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Abstract
Intellectual disability (ID), megalencephaly, frontal predominant pachygyria, and seizures, previously called “thin”
lissencephaly, are reported to be caused by recessive variants in CRADD. Among five families of different ethnicities
identified, one homozygous missense variant, c.509G>A p.(Arg170His), was of Finnish ancestry. Here we report on the
phenotypic variability associated for this potential CRADD founder variant in 22 Finnish individuals. Exome sequencing
was used to identify candidate genes in Finnish patients presenting with ID. Targeted Sanger sequencing and restriction
enzyme analysis were applied to screen for the c.509G>A CRADD variant in cohorts from Finland. Detailed phenotyping
and genealogical studies were performed. Twenty two patients were identified with the c.509G>A p.(Arg170His)
homozygous variant in CRADD. The majority of the ancestors originated from Northeastern Finland indicating a founder
effect. The hallmark of the disease is frontotemporal predominant pachygyria with mild cortical thickening. All patients
show ID of variable severity. Aggressive behavior was found in nearly half of the patients, EEG abnormalities in five
patients and megalencephaly in three patients. This study provides detailed data about the phenotypic spectrum of patients
with lissencephaly due to a CRADD variant that affects function. High inter- and intrafamilial phenotypic heterogeneity was
identified in patients with pachygyria caused by the homozygous CRADD founder variant. The phenotype variability
suggests that additional genetic and/or environmental factors play a role in the clinical presentation. Since frontotemporal
pachygyria is the hallmark of the disease, brain imaging studies are essential to support the molecular diagnosis for
individuals with ID and a CRADD variant.

Introduction

The human brain is a highly complex structure and its normal
development and function is critically dependent on the
proper and tightly regulated activity of a large number of
genes. Consequently, it is estimated that variants that affect
function in more than 2000 genes can give rise to intellectual
disability (ID) [1]. Of these genes, about half are still
unknown [1–3]. ID is clinically and genetically heterogeneous
and comprises several groups of neurodevelopmental dis-
orders that in total affect 2–3% of the general population
[4, 5]. One of these groups is characterized by rare congenital
anomalies of the cerebral cortex caused by neuronal migration
defects, called malformations of cortical development
(MCDs) [6]. MCDs are classified into three major groups:
malformations caused by abnormal cell proliferation,
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misdirected neuronal migration, or aberrant post-migrational
cortical organization and connectivity [6, 7] and are usually
diagnosed by brain imaging such as MRI (magnetic
resonance imaging) [7]. To date, genetic variants that
affect function in more than 100 genes are reported to cause
MCDs [7].

Lissencephaly (LIS) spectrum of diseases is associated
with deficient neuronal migration and abnormal formation of
cerebral convolutions or gyri [7–9]. The LIS spectrum of
diseases encompasses agyria, pachygyria, and subcortical
band heterotopia (SBH). In addition, LIS is found in syn-
dromic MCDs, such as Miller-Dieker syndrome [10]. Clinical
manifestations of LIS include developmental delay, ID, early
hypotonia with subsequent spastic quadriplegia, and seizures
[11, 12]. To date, a total of 19 genes have been identified to
underlie the LIS spectrum of brain malformations of which
the most common mutated genes are LIS1 and DCX [11].
Based on the combination of brain imaging and molecular
genetics data from several patients, a classification of LIS and
SBH described 21 different patterns of the disease, including
common patterns such as partial agyria-pachygyria and pos-
terior mild pachygyria [9]. Among the rare types of LIS is
frontal predominant pachygyria with mild cortical thickening,
also called thin pachygyria or thin lissencephaly (TLIS) [9].

Recently, four homozygous variants that affect function
of the CRADD gene have been reported to cause TLIS
(OMIM #614499) [13–15]. The phenotype was character-
ized by TLIS, relative or absolute megalencephaly, and mild
to moderate intellectual disability with no other congenital
anomalies. Three out of 15 (20%) patients presented with
seizures [13, 14]. One of the variants, c.509G>A p.
(Arg170His) (GenBank: NM_003805.3), was identified in a
homozygous state in a female of Finnish ancestry [13].

In search for genes underlying intellectual disability
in Finnish families, the homozygous c.509G>A p.
(Arg170His) variant that affects function in CRADD in 22
patients out of 15 Finnish families with ID was found. This
suggests a founder variant in the isolated Finnish popula-
tion. The presence of an identical variant in a large number
of individuals presents a unique opportunity to analyze the
phenotypic variation that can be observed for a single
monogenic condition. We present detailed clinical pheno-
type and brain imaging findings of the families, showing
that pachygyria is the hallmark of the disease in patients
with the Finnish founder variant.

