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Recessive Mutations in the Gene Encoding the Tight
Junction Protein Occludin Cause Band-like Calcification
with Simplified Gyration and Polymicrogyria

Mary C. O’Driscoll,1 Sarah B. Daly,1 Jill E. Urquhart,1 Graeme C.M. Black,1 Daniela T. Pilz,2

Knut Brockmann,3 Meriel McEntagart,4 Ghada Abdel-Salam,5 Maha Zaki,5 Nicole I. Wolf,6,7

Roger L. Ladda,8 Susan Sell,8 Stefano D’Arrigo,9 Waney Squier,10 William B. Dobyns,11

John H. Livingston,12 and Yanick J. Crow1,*

Band-like calcification with simplified gyration and polymicrogyria (BLC-PMG) is a rare autosomal-recessive neurological disorder

showing highly characteristic clinical and neuroradiological features. Affected individuals demonstrate early-onset seizures, severe

microcephaly, and developmental arrest with bilateral, symmetrical polymicrogyria (PMG) and a band of gray matter calcification on

brain imaging; as such, the disorder can be considered as a ‘‘pseudo-TORCH’’ syndrome. By using autozygosity mapping and copy

number analysis we identified intragenic deletions and mutations in OCLN in nine patients from six families with BLC-PMG. The

OCLN gene encodes occludin, an integral component of tight junctions. Neuropathological analysis of an affected individual showed

similarity to the mouse model of occludin deficiency with calcification predominantly associated with blood vessels. Both intracranial

calcification and PMG are heterogeneous in etiology. Neuropathological and clinical studies of PMG have suggested that in utero

ischemic or vascular insultsmay contribute to this common cortical abnormality. Tight junctions are functional in cerebral blood vessels

early in fetal development and continue to play a vital role in maintenance of the blood-brain barrier during postnatal life. We provide

evidence that the tight junction protein occludin (encoded by the OCLN gene) is involved in the pathogenesis of malformations of

cortical development.
Band-like calcification with simplified gyration and

polymicrogyria (BLC-PMG) is a rare autosomal-recessive

neurological condition demonstrating clinical and neuro-

radiological features that may be interpreted as sequelae

of congenital infection, a so-called pseudo-TORCH

syndrome (MIM 251290). We have previously described

12 affected children from 5 families with this disorder.1–3

Patients experienced early-onset seizures, severe progres-

sive microcephaly, and developmental arrest. This patient

cohort was collated on the basis of the pattern of gray

matter calcification and cortical malformation. CT and

MR imaging showed a prominent band of cortical gray

matter calcification as well as calcification in the cere-

bellum and basal ganglia (Figures 1 and 2). Brain imaging

also showed characteristic bilateral, symmetrical, predom-

inantly fronto-parietal PMG. Intracranial calcification

(ICC) is a finding common to a heterogeneous group of

genetic syndromes, as well as a prominent manifestation

of intrauterine infection, in particular with congenital

cytomegalovirus (CMV). These phenotypes are typically

defined, not by the pattern of ICC, but by the presence

of other clinical features. The combination of ICC and

PMG suggests congenital CMV infection during mid-gesta-
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tion.4,5 However, in BLC-PMG, the ICC is seen in

a uniform, semicontinuous ribbon or band on CT brain,

unlike the patterning typical of CMV infection. PMG is

an increasingly recognized and common malformation

of cortical development associated with a growing number

of syndromes and consistent cytogenetic abnormalities.6–8

Mutations in several genes have been identified as

associated with PMG,9–19 underlining the heterogeneous

etiology of this malformation. The importance of ischemic

or vascular insults, occurring at around 5 months of gesta-

tion, in the pathogenesis of PMG has been suggested on

the basis of animal models,20–23 twin studies,24–26 in utero

insults,27 and case studies of affected patients.28 The site of

PMG is most commonly within the territory of the middle

cerebral artery, lending further weight to a vascular

etiology.29–31 Here, we report mutations in the OCLN

gene (MIM 602876) encoding the tight junction protein

occludin in nine patients with BLC-PMG. Occludin is

expressed as an integral component of the tight junction

in all epithelia as well as endothelia in the brain.32,33 The

Ocln knockout mouse model has a complex phenotype

including abnormalities of salivary glands, gastric epithe-

lium, bone, testes, and ICC.34 The human phenotype
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Figure 2. SelectedMRI Images from a Single Affected Individual
with BLC-PMG
Serial MRI images age 2 weeks (A–C) and 9 months (D–F) from
F085a1 with an age-appropriate control (G–I) showing progressive
cerebral atrophy. T1 (A, D) and T2 (B, E) weighted axial images also
show the severe reduction in cerebral volume, deep cortical (black
arrowheads) and basal ganglia (arrow) calcification, and bilateral
fronto-parietal PMG (white arrowheads) seen in other affected
individuals.

