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1 |  INTRODUCTION

Primary familial brain calcification (PFBC) is a rare inher-
itable neurodegenerative disease mainly characterized by 
symmetrical calcification in the basal ganglia, thalamus, cere-
bellum, and brainstem (Wang et al., 2012). Patients with PFBC 

may experience movement disorders, cognitive impairment, 
psychiatric signs, or other associated manifestations with di-
verse severity and variable onset age or may be asymptomatic 
throughout their lives (Nicolas et al., 2015; Wang et al., 2015).

PFBC can be transmitted in an autosomal dominant or 
recessive manner. PFBC causative genes identified to date 
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Abstract
Background: Primary familial brain calcification (PFBC) is a rare inheritable neu-
rodegenerative disease characterized by bilateral calcification in different brain re-
gions and by a range of neuropsychiatric symptoms. Six causative genes of PFBC 
(SLC20A2, PDGFRB, PDGFB, XPR1, MYORG, and JAM2) have been identified.
Methods: Sanger sequencing was used to identify the causative genes associated with 
PFBC in this study.
Results: We describe the first PFBC case with both SLC20A2 and PDGFRB het-
erozygous mutations. Notably, this patient with the digenic mutation (who was only 
5 years old) showed severe brain calcification and migraine, whereas the patient's par-
ents, who each carried a heterozygous mutation in SLC20A2 or PDGFRB, exhibited 
varying degrees of brain calcification but were clinically asymptomatic.
Conclusion: This case highlights the digenic influences on the characteristics of 
PFBC patients.
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include four autosomal dominant (SLC20A2 [OMIM:158378], 
PDGFRB [OMIM:173410], PDGFB [OMIM:190040], 
and XPR1 [OMIM:605237]) and two autosomal recessive 
(MYORG [OMIM:618255] and JAM2 [OMIM:606870]) genes 
(Keller et al., 2013; Legati et al., 2015; Nicolas et al., 2013; 
Schottlaender et al., 2020; Wang et al., 2012; Yao et al., 2018). 
These pathogenic genes are thought to be associated with two 
main pathogenic mechanisms of PFBC. On the one hand, the 
inorganic phosphate (Pi) dyshomeostasis via dominant mu-
tations in SLC20A2 and XPR1. Specifically, SLC20A2 and 
XPR1 encode Pi transmembrane transporters, which perform 
Pi absorption and efflux functions, respectively. Mutations in 
SLC20A2 or XPR1 probably disrupt cerebral Pi homeostasis, 
eventually resulting in the accumulation of hydroxyapatite in 
the brain (Legati et al., 2015; Wang et al., 2012). On the other 
hand, dysfunction of the neurovascular unit (NVU) or blood- 
brain barrier (BBB) occurs due to mutations in the other four 
causative genes. The NVU, which is mainly composed of peri-
cytes, endothelial cells, astrocytes, and neurons, reportedly has 
an irreplaceable role in maintaining the integrity of the BBB 
(Sweeney et al., 2018). PDGFRB and PDGFB encode platelet- 
derived growth factor receptor β and its main ligand, which are 
associated with the function of pericytes and BBB integrity. 
Loss- of- function of PDGFRβ and PDGFB could lead to the 
impairment of BBB integrity, which might lead to abnormal 
calcium phosphate deposits in the brain (Keller et al., 2013; 
Nicolas et al., 2013). MYORG mutations might disturb the nor-
mal function of astrocytes, which may cause NVU dysfunction 
and further lead to brain calcification (Yao et al., 2018). JAM2 
encodes junctional adhesion molecule 2, and loss- of- function 
mutations in JAM2 cause cell- to- cell adhesion impairment and 
failure of the NVU, which may result in brain calcification 
(Schottlaender et al., 2020). Interestingly, Slc20a2- knockout 
mice present calcified nodules in pericytes and astrocytes and 
increased BBB permeability, suggesting a possible link be-
tween the two pathogenic mechanisms (Jensen et al., 2018). 
However, further studies are needed to investigate the potential 
associations between Pi dyshomeostasis and disruption of the 
NVU or BBB in contributing to brain calcification.

Here, we report a family in which the members have various 
genetic states and manifestations of PFBC. Notably, the pro-
band carrying the SLC20A2 and PDGFRB heterozygous muta-
tions showed more severe brain calcification and earlier onset 
age of clinical symptoms than her family members, highlight-
ing digenic influences on the characteristics of PFBC patients.