Methods

Patients were referred by physicians working in disability
services and clinical geneticists. In total, 211 patients with
ID of unknown cause were collected from Northeastern
Finland for the study. In addition, six cases homozygous for

c.509G>A p.(Arg170His) variant from Northern Finland
Intellectual Disability (NFID) project [16] and two cases
identified directly in the clinic by one of the authors (ER)
were included into the detailed phenotype analysis. Finally,
two Finnish siblings with pachygyria [17] belong to a col-
lection of cases with prenatal ventriculomegaly and/or
congenital, primary hydrocephalus whose genetic back-
ground was studied by the group of MA.

The growth and occipitofrontal head circumference
(OFC) of the Finnish patients were compared with the age
and sex matched Finnish standard reference curves [18].
The new Finnish reference for OFC was used for patients
between 0–7 years [19]. As the new reference was not
standardized for patients older than 7 years, the old Finnish
reference was used for patients older than 7 years [20]. OFC
was compared to height and relative megalencephaly was
defined as OFC more than 2 standard deviations (SD) above
height centile for age.

The CRADD variant data were submitted to LOVD data-
base (www.LOVD.nl/CRADD) hosted at Leiden University
Medical Center, the Netherlands. The parents or legal guar-
dians of all patients in this study provided written informed
consent. The study was approved by the ethics committees at
the Helsinki University Central Hospital, Northern Ostro-
bothnia Hospital District, Hospital District of Helsinki and
Uusimaa, and the Radboud University Medical Center.

Exome sequencing (ES)

High-throughput sequencing was performed for sibling
pairs in FIN-1 and FIN-2 families (Fig. 1) at BGI (BGI-
Shenzhen, Shenzhen, China). Exome capturing was carried
out by using Agilent SureSelect Target Enrichment V5
(Agilent Technologies, Santa Clara, CA, USA). Sequencing
was performed by using the Illumina HiSeq 2000 platform
(Illumina, Inc. San Diego, CA). Illumina base calling soft-
ware v1.7 was employed to analyze the raw image files with
default parameters. Data analysis were performed using the
Roche Newbler software (v.2.3) using human genome build
hg19/GRCh37.

Exome sequencing and targeted Sanger sequencing were
also used to analyze the data of 757 patients with ID of
unknown etiology belonging to the NFID cohort to identify the
CRADD founder variant in six additional cases with pachy-
gyria, see detailed description of the project in Kurki et al. [16].

Filtering and annotation

Selection of the variants for sibling pairs in FIN-1 and FIN-2
was performed by using a seven tier filtering strategy: (i)
inclusion of variants present in ≥2 reads and present in ≥70%
of all reads (ii) exclusion of variants present with a frequency
≥1% in unaffected controls (Dept of Human Genetics,
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Nijmegen, 12,000 controls), (iii) exclusion of variants within
intergenic, intronic, and UTR regions, (iv) exclusion of var-
iants present in dbSNP142, 1000 Genome, NHLBI Exome
Variant Server (EVS) database or the Genome Aggregation
Database (gnomAD) with a frequency ≥1% and number of
homozygotes >2, (v) inclusion of missense variants with a
Combined Annotation Dependent Depletion (CADD) score
of ≥15, (vi) selected variants in genes that are expressed in the
brain based on their EST profile in the Unigene database
(transcripts per million – TPM ≥5), and (vii) inclusion of
variants that segregate with the disease in the respective
pedigree as determined by using Sanger sequencing (Sup-
plementary information).

Variant screening by PCR restriction fragment
length polymorphism

Restriction fragment length polymorphism (RFLP) analysis
was performed on the PCR fragment amplified following the
protocol used for Sanger sequencing validation. Enzymatic
digestion was performed using AfeI (New England BioLabs,
Massachusetts, USA) following the manufacturer’s protocol.

Brain imaging

Brain MRI data apart from the previously published FIN-15
siblings [17] was analyzed by an experienced neuroradiologist

(MKB). Due to geographic and temporal differences, brain
magnetic resonance imaging of these new patients was per-
formed with various 1.5T equipment and different imaging
protocols. One patient’s computer tomography images were
also re-analyzed due to suboptimal MR-images.