Figure 1. Selected MRI Images from Four Affected Individuals
with BLC-PMG
(A–C) F085a2 age 7 months.
(D–G) F351 age 3 months.
(H–K) F386a1 age 4 days.
(L–O) F386a2 age 4 days.
(P–S) An age-appropriate control.
T1 (D, H, L) and T2 (A, E, I, M) weighted axial and T1/T2 coronal
(B, F, J, N) and T1 sagittal (C, G, K, O) images show severe
reduction in cerebral volume, simplified gyration, and bilateral
fronto-parietal PMG (white arrowheads). A band of abnormal
signal in both hemipheres in all images (black arrowheads) repre-
sents calcification in the deep cortical gray matter. Coronal and
sagittal images (B, F, J, N) show calcification in the basal ganglia
(arrows) that was also evident in the cerebellum and pons. Notice-
able occipital scalp rugae are evident in F386a1 and F386a2.
reported here is confined to the brain, suggesting, as in the

mouse model, functional redundancy of occludin in other

tissue types. We postulate that absence of occludin in the

developing brain33 and subsequent abnormal blood-brain

barrier (BBB) function35 results in cortical malformation.

Affected individuals were recruited into our ongoing

study of patients with ICC. Further patients were ascer-

tained on the basis of highly concordant clinical and

neuroradiological phenotypes. Written informed consent

was obtained for all participants and the study has full

ethical approval from the Leeds Multi-center Research

Ethics Committee (Reference number 07/Q1206/7). Ten

affected individuals from six families with the typical

BLC-PMG phenotype are described (Table 1 and Table S1

available online). Four families, all from the Middle East,
The American
were consanguineous. In two other families, originating

from the UK and from Mexico, the parents were not

known to be related. The clinical details of affected individ-

uals from families F275,3 F312,1 and F3751 have been

previously reported. Information on the clinical pheno-

type for families F085, F351, and F386 are available in Table

S1 including the sibling from F386 in whom genetic

testing was not performed. In brief, affected individuals

were severely microcephalic, developed seizures within

4 months of birth, and demonstrated minimal develop-

mental progress and a spastic tetraparesis. Birth occipito-

frontal circumference (OFC) ranged from þ1 SD to �3 SD

with early and sustained progression (�2.5 SD to �8 SD

on review) in all patients in whom follow-up information

was available1,3 (Table S1). CSF analysis performed on

affected individuals from families F085, F312, F351,

F375, and F386 was normal except for raised protein levels

(Table 2). CSF interferon alpha levels were measured in

a single patient and were found to be normal. One patient

(F351) had mild hepatomegaly but testing for congenital

infections was normal at birth. Further testing at 4 months

showed CMV IgG in serum and positive CMV PCR in urine

but not in blood or CSF. Her mother had raised serumCMV

IgG. As previously reported,1 both siblings from F375 had

positive CMV serology, indicative of postnatal infection in

the elder sibling, but all remaining patients had negative

neonatal CMV serology (Table S1). Mutation testing for

the four known genes causing Aicardi-Goutieres syndrome
Journal of Human Genetics 87, 354–364, September 10, 2010 355



Table 1. Details of Families with BLC-PMG and OCLN Mutations Described in This Report

Family Ancestry Tested Nucleotide Alteration Exon Amino Acid Alteration
Parental
Consanguinity

F085 Turkish 2A 46,XY, arr 5q13.2(68,839,890x2, 68,840,
602-68,844,536x0, 68,852,777x2)

3 (& 4?) p.Lys18_Glu243?
deletion of transmembrane domains

yes

F275 Egyptian 1A 46,XY, arr 5q13.2(68,839,890x2, 68,840,
602-68,844,536x0, 68,852,777x2)