2 |  MATERIALS AND METHODS

2.1 | Ethical compliance

This study was approved by the Ethics Committee of 
Huazhong University of Science and Technology. Informed 

consent was obtained from all the participants and the guard-
ians of the child.

2.2 | Patients, sample collection and 
Sanger sequencing

A Chinese family with PFBC was identified in Anhui 
Province. Their clinical information was obtained from 
the First Affiliated Hospital of Anhui Medical University. 
Genomic DNA was extracted from their peripheral blood by 
standard methods, and Sanger sequencing was used to identify 
the causative genes. Specific PCR amplification of the sample 
DNA was carried out, and PCR products were gel- purified 
and then sequenced by the ABI 3730XL sequencer. The 
gene reference sequence transcripts were NM_001257180.2 
(SLC20A2) and NM_002609.4 (PDGFRB). The Ensembl 
Database (http://asia.ensem bl.org) and Genome Aggregation 
Database (gnomAD, https://gnomad.broad insti tute.org) were 
used to evaluate the minor allele frequency (MAF) of the ob-
tained variants, and the SNPs&GO (http://snps- and- go.bioco 
mp.unibo.it/snps- and- go), Mutation Taster (http://www.
mutat ionta ster.org), PolyPhen- 2 (http://genet ics.bwh.harva 
rd.edu/pph2) and PROVEAN (http://prove an.jcvi.org/index.
php) were applied to predict the pathogenicity of the variants.

3 |  RESULTS

The proband (Figure 1a, III:1), a 5- year- old girl, was ad-
mitted to the hospital because of intermittent headache 
for over two days. She tended to experience headaches 
when she woke up and always felt pain in the left tempo-
ral region. Computed tomography (CT) scans of her brain 
showed bilateral calcifications in the basal ganglia, tem-
poral lobe, and frontal lobe (Figure 1b, III:1). Magnetic 
resonance imaging of the brain also displayed symmetri-
cal calcified lesions in the basal ganglia and frontal lobe, 
magnetic resonance angiography and venography showed 
no arterial or vein stenosis or other vascular abnormalities 
(data not shown), and her serum calcium, phosphate and 
parathyroid hormone (PTH) levels were normal (data not 
shown). The proband's father (Figure 1a, II:3) was 32 years 
old and clinically asymptomatic. Nevertheless, he showed 
obvious symmetrical calcification in the basal ganglia, 
thalamus and cerebellum (Figure 1b, II:3). The proband's 
mother (Figure 1a, II:4), who was 29 years old, displayed 
slight bilateral calcification in the globus pallidus (Figure 
1b, II:4) but remained asymptomatic. In addition, two aunts 
of the proband (Figure 1a, II:1 and II:2) both showed obvi-
ous symmetric calcification in the basal ganglia (Figure 1b, 
II:1 and II:2) but no clinical symptoms at ages of 34 and 
36 years.

http://asia.ensembl.org
https://gnomad.broadinstitute.org
http://snps-and-go.biocomp.unibo.it/snps-and-go
http://snps-and-go.biocomp.unibo.it/snps-and-go
http://www.mutationtaster.org
http://www.mutationtaster.org
http://genetics.bwh.harvard.edu/pph2
http://genetics.bwh.harvard.edu/pph2
http://provean.jcvi.org/index.php
http://provean.jcvi.org/index.php
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Genomic DNA was extracted from peripheral blood, and 
the DNA sample of the proband was subjected to screen the 
known causative genes for PFBC. Surprisingly, we identified 
two missense mutations in the proband: NM_001257180.2, 
exon10, c.1787A>G, p.His596Arg in SLC20A2 (Figure 
1c) and NM_002609.4, exon3, c.317G>C, p.Arg106Pro, 
rs544478083 in PDGFRB (Figure 1d). Subsequently, we fur-
ther detected the distribution of the two variants in this fam-
ily and found that the proband's father carried the SLC20A2 
mutation, the proband's mother and maternal grandfather 
carried the PDGFRB variant (Figure 1a). The c.1787A>G 

(p.His596Arg) mutation of SLC20A2 has been reported in a 
66- year- old patient with sporadic primary familial brain cal-
cification who was also clinically asymptomatic (Guo et al., 
2019). The c.317G>C (p.Arg106Pro) variant of PDGFRB, a 
rare single nucleotide polymorphism (SNP, rs544478083), has 
not yet been shown to be related to PFBC and is likely benign 
predicted by Mutation Taster, PolyPhen- 2, and PROVEAN 
(data not shown). However, this variant was also predicted 
to be disease- related polymorphism by SNPs&GO, and we 
have confirmed that the variant was absent in 100 unrelated 
healthy controls (data not shown), which was consistent with 

