a 

Table 3  Summary of neuropathological findings
Cell loss and gliosis Mineralization

Frontal cortex ± −
Cingulate gyrus ± −
Motor cortex ± −
Insular cortex ± −
Parietal cortex ± −
Temporal cortex ± −
Occipital cortex ± −
Hippocampus − ++
Cerebral white matter n.a  ++
Internal capsule n.a  ++
Amygdala − −
Caudate ++ ++
Putamen ++ ++
Globus pallidus ++ ++
Subthalamic nucleus ++ ++
Meynert nucleus ++ ++
Hypothalamus + ++
Thalamus ++ ++
Substantia nigra ++ ++
Oculomotor complex − +
Red nucleus ++ ++
Cerebral peduncles n.a  ++
Locus coeruleus + ++
Brainstem tegmentum ++ +++
Pontine nucleus + +
Medullary reticular formation ++ +++
Hypoglossal nucleus + +
Dorsal motor nucleus of the vagus + +
Inferior olivary nucleus + +
Pyramid n.a  −
Cerebellar cortex ++ ++
Cerebellar white matter n.a  ++
Dentate nucleus ++ ++
- absent; ± very mild; + mild; ++ moderate–severe; +++ very severe; n.a, not available
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particular characteristic symptom of MYORG-PFBC [4, 
13]. In this study, cerebellar ataxia was noted in five cases, 
whereas pyramidal signs and dysarthria were observed 
in four, which is consistent with previous observations. 
Moreover, all four cases with dysarthria had cerebellar 
ataxia, with two exhibiting scanning speech or ataxic dys-
arthria. Nonetheless, brainstem calcification was found 
in only two of them. It is hypothesized that the etiology 
of dysarthria is attributed not to extrapyramidal or brain-
stem pathologies but to the involvement of cerebellar 
cortex and dentate nucleus associated with calcification. 
Clinical phenotype and severity greatly varied among 
three siblings with homozygous variants in Family 1, with 
F1-II-1 showing the most severe symptoms. The diver-
sity suggests the influence of additional genetic or envi-
ronmental factors on the severity of the phenotype and 
calcification.

In PFBC, calcifications predominantly occur around 
the BBB and NVU, surrounding blood vessels rather than 
neurons, as reported by previous autopsy studies [17, 20, 
23, 25, 29, 42]. Our autopsy case demonstrated calcifica-
tion in nearby capillaries, which is a similar pattern to 
previous autopsy data. Brain calcification is presumed to 
involve multiple mechanisms, with one primary mecha-
nism involving mineral deposition around blood vessels 
because of BBB disruption [29]. The complex structure of 
the BBB includes the endothelium cells, pericytes, basal 
membrane, vascular smooth muscle cells, and astrocytes 
[48]. Among these perivascular cells constituting the 
BBB, MYORG is most highly expressed in astrocytes (Fig. 
S1B, C) [46], whereas the other PFBC causative genes 
(SLC20A2, XPR1, PDGFB, PDGFRB, and JAM2) were 
mainly expressed in perivascular cells, respectively [43]. 
Astrocytes, through their endfeet, serve as a crucial link 
between the concentrated neurons of the brain paren-
chyma and blood circulation at the NVU [14]. Previous 
studies have demonstrated reactive astrocytes in autop-
sied patients with PFBC [20, 29] and reactive astrocyte 
surrounding calcification in the mouse model of PFBC 
[19, 31, 47]. These astrocytic impairments, suggesting 
oxidative stress and inflammation, are likely to be a sig-
nificant factor in the calcification observed in PFBC. The 
present study demonstrates that astrocyte alterations, 
such as swelling or shortening of foot processes, were 
found in areas with pronounced calcifications associ-
ated with decreased immunoreactivity of AQP4. More-
over, these changes could not be found in areas without 
calcifications. Although foot process extension is typi-
cally observed in reactive astrocytes, these morphologi-
cal changes in astrocytes in our patient differ from those 
of reactive astrocytes. Taken together, astrocytes play a 
pivotal role in brain calcification in MYORG-PFBC, and 
a loss-of-function mechanism caused by MYORG vari-
ants contributes to the co-occurrence of morphological 

alterations of astrocytes and calcification. These morpho-
logical changes of astrocytes may disrupt the BBB and 
NVU, potentially resulting in brain calcification and sub-
sequent neuronal loss.

The MYORG gene is associated with a broader distribu-
tion of brain calcifications compared to other genes that 
cause PFBC [4]. In PFBC, calcifications frequently appear 
in the basal ganglia, thalamus, and cerebellar dentate 
nucleus but rarely in other regions. However, MYORG-
PFBC often causes widespread brain calcifications, par-
ticularly in the brainstem [7]. In this study, brainstem 
calcification was noted in three of six cases. Our autopsy 
findings indicated pronounced calcification and neuro-
nal loss within the brainstem. Interestingly, a diversity 
in the severity of calcifications within the brainstem was 
observed, ranging from severe calcification in the brain-
stem tegmentum and the medullary reticular formation 
to mild calcification in the oculomotor complex, pontine 
nucleus, and dorsal motor nucleus of the vagus, with the 
pyramids remaining unaffected. Furthermore, both the 
cerebellum and basal ganglia exhibited extensive cal-
cifications and neuronal loss, whereas the pathological 
change in cerebral cortices was relatively mild. In previ-
ous studies, cerebral cortex calcifications were observed, 
albeit mild, in the CT scans of MYORG-PFBC cases. 
Meanwhile, cerebral cortex calcifications have been fre-
quently observed in patients with SLC20A2-PFBC [20] 
and genetically undiagnosed PFBC [23, 25, 29, 42]. Thus, 
this pattern of calcification, characterized by extensive 
involvement of the brainstem and sparing of the cerebral 
cortex, could potentially be a distinctive sign of MYORG-
PFBC. The underlying mechanisms leading to the distri-
bution of calcification and high prevalence of brainstem 
calcifications in MYORG-PFBC remain to be eluci-
dated. The expression of MYORG RNA has been found 
distributed throughout the brain in zebrafish, mouse, 
and human (https://www.proteinatlas.org) [40, 46, 49]. 
Despite the abundant distribution of MYORG RNA and 
the widespread presence of astrocytes throughout the 
brain, these factors alone do not explain the observed 
calcification pattern of MYORG-PFBC. It is hypoth-
esized that the heterogeneous composition of the brain-
stem, featuring a greater prevalence of gray matter with 
a higher number of capillaries [32] and finer capillary 
diameters compared with white matter [15], contributes 
to the predisposition for calcifications [13]. Nonethe-
less, this hypothesis does not account for the absence of 
calcifications in the cerebral cortex, which indicates that 
the current understanding is insufficient to fully explain 
the distribution of calcifications, highlighting the need 
for further investigation into the pathogenicity of brain 
calcification.