3 (& 4?) p.Lys18_Glu243?
deletion of transmembrane domains

yes

F312 British 2A c.512 dupA 3 p.Tyr171X no

M, F c.656T>C 3 p.Phe219Ser no

F351 Saudi 1A, M, F c.1037þ5G>A intron 5-6 alteration of donor splice site yes

F375 Turkish 2A, M, F c.171_193 del ATGGACCTCTCCTCCAGGAGTG 3 p.Trp58PhefsX9
deletion of first 8 amino acids
of conserved Marvel domain

yes

F386 Mexican 1A, M, F c.51-?_730-?del 3 p.Lys18_Glu243?
deletion of transmembrane domains

no

Nomenclature according to current ISCN70 and HGVS standards.
Abbreviations: A, affected; M, mother; F, father.
(MIM 225750) was negative in F351. No health concerns

were reported in any of the parents.

The CT and MRI scans of affected individuals were

reviewed for the presence of cortical, basal ganglia, and

brainstem calcification and for cortical abnormality.

Images from families F275, F312, and F375 were presented

in the original case reports.1,3 Selected images of both

siblings in F085, the affected child in F351, and two

affected siblings in F386 are shown in Figures 1 and 2.

All demonstrated bilateral symmetrical PMG in a perisyl-

vian and temporal distribution with severe loss of cerebral

volume, simplified gyration, and wide sylvian fissures.

Calcification was present bilaterally in the deep cortical

gray matter with variable calcification in the pons,

thalami, and globus pallidus. Serial scans at 2 weeks and
Table 2. Results of Cerebrospinal Fluid Analysis for Five Children with

Patient F085a1 (1) F085a1 (2) F085a1 (3)

Age 1 month 3 months 4 months

White cell count 9/mL (0–5/mL) 4/mL (0–5/mL) 2/mL (0-5/mL)

Protein 1021 mg/L
(100–200 mg/L)

824 mg/L
(100–200 mg/L)

666 mg/L
(100–200 mg/L)

Glucose 3 mmol/L
(2.2–3.9 mmol/L)

2.7 mmol/L
(2.2–3.9 mmol/L)

-

Lactate 1.1 mmol/L
(<2.1 mmol/L)

1.3 mmol/L
(<2.1 mmol/L)

1.5 mmol/L
(<2.1 mmol/L)

CSF IFNa normal - -

Serum IFNa normal - -

CSF IgG - - 26.6 mg/L

Oligoclonal bands - - negative

Normal values for each measurement are in parentheses. Cerebrospinal fluid (CS
protein in F085a1 showed a reduction in protein concentration over a 3 month pe
noglobulin G.
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9 months of age in a single affected individual from F085

show evidence of progressive atrophy (Figure 2).

Postmortem analysis of a single patient with BLC-PMG

(F312a1) showed widespread gliosis, white matter loss,

calcification, and perisylvian predominant PMG within

the cerebral cortex as previously described.1 In light of

the molecular findings, neuropathological samples from

this patient were re-evaluated to determine the pattern of

calcification (Figure 3). Mineral deposition, presumed to

be calcification, was most prominent in the deep cerebral

and cerebellar cortex, frequently surrounding small blood

vessels. Calcification was noted in cells in close apposition

to endothelia, whichmay represent pericytes or astrocytes.

Unlike endothelial cells, brain-derived pericytes do not

express themarker CD31 (PECAM-1).36 Figure 3 also shows
BLC-PMG Including Three Measurements from F085a1

F085a2 F312a1 F375a1 F386a1

6 months 1 week unknown 3 days

1/mL (0-5/mL) 1/mL (0-5/mL) normal
(value not available)

2/mL (0-5/mL)

631 mg/L
(100–200 mg/L)

60 mg/L
(40–400 mg/L)

700 mg/L
(100–200 mg/L)

1260 mg/L
(200–600 mg/L)

64 mg/dL
(40–70 mg/dL)

- - 79 mg/dL
(50–80 mg/dL)

1.0 mmol/L
(<2.1 mmol/L)

2.2 mmol/L
(<2.1 mmol/L)