F I G U R E  1  Familial, neuroimaging, and genetic findings. (a) Pedigree of the Chinese family. Open symbols indicate unaffected individuals 
and filled symbols (black or gray) indicate individuals with brain calcification; the proband is marked by an arrow; symbols with question marks 
indicate individuals with unknown status; asterisks represent individuals whose samples were available; slashes indicate deceased individuals. The 
genotypes of SLC20A2 (NM_001257180.2: c.1787A>G, p.His596Arg) and PDGFRB (NM_002609.4: c.317G>C, p.Arg106Pro) for available 
individuals are shown. Regarding SLC20A2, A/G = heterozygous mutation carrier, and A/A = wild type; regarding PDGFRB, G/C = heterozygous 
mutation carrier, and G/G = wild type. The nucleotide sites in red or blue are the mutated sites. (b) The brain CT scans of III:1 exhibit multiple 
calcifications in the basal ganglia, temporal lobe, and frontal lobe; the brain CT scans of II:3 reveal obvious calcifications in the basal ganglia, 
thalamus, and cerebellum; the brain CT scans of II:4 show slight calcification in the globus pallidus; and the brain CT scans of II:1 and II:2 both 
display calcification in the basal ganglia. (c) Sequencing chromatograms of the heterozygous mutation c.1787A>G (p.His596Arg) in SLC20A2. (d) 
Sequencing chromatograms of the heterozygous mutation c.317G>C (p.Arg106Pro) in PDGFRB
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the variant with a MAF of <0.01 in the Ensembl Database 
and gnomAD. Taken together, we speculated that the variant 
was associated with PFBC in our study.

4 |  DISCUSSION

We present a Chinese family with PFBC in which the 
previously reported heterozygous mutation c.1787A>G 
(p.His596Arg) in SLC20A2 and the SNP (rs544478083) 
c.317G>C (p.Arg106Pro) in PDGFRB were identi-
fied. The proband's father with the SLC20A2 c.1787A>G 
(p.His596Arg) mutation showed obvious brain calcifica-
tion but was clinically asymptomatic. The proband's mother 
with the PDGFRB c.317G>C (p.Arg106Pro) variant showed 
very slight calcification and was clinically asymptomatic. 
However, the proband, who carried the two variants, exhib-
ited characteristics of PFBC at an early age, including ex-
tensive brain calcification and severe migraines. Therefore, 
the brain calcification in the proband might have primarily 
resulted from the SLC20A2 mutation and secondarily from 
the PDGFRB variant.

Currently, the genetic basis for the clinical heterogeneity 
of PFBC is not largely understood, and it cannot be explained 
only by a single variant. PFBC patients with biallelic variants 
in SLC20A2 have been reported. In 2012, Wang et al. reported 
that PFBC patients with compound heterozygous SLC20A2 
mutations (c.362C>G, p.Ser121Cys and c.1802C>G, p.Ser-
601Trp) presented extremely severe brain calcification, ac-
companied by repetitive seizures, mental retardation, and 
developmental delay since infancy (Wang et al., 2012, 2015). 
Recently, Chen et al. showed that PFBC probands with ho-
mozygous pathogenic SLC20A2 variants displayed severe 
brain calcification and parkinsonism (Chen et al., 2019). All 
PFBC patients with biallelic SLC20A2 variants showed more 
severe phenotypes than their family members with hetero-
zygous variants, which indicated that the second mutation 
might promote the development of PFBC. Coincidentally, 
PFBC patients with variants in both a PFBC pathogenic gene 
(SLC20A2 or PDGFRB) and another PFBC- unrelated gene 
(THAP1, CHRNB2, CASR, SCN2A or MEA6) were described 
as presenting more complex phenotypes, supporting the no-
tion that a variant of a second gene may promote a hetero-
geneous phenotype in PFBC patients (Baker et al., 2014; 
Borges- Medeiros & de Oliveira, 2020; DeMeo et al., 2018; 
Fjaer et al., 2015; Fujioka et al., 2015; Knowles et al., 2018). 
The SLC20A2 c.1787A>G (p.His596Arg) variant detected in 
our study has been reported to cause brain calcification with-
out clinical manifestations due to PiT2 dysfunction, which 
probably results in the accumulation of Pi in affected brain re-
gions (Guo et al., 2019). In addition, the PDGFRB c.317G>C 
(p.Arg106Pro) variant, which may destroy the integrity of 
the BBB, leading to the transfer of Pi from blood vessels into 

the brain and further promote the accumulation of Pi in af-
fected brain regions. Accordingly, the PDGFRB heterozygous 
mutation may have played an essential role in promoting the 
phenotypes of the proband, who showed more extensive brain 
calcification and headaches significantly ahead of the typical 
onset age between 30 and 60 years (Wang et al., 2015). To 
the best of our knowledge, the proband with both SLC20A2 
and PDGFRB variants in this study is the first reported case 
resulting from two known pathogenic genes, providing new 
proof for the digenic effect on clinical heterogeneity among 
PFBC patients.