Recent studies have demonstrated a connection 
between homozygous MYORG variants and the onset 

https://www.proteinatlas.org
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of stroke [13, 27, 45]. In our study, two cases (F1-II-2 
and F3-II-2) had a documented history of cerebral hem-
orrhage, consistent with previous findings. However, 
another patient F1-II-1, devoid of any stroke history and 
subjected to autopsy, exhibited no hemorrhagic or isch-
emic changes, and vascular arteriosclerosis was notably 
mild. Brain calcification has been associated with the 
presence of diffuse neurofibrillary tangles, which can lead 
to presenile dementia [24]. In addition, Lewy bodies have 
been reported in patients with PFBC [28, 36], and disrup-
tions in the BBB and NVU may contribute to the patho-
genesis of degenerative diseases such as Alzheimer’s and 
Parkinson’s diseases [39, 50]. In this study, pathological 
analysis of F1-II-1 revealed no deposits of β-amyloid, 
α-synuclein, polyglutamine, and negligible tau. To sum 
up, aside from PFBC, the brain autopsy study on F1-II-1 
did not find any protein accumulations suggestive of 
other neurodegenerative diseases.

Despite the absence of abnormal signals or enlargement 
in the inferior olivary nucleus on MRI (Fig. S2), brain 
autopsy of F1-II-1 revealed bilateral olivary hypertrophy 
(Fig. 4H and P). Considering the potential of high signal 
fading over time in the inferior olivary nucleus on MRI 
[12] coupled with calcification-induced brainstem atro-
phy, there is a likelihood of olivary hypertrophy underes-
timation in MYORG-PFBC when solely relying on MRI. 
Olivary hypertrophy has been typically associated with 
disruptions in the Guillain–Mollaret triangle, potentially 
leading to progressive ataxia and palatal tremor [10]. To 
date, the co-occurrence of brain calcification and olivary 
hypertrophy remains rare, except in patients with autoso-
mal dominant spinocerebellar ataxia type 20, which could 
develop both dentate nucleus calcification and olivary 
hypertrophy [22]. Nevertheless, olivary hypertrophy has 
not yet been described in patients with MYORG-PFBC. 
The neuronal loss in the dentate nucleus, red nucleus, 
and pontine tegmentum, aligning with the Guillain–Mol-
laret pathway, may be induced by profound vascular cal-
cification in these areas and lead to olivary hypertrophy.

Meanwhile, the SPECT analysis in our two cases 
revealed the predominance of reduced cerebellar and 
brainstem blood flow, with no significant reduction in 
basal ganglia and cerebral lobe perfusion (Fig. 3A). Fur-
thermore, 123I-FP-CIT analysis in one case revealed 
normal dopamine transporter levels. Studies on MYORG-
PFBC cases using radioisotopes are scarce, with SPECT 
showing reduced blood flow in the frontal lobe, basal 
ganglia, and thalamus in one case [8] as well as normal 
and reduced dopamine transporter levels (123I-FP-CIT) 
in two and one case, respectively [8, 13]. To the best of 
our knowledge, this is the first study to illustrate a reduc-
tion in cerebellar blood flow through radioisotopes.

This study has several limitations that warrant consid-
eration. First, the pathological findings discussed were 

derived from a single case, potentially limiting their 
generalizability to the broader population of individuals 
with MYORG-PFBC. Second, the utilization of SPECT 
and 123I-FP-CIT examinations was limited to only a 
few cases, highlighting the need for additional research 
involving a larger cohort to validate the findings. Third, 
the observations regarding astrocyte changes solely rely 
on pathological assessments, indicating the need for 
more comprehensive molecular biological investigations.

In summary, this study introduces two novel and likely 
pathogenic MYORG variants and provides clinical and 
neuroimaging profiles of PFBC from four Japanese fami-
lies. Our findings show remarkable phenotypic diversity 
among patients carrying identical variants, even within 
the same family. This underscores the complex nature of 
the disease. We also observe reduced blood flow in the 
cerebellum and brainstem in the SPECT study and oli-
vary hypertrophy in an autopsy case. Notably, our autopsy 
study represents the original report demonstrating the val-
idation of morphological alterations and decreased immu-
noreactivity of AQP4 within astrocytes in regions with 
pronounced calcification, improving our understanding 
of the MYORG-PFBC pathogenesis. Among perivascu-
lar cells constituting the BBB and NVU, MYORG is most 
highly expressed in astrocytes. These findings highlight 
the pivotal role of astrocytes in the disruption of BBB in 
brain calcification, providing significant insights into the 
pathophysiology and phenotypic manifestation of PFBC.
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