- -

- - - -

- - - -

37.8 mg/L - - -

negative - - -

F) protein levels were raised in 4 of 5 individuals. Serial measurement of CSF
riod. All other measurements were normal. IFNa, interferon alpha; IgG, immu-
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Figure 3. Sections from the Cerebral Cortex of Patient F312a1
with BLC-PMG
(A–C) H&E-stained sections. Low-power section (A) showing
linear bands of calcification surrounding blood vessels and at
higher power (B) showing calcification adjacent to (arrow), but
not within, vessel walls (arrowheads). Rim (C) of calcification
(arrows) surrounding two blood vessels in cross-section.
(D) Low-power view of section showing fused gyri indicative of
PMG.
(E) CD31 stained section showing endothelium (arrowheads)
staining adjacent to large region of calcification (arrow).
(F–I) H&E- (F, H, I) and CD31- (G) stained sections of cerebellum
from F312a1.
(F) Calcification (arrowheads) surrounding two vessels of different
sizes (arrows).
(G) Apparently intact endothelium (brown) within a ring of calci-
fication (arrows).
(H) Calcification in a cell (arrow) in close apposition to a normal
blood vessel (arrowheads).
(I) ‘‘Stag-horn’’ appearance suggesting calcification in a Purkinje
cell (arrow).
sections from the cerebral cortex and cerebellum stained

with CD31. These demonstrate endothelia adjacent to,

but not incorporated within, areas of calcification. Blood

vessels without associated calcification were also seen. No

evidence of neuronal overmigration was apparent and

the pial surface was intact. Widespread gliosis and centri-

lobular sclerosis was also evident in the cerebellum, but

the pattern of calcification differed from that seen in the

cortex. Calcification surrounded blood vessels of varying

sizes and was commonly globular rather than laminar in

appearance. It was present in other cells closely allied to

blood vessels, which may represent pericytes. Calcification

was also present in Purkinje cells.

Genomic DNA was extracted from lymphocytes from

affected individuals, parents, and siblings by standard

techniques. A genome-wide SNP microarray by means of

the Affymetrix Human SNP Array 6.0 (Affymetrix, High

Wycombe, Buckinghamshire, UK) was performed in six

affected individuals according to the manufacturer’s

instructions. Copy number analysis was performed with

Chromosome Analysis Suite (ChAS; Affymetrix). Regions
The American
of homozygosity were identified via AutoSNPa software37

with NCBI build 36 (hg18). Mutation analysis was per-

formed by direct sequencing of purified genomic PCR

products. Primers were designed for individual exons

and intron boundaries of OCLN with Primer3Plus and

the reference sequence NM_002358.2. PCR was performed

on genomic DNA with Abgene ReddyMix PCR Mastermix

and sequencing was performed with BigDye terminator

cycle sequencer system v3.1 (primer sequences available

in Table S2 and experimental conditions available on

request). All eight coding exons and flanking intronic

boundaries of OCLN were screened in affected individuals

and the relevant exons were sequenced in both parents

where available.

A 6.5 Mb region of shared homozygosity was identified

in six affected individuals from consanguineous families

(F085, F275, F351, and F375) on chromosome 5q13 (Fig-

ure 4). The region contained 1317 SNPs and was flanked

by SNPs rs1423233 (position 67,827,934) and rs7711157

(position 74,275,250). The BLC-PMG critical interval

contained approximately 65 genes.

Detailed analysis of SNP and copy number probes within

this region identified a deletion of three contiguous copy

number probes: CN1139669 (position 68,840,602),

CN1139670 (position 68,844,101), and CN303606 (posi-

tion 68,844,536) in both affected individuals from family

F085 (Figure 5). The probes were located within intron

2–3 and intron 3–4 of the OCLN gene. Probes on either

side of this putative intragenic deletion (CN1139668 and

CN1139671) were present on both alleles, as were 10 other

probes (one SNP and nine copy number probes) mapping

within the OCLN gene. A duplication of exons 6–9 of

OCLN is located approximately 1.5 Mb downstream on

5q13. No SNP or copy number probes are annotated within

this region.

Mutations in OCLN were identified in nine individuals

from six families (Table 1 and Figures 5 and 6). Homozy-

gous deletions of copy number probes within exons 3

and 4 of OCLN were detected by microarray analysis in

three affected individuals from two consanguineous fami-

lies (F085 and F275). These two families are not known to

be related, one originating from Egypt and the other from

Turkey. A homozygous deletion of exon 3 was found in a

single affected individual from a nonconsanguineous

native Mexican family via PCR and sequencing (F386).