In conclusion, we present the first case in which heterozy-
gous SLC20A2 and PDGFRB mutations are carried simulta-
neously by a member of a Chinese PFBC family. Our study 
indicates that mutations in SLC20A2 and PDGFRB can col-
lectively promote the development of calcification and clin-
ical manifestations, thereby providing new insights into the 
genotype- phenotype correlation of PFBC patients.

ACKNOWLEDGMENTS
We thank the patients and the family members for their enthu-
siastic participation. Without their support, this study would 
not have been possible. This study was mainly supported by 
the National Natural Science Foundation of China grants 
(31871262, 31671301), the National Key R&D Program of 
China grant (2016YFC1306000) and the Shanghai Municipal 
Science and Technology Major Project (2018SHZDZX05) to 
J.Y.L.

CONFLICTS OF INTEREST
The authors declare that they have no conflict of interest.

AUTHOR CONTRIBUTIONS
J.Y.L. and X.X. conceived and supervised the study. J.Y.L. 
obtained financial support. J.Y.L. and J.W. recruited patients, 
and J.Y.L. evaluated the patients’ clinical manifestations. 
H.S., Z.C., R.G., Y.L., R.C., S.D., and T.M. carried out muta-
tion screening for candidate genes. H.S. and Z.C. performed 
data collection and analysis. H.S., Z.C., and X.X. drafted the 
manuscript. J.Y.L. and X.X. revised the manuscript. All au-
thors read and approved the final manuscript.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

ORCID
Jing Yu Liu   https://orcid.org/0000-0001-7060-6946 

REFERENCES
Baker, M., Strongosky, A. J., Sanchez- Contreras, M. Y., Yang, S., 

Ferguson, W., Calne, D. B., Calne, S., Stoessl, A. J., Allanson, 
J. E., Broderick, D. F., Hutton, M. L., Dickson, D. W., Ross, O. 

https://orcid.org/0000-0001-7060-6946
https://orcid.org/0000-0001-7060-6946


   | 5 of 5SUN et al.

A., Wszolek, Z. K., & Rademakers, R. (2014). SLC20A2 and 
THAP1 deletion in familial basal ganglia calcification with dys-
tonia. Neurogenetics, 15(1), 23– 30. https://doi.org/10.1007/s1004 
8- 013- 0378- 5

Borges- Medeiros, R. L., & de Oliveira, J. R. M. (2020). Digenic variants 
as possible clinical modifier of primary familial brain calcifica-
tion patients. Journal of Molecular Neuroscience, 70(1), 142– 144. 
https://doi.org/10.1007/s1203 1- 019- 01430 - 9

Chen, S. I., Cen, Z., Fu, F., Chen, Y., Chen, X., Yang, D., Wang, H., 
Wu, H., Zheng, X., Xie, F., Ouyang, Z., Tang, W., Zhang, S., 
Yin, L., Zhang, Y., Meng, P., Zhu, X., Zhang, H., Jiang, F., … 
Zhang, X. (2019). Underestimated disease prevalence and severe 
phenotypes in patients with biallelic variants: A cohort study of 
primary familial brain calcification from China. Parkinsonism & 
Related Disorders, 64, 211– 219. https://doi.org/10.1016/j.parkr 
eldis.2019.04.009

DeMeo, N. N., Burgess, J. D., Blackburn, P. R., Gass, J. M., Richter, 
J., Atwal, H. K., van Gerpen, J. A., & Atwal, P. S. (2018). Co- 
occurrence of a novel PDGFRB variant and likely pathogenic 
variant in CASR in an individual with extensive intracranial cal-
cifications and hypocalcaemia. Clinical Case Reports, 6(1), 8– 13. 
https://doi.org/10.1002/ccr3.1265