A full-length PCR product corresponding to exon 3 was

obtained from DNA from both parents. DNA from his

affected sibling was not available for analysis. A homozy-

gous 22 base pair frameshift deletion of exon 3

(c.171_193 delATGGACCTCTCCTCCAGGAGTG) was

found in two affected individuals from F375, a consanguin-

eous Turkish family. Both parents from F375 were hetero-

zygous for the same deletion found in their children.

Compound heterozygous mutations (c.512 dupA and

c.656T>C) in exon 3 were identified in two affected

siblings from a nonconsanguineous British family (F312).

The paternally inherited lesion c.512 dupA leads to the
Journal of Human Genetics 87, 354–364, September 10, 2010 357



Figure 4. Region of Homozygosity on Chromosome 5 Common to Six Affected Individuals from Four Consanguineous Families
Black and yellow bars indicate homozygous and heterozygous SNPs, respectively. Isolated heterozygous SNPs within larger homozygous
segments are likely to represent miss-calls. The SNP-barren interval (gray region in center of right image) represents a 500 kb inverted
duplication on chromosome 5q13. The common region of homozygosity defining the critical interval lies between
67,789,350-74,259,390 base pairs. Information is derived from AutoSNPa.36 Listed in Table 1.
insertion of a premature stop codon (tyrosine to stop

codon substitution at position p.171) (Figures 6 and 7), re-

placing the first amino acid of the third transmembrane

domain. This change is predicted to result in nonsense-

mediated decay of the protein. The maternally inherited

missense mutation c.656T>C results in a substitution of

phenylalanine for serine (p.Phe219Ser). This is a conserved

amino acid in exon 3 in the extracellular loop lying
358 The American Journal of Human Genetics 87, 354–364, Septemb
between the third and fourth transmembrane domains.

Analysis via in silico conservation prediction programs

(Polyphen, SIFT, and AlignGVGD) suggests likely pathoge-

nicity for this variant. Lymphoblastoid cell lines were

unavailable for further analysis of the significance of these

changes. A homozygous acceptor splice site change in the

5–6 intron was found in a single affected child

(c.1037þ5G>A) from family F351 (Figure 6). Both parents
Figure 5. Screenshot fromChASSoftware
Showing Deletion of Three Contiguous
Copy Number Probes on Chromosome
5q13 in F085a1 on Chromosome 5q13
The copy number probes (CN1139669,
CN1139670, CN303606) fall within intron
2–3 and intron 3–4 of the OCLN gene.

er 10, 2010



Figure 6. Demonstration of Four OCLN Variants
Top: Sequence chromatograms of affected individuals. Middle: Sequence chromatograms of control sample with wild-type allele.
Bottom: Sequence chromatograms of parent with heterozygous mutation. Mutations are highlighted (arrow).
(A) Chromatogram of c.512 dupA in F312.
(B) Chromatogram of c.656T>C in F312.
(C) Chromatogram of splice site variant in F351.
(D) Chromatogram of 22 base pair deletion in F375.
were heterozygous and an unaffected sibling was homo-

zygous for the wild-type allele at the same nucleotide.

By means of analysis software (Alamut, MaxEntScan,

Drosophila BDG, Hbond, SROOGLE), this change was pre-

dicted to result in a severe splicing mutation leading to

exon skipping. None of the above mutations were identi-

fied in 220 control chromosomes.

Occludin is highly conserved in vertebrates and contains

two known functional domains, a Marvel domain and an

occludin/ELL domain. A multiple alignment of occludin

orthologs highlighting the mutations identified in the

affected individuals and the position of theMarvel domain

and all four transmembrane domains is shown in Figure S1

(generated by MUSCLE version 3.638 on NCBI). In four

families (F085, F275, F375, and F386), intragenic deletion

of exon 3 and/or exon 4 is predicted to result in removal

of some or all of the Marvel domain in the absence of

nonsense-mediated decay. Both mutations found in

affected individuals in F312 are located within the Marvel

domain and alter conserved amino acids.

We have shown that mutations in the OCLN gene cause

BLC-PMG, a severe neurodevelopmental disorder demon-

strating highly characteristic clinical and neuroradiolog-

ical features. The OCLN gene in humans maps to two

regions on 5q13.2, a full-length gene containing nine

exons and a pseudogene (LOC647859) approximately
The American
1.5 Mb away containing a copy of exons 6–9 within a

500 kb inverted duplication (Figure 4).