Fjaer, R., Brodtkorb, E., Øye, A.- M., Sheng, Y., Vigeland, M. D., Kvistad, 
K. A., Backe, P. H., & Selmer, K. K. (2015). Generalized epilepsy 
in a family with basal ganglia calcifications and mutations in 
SLC20A2 and CHRNB2. European Journal of Medical Genetics, 
58(11), 624– 628. https://doi.org/10.1016/j.ejmg.2015.10.005

Fujioka, S., Strongosky, A. J., Hassan, A., Rademakers, R., Dickson, 
D. W., & Wszolek, Z. K. (2015). Clinical presentation of a pa-
tient with SLC20A2 and THAP1 deletions: differential diagnosis 
of oromandibular dystonia. Parkinsonism & Related Disorders, 
21(3), 329– 331. https://doi.org/10.1016/j.parkr eldis.2014.12.024

Guo, X. X., Zou, X. H., Wang, C., Yao, X. P., Su, H. Z., Lai, L. L., Chen, 
H. T., Lai, J. H., Liu, Y. B., Chen, D. P., & Deng, Y. C. (2019). 
Spectrum of SLC20A2, PDGFRB, PDGFB, and XPR1 mutations 
in a large cohort of patients with primary familial brain calcifi-
cation. Human Mutation, 40(4), 392– 403. https://doi.org/10.1002/
humu.23703

Jensen, N., Schrøder, H. D., Hejbøl, E. K., Thomsen, J. S., Brüel, A., 
Larsen, F. T., Vinding, M. C., Orlowski, D., Füchtbauer, E.- M., 
Oliveira, J. R. M., & Pedersen, L. (2018). Mice knocked out for 
the primary brain calcification- associated gene Slc20a2 show 
unimpaired prenatal survival but retarded growth and nodules 
in the brain that grow and calcify over time. American Journal 
of Pathology, 188(8), 1865– 1881. https://doi.org/10.1016/j.
ajpath.2018.04.010

Keller, A., Westenberger, A., Sobrido, M. J., García- Murias, M., 
Domingo, A., Sears, R. L., Lemos, R. R., Ordoñez- Ugalde, A., 
Nicolas, G., da Cunha, J. E. G., Rushing, E. J., Hugelshofer, M., 
Wurnig, M. C., Kaech, A., Reimann, R., Lohmann, K., Dobričić, 
V., Carracedo, A., Petrović, I., … Oliveira, J. R. M. (2013). 
Mutations in the gene encoding PDGF- B cause brain calcifications 
in humans and mice. Nature Genetics, 45(9), 1077– 1082. https://
doi.org/10.1038/ng.2723

Knowles, J. K., Santoro, J. D., Porter, B. E., & Baumer, F. M. (2018). 
Refractory focal epilepsy in a paediatric patient with primary 
familial brain calcification. Seizure, 56, 50– 52. https://doi.
org/10.1016/j.seizu re.2018.02.001

Legati, A., Giovannini, D., Nicolas, G., López- Sánchez, U., Quintáns, B., 
Oliveira, J. R. M., Sears, R. L., Ramos, E. M., Spiteri, E., Sobrido, 
M.- J., Carracedo, Á., Castro- Fernández, C., Cubizolle, S., Fogel, B. 
L., Goizet, C., Jen, J. C., Kirdlarp, S., Lang, A. E., Miedzybrodzka, 
Z., … Coppola, G. (2015). Mutations in XPR1 cause primary fa-
milial brain calcification associated with altered phosphate export. 
Nature Genetics, 47(6), 579– 581. https://doi.org/10.1038/ng.3289

Nicolas, G., Charbonnier, C., de Lemos, R. R., Richard, A. C., Guillin, 
O., Wallon, D., Legati, A., Geschwind, D., Coppola, G., Frebourg, 
T., & Campion, D. (2015). Brain calcification process and pheno-
types according to age and sex: Lessons from SLC20A2, PDGFB, 
and PDGFRB mutation carriers. American Journal of Medical 
Genetics. Part B, Neuropsychiatric Genetics, 168(7), 586– 594. 
https://doi.org/10.1002/ajmg.b.32336

Nicolas, G., Pottier, C., Maltete, D., Coutant, S., Rovelet- Lecrux, A., 
Legallic, S., Rousseau, S., Vaschalde, Y., Guyant- Marechal, 
L., Augustin, J., Martinaud, O., Defebvre, L., Krystkowiak, P., 
Pariente, J., Clanet, M., Labauge, P., Ayrignac, X., Lefaucheur, R., 
Le Ber, I., … Campion, D. (2013). Mutation of the PDGFRB gene 
as a cause of idiopathic basal ganglia calcification. Neurology, 
80(2), 181– 187. https://doi.org/10.1212/WNL.0b013 e3182 7ccf34