Full-length occludin is a ~65 kDa protein with four

transmembrane (TM) domains and two cytoplasmic

domains.32 Marvel is a four transmembrane (TM) domain

that has functional importance in proteins involved in

membrane apposition (reviewed by Sanchez-Pulido et al.,

2002).39 The tight junction Marvel protein family includes

two other proteins, tricellulin and MarvelD3,40,41 which

may contribute to noncerebral TJ function in patients

with BLC-PMG. All three proteins have similar but

nonredundant roles in epithelial barrier formation and

maintenance.40,41 The Marvel domain itself is highly

conserved (Figure S1), being present in related Caenorhab-

ditis elegans and Drosophila melanogaster proteins (no

OCLN ortholog has been identified in these organisms).

Several splicing variants of occludin have been identified

including forms lacking the Marvel domain encoded by

exons 3 and 4.42–46 Proteins lacking the Marvel domain

are located in the cytoplasm rather than the cell membrane

and are therefore not incorporated into TJs.44,47,48 Five of

six families reported here have deletions or mutations

affecting the Marvel domain (Table 1 and Figure S1), and

therefore we propose that these mutations will result in a

protein product that fails to locate to the cell membrane

and hence to TJs.
Journal of Human Genetics 87, 354–364, September 10, 2010 359



Figure 7. Occludin In Situ Hybridization Expression in Adult Mouse Brain
(A–C) Sagittal images from C57BL/6J mice at 55 days. Occludin is expressed throughout the brain, particularly in the cerebral cortex and
cerebellum (B). Magnified images (boxed) of cerebral cortex (A) and cerebellum (C) showing marked occludin expression in layers 2 and
3 of the cerebral cortex and in the Purkinje cell layer in the cerebellum (arrows). Images from the Allen Mouse Brain Atlas, Section ID
79394328_12.
(E–H)Whole-brain sagittal images (E, G) and highermagnification of sections of cerebral cortex (F, H). Claudin 5 expression appears to be
concentrated in cerebral blood vessels (E, F). Tubb2b is expressed throughout the brain and concentrated in the cerebral cortex and
cerebellum (G, H) in a similar distribution to occludin (B, A). Images from the Allen Mouse Brain Atlas, Section IDs 79360268_14 (E,
F) and 69854163_14 (G, H).
TJs are multiprotein cell-cell adhesion complexes in

epithelia and endothelia that form a barrier to free paracel-

lular transport between tissue compartments.49 Despite

a wealth of research on tight junctions in different organs,

the function of occludin has proven difficult to define. In

vitro studies have shown that functional epithelial TJs

can form in the absence of occludin. Other TJ proteins,

primarily the claudins, are the major structural compo-

nents of TJs to which occludin later becomes incorpo-

rated.34,48,50,51 Occludin is thought to be involved in the

regulation of TJ function or intracellular signaling rather

than TJ assembly per se.52 The phenotype of the Ocln

knockout mouse34 demonstrates postnatal growth retarda-

tion, chronic gastritis, thinning of compact bone,

abnormal salivary striatal duct, and atrophy of the seminif-

erous ducts of the testes with sparing of the Sertoli cells.

Examination showed no evidence of a systemic abnor-

mality of calcium metabolism on blood and urine testing,

and tight junction morphology was unaffected in intes-

tinal, kidney, and liver epithelia. Of note, the brain of

occludin-deficient mice showed progressive cerebellar

and basal ganglia calcification, particularly along the walls

of capillaries and postcapillary venules. Measurement of

BBB permeability was not reported. These mice were viable

at birth and, although homozygous mutant males were

unable to mate and females unable to suckle, they showed
360 The American Journal of Human Genetics 87, 354–364, Septemb
none of the severe neurodevelopmental aspects (seizures,

developmental arrest) of the human phenotype we report

here. Conversely, in the patients we describe there was no

evidence of the extracerebral abnormalities seen in the

Ocln knockout mouse. Occludin expression in wild-type

adult mouse is prominent in layers 2/3 of the cerebral

cortex and in Purkinje cells of the cerebellum (Figure 7),

reflecting the pattern of brain calcification in patients

with BLC-PMG (Figures 1 and 2). This compares to claudin

5, the major claudin subtype in cerebral TJs, which, unlike

occludin, appears to be confined to distribution along

blood vessels (Figure 7).

Occludin is ubiquitously expressed in epithelial TJs

throughout the body. In the developing human brain,

occludin is expressed early in neuroepithelium, but expres-

sion is lost during the transition from epithelia to neuronal

cell types.53,54 Occludin, along with other components of

the TJ such as claudin-5 and JAM-1, are highly expressed

in neurovascular TJs during angiogenesis and in mature

cerebral (but not noncerebral) endothelia that form the

BBB.33,55 Prior to this report a cerebral phenotype has

been reported in knockout models of only two TJ proteins

(claudin-5 and claudin-11),56,57 neither of which includes

cerebral malformation. The mouse model of claudin-5

has a size-specific defect in TJ permeability in the BBB

but shows no other alterations in structure or function,
er 10, 2010



leaving the early postnatal mortality of these mice unex-

plained. Occludin has a putative role in the regulation of

paracellular transport. Paracellular transport of macromol-

ecules across the BBB is blocked by TJs, whereas transmi-

gration of leucocytes via TJs is permitted (reviewed in

Abbott et al., 2010).58 Leucocytes have been shown to

cause neuronal injury in response to inflammatory

stimuli59 and therefore a BBB lacking functional occludin

may increase the vulnerability of the brain to immune

cell-mediated tissue damage. The window of PMG develop-

ment suggests that such an insult occurs by, or during,

a critical interval in fetal development.

The calcification in BLC-PMG is found adjacent to endo-

thelium comprising small blood vessels (Figure 3) in a

pattern highly similar to that reported in Ocln null mice

(Figure 7 in Saitou et al., 2000).34 Pericytes are multipoten-

tial cells present in almost all tissues and organ systems,

selectively associated with the microvasculature. Together

with astrocytes they encapsulate cerebral microvessels

and are separated from them by a basal lamina. Pericytes

are reported to have roles in both normal fetal cerebral

angiogenesis60 and ectopic vascular calcification.61 Peri-

cytes have the ability to transform into osteoblasts and

are thus an obvious candidate cell type for aberrant

mineral deposition in these patients. The cortical malfor-

mations in BLC-PMG may reflect disordered signaling

between cells of the neurovascular unit as well as increased

permeability of the BBB.

Mutations in a number of genes encoding components

or regulators of the microtubule network have been

reported in patients with PMG and pachygyria.19,62–65

The cerebral distribution of the expression of one of these

proteins, Tubb2b, is similar to occludin (Figure 7), but,

unlike PMG associated with mutations in TUBB2B64

(MIM 610031), no neuronal overmigration through the

pial membrane was seen in brain tissue from a patient

with BLC-PMG. Few studies have examined the relation-

ship between microtubules and tight junction complexes.

Elements of the microtubular complex mediate assembly

and disassembly of the apical junctional complex (adhe-

rens and tight junctions) in epithelia,66,67 but this process

has not been described in endothelia. Targeting and main-

tenance of occludin at the cell membrane is dependent on

both microtubules and the actin cytoskeleton.68 More

recently, involvement of occludin in organization and

orientation of themicrotubular network and actin cytoske-

letion during cell migration has been demonstrated in

epithelia.69 This process has not been explored during

neuronal migration.

The neurodevelopmental phenotype in human we

report, and to a lesser extent that seen in the Ocln null

mouse, reflects the functional importance of occludin in

the developing brain, and its redundancy in other tissues.

The BLC-PMG phenotype may be mediated by more than

one cell type involved in the neurovascular unit and impli-

cates TJs and BBB dysfunction in malformations of cortical

development. Finally, we note that several of the patients
The American
included in this report were originally referred to us as

possible cases of Aicardi-Goutières syndrome, after the

identification of intracranial calcification on brain

imaging. This report demonstrates the utility of the classi-

fication of neurological diseases on the basis of the pattern

and distribution of intracranial calcification, taken in

clinical context and association with other neuroimaging

features, as a tool to gene discovery.

Supplemental Data

Supplemental Data include one figure and three tables and can be

found with this article online at http://www.cell.com/AJHG/.
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