Schottlaender, L. V., Abeti, R., Jaunmuktane, Z., Macmillan, C., 
Chelban, V., O’Callaghan, B., McKinley, J., Maroofian, R., 
Efthymiou, S., Athanasiou- Fragkouli, A., Forbes, R., Soutar, M. P. 
M., Livingston, J. H., Kalmar, B., Swayne, O., Hotton, G., Pittman, 
A., Mendes de Oliveira, J. R., de Grandis, M., … Sherifa, H. (2020). 
Bi- allelic JAM2 variants lead to early- onset recessive primary fa-
milial brain calcification. American Journal of Human Genetics, 
106(3), 412– 421. https://doi.org/10.1016/j.ajhg.2020.02.007

Sweeney, M. D., Kisler, K., Montagne, A., Toga, A. W., & Zlokovic, 
B. V. (2018). The role of brain vasculature in neurodegenerative 
disorders. Nature Neuroscience, 21(10), 1318– 1331. https://doi.
org/10.1038/s4159 3- 018- 0234- x

Wang, C., Li, Y., Shi, L., Ren, J., Patti, M., Wang, T., de Oliveira, J. R. 
M., Sobrido, M.- J., Quintáns, B., Baquero, M., Cui, X., Zhang, 
X.- Y., Wang, L., Xu, H., Wang, J., Yao, J., Dai, X., Liu, J., Zhang, 
L. U., … Liu, J.- Y. (2012). Mutations in SLC20A2 link familial 
idiopathic basal ganglia calcification with phosphate homeostasis. 
Nature Genetics, 44(3), 254– 256. https://doi.org/10.1038/ng.1077

Wang, C., Xu, X., Li, L. L., Wang, T., Zhang, M., Shen, L., Tang, B. 
S., & Liu, J. Y. (2015). Molecular mechanism of idiopathic basal 
ganglia calcification. Yi Chuan= Hereditas, 37(8), 731– 740.

Yao, X.- P., Cheng, X., Wang, C., Zhao, M., Guo, X.- X., Su, H.- Z., Lai, 
L.- L., Zou, X.- H., Chen, X.- J., Zhao, Y., Dong, E.- L., Lu, Y.- Q., 
Wu, S., Li, X., Fan, G., Yu, H., Xu, J., Wang, N., Xiong, Z.- Q., & 
Chen, W.- J. (2018). Biallelic mutations in MYORG cause autoso-
mal recessive primary familial brain calcification. Neuron, 98(6), 
1116– 1123.e1115. https://doi.org/10.1016/j.neuron.2018.05.037

How to cite this article: Sun H, Cao Z, Gao R, et al. 
Severe brain calcification and migraine headache caused 
by SLC20A2 and PDGFRB heterozygous mutations in a 
five- year- old Chinese girl. Mol Genet Genomic Med. 
2021;9:e1670. https://doi.org/10.1002/mgg3.1670

https://doi.org/10.1007/s10048-013-0378-5
https://doi.org/10.1007/s10048-013-0378-5
https://doi.org/10.1007/s12031-019-01430-9
https://doi.org/10.1016/j.parkreldis.2019.04.009
https://doi.org/10.1016/j.parkreldis.2019.04.009
https://doi.org/10.1002/ccr3.1265
https://doi.org/10.1016/j.ejmg.2015.10.005
https://doi.org/10.1016/j.parkreldis.2014.12.024
https://doi.org/10.1002/humu.23703
https://doi.org/10.1002/humu.23703
https://doi.org/10.1016/j.ajpath.2018.04.010
https://doi.org/10.1016/j.ajpath.2018.04.010
https://doi.org/10.1038/ng.2723
https://doi.org/10.1038/ng.2723
https://doi.org/10.1016/j.seizure.2018.02.001
https://doi.org/10.1016/j.seizure.2018.02.001
https://doi.org/10.1038/ng.3289
https://doi.org/10.1002/ajmg.b.32336
https://doi.org/10.1212/WNL.0b013e31827ccf34
https://doi.org/10.1016/j.ajhg.2020.02.007
https://doi.org/10.1038/s41593-018-0234-x
https://doi.org/10.1038/s41593-018-0234-x
https://doi.org/10.1038/ng.1077
https://doi.org/10.1016/j.neuron.2018.05.037
https://doi.org/10.1002/mgg3.1670