Results

Following filtering of ES data, we identified and confirmed
by Sanger sequencing a previously reported homozygous
c.509G>A (p.(Arg170His)) variant that affects function [13]
in the CRADD gene in the two affected sibling pairs of
families FIN-1 and FIN-2 (Fig. 1). This variant was found
heterozygous in all unaffected tested family members.
Subsequently, by using ES, PCR-RFLP, and Sanger
sequencing, 18 additional patients carrying the same
homozygous CRADD variant were identified in different
cohorts (Supplementary information). Altogether, a total of
23 patients of Finnish origin homozygous for the c.509G>A
(p.(Arg170His)) variant in CRADD has been found to date
([13], Table 1). The allele frequency of c.509G>A in the
European non-Finnish population is 0.01%, in contrast to
the Finnish population frequency of 0.59% [21] (Fig. 3),
showing that this allele is enriched in the latter. As reported
in the SISu database [22] there are 125 heterozygous and no
homozygous healthy individuals carrying the variant in
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10,389 genotypes. Furthermore, the variant frequency
reaches up to 1.25% in Eastern and Northern parts of Fin-
land [22]. Based on previously published haplotype analysis
data of 9363 Finns with both GWAS and exome sequencing
data [23], the estimated haplotype length in heterozygote
carriers of c.509G>A in CRADD is 1,684,758 bp.

Genealogical studies

To further demonstrate that the c.509G>A (p.(Arg170His))
variant in CRADD is a founder variant, we performed a
genealogical study of the Finnish families in accordance with
previously published criteria [24]. We traced ancestors from
Finnish Population Registries and scrutinized microfilm
copies available in the National Archives of Finland. Several
core families show inter- and intra-familial consanguinity
(Fig. 1) confirming the founder effect of the c.509G>A var-
iant in CRADD in the Finnish population. Tracing back to the
1790s forefathers revealed that 50% of the grandparents ori-
ginate from Northeastern Finland (Fig. 3).

Clinical delineation of patients

Early psychomotor development was normal in all patients.
The patients were characterized by either mild to moderate ID
(N= 21/22) or global developmental delay (N= 1/22, VIII/9,
FIN-14, at the age of 4 years) ([17], Table 1). Language
development was markedly delayed in young patients. The
patients in the younger generations received speech therapy.
The patients in the older generations did not receive speech
therapy, and their speech improved spontaneously by school
age. Five out of the 22 patients showed EEG abnormalities,
such as photosensitivity (N= 3) and general background
slowing (N= 2), and two individuals were diagnosed with
epilepsy (N= 2/22, 9%). Strabismus and visual problems
were observed in nine out of the 22 patients (N= 9/22, 41%).
Distractability or hyperactive behavior at school-going age
was present in seven patients (N= 7/22, 32%). Neu-
ropsychiatric problems characterized by aggressive bursts
started usually at school age but also much later in adulthood
requiring neuroleptic medication in 10 patients (N= 10/22,
45%). Characteristically, adult patients have preferred work-
ing in assisting everyday tasks and some have educated
themselves. Majority of adult patients have moved to assisted
living facilities where they can get help in everyday tasks.
Some of them can live relatively independently. No striking
growth abnormalities nor common characteristic dysmorphic
features were present. Patient II/1, FIN-7, had mega-
lencephaly (OFC 58 cm;+2.4 SD). In the rest of the patients
studied the head circumference was in normal range com-
pared to Finns [18, 19] and varied between −2.0 SD and+
1.9 SD from the mean reference values matched for age, sex,
and ethnicity. We also compared the OFC-to-height and

patients IX/4, FIN-5, and IX/4, FIN-2, had relative mega-
lencephaly (OFC compared to height, +2.2 SD and +2.7 SD
respectively) and in rest of the patients OFC-to-height was
between −1.9 SD and +2.0 SD from the mean reference
values matched for age, sex, and ethnicity (Table 1). Detailed
clinical phenotypes of all patients are provided in the clinical
descriptions of patients’ section in the Supplementary infor-
mation and in ref. [17]. The clinical phenotype of the het-
erozygous carriers was normal.

Brain imaging findings

Brain MRI data available for 17 affected individuals
revealed pachygyria and a mild cortical thickening up to 8
mm predominantly ranging from 5 to 7 mm with a fronto-
temporal predilection. Similar MRI-findings were reported
by Avela et al. (2012). High-quality CT was able to confirm
the main finding adequately in one patient. Some of the
most representative images of patients in various ages are
presented in Fig. 2. Data on other MRI findings is available
in Supplementary Table 3. White matter was normally
myelinized. No obvious midline anomalies were detected.
Basal ganglia and thalami were considered normal. In
some of the elderly patients, brain atrophy and white matter
hyperintensities probably unrelated to the genetic condition
was detected. In patients VII/1, FIN-12, and VIII/2, FIN-13
the lateral ventricles appeared slightly larger than usual
and patients III/4, FIN-9, and II/1, FIN-7 had small
arachnoid cysts. Prominent perivascular spaces were seen
in all the patients. Insignificant findings included cavum
septum pellucidum (cum vergae) and enlarged cisterna
magna.

Discussion

The first variants that affect function in CRADD were
identified by Puffenberger et al. [15] and Di Donato et al.
[13] in patients of different ethnicities presenting generally
frontal predominant pachygyria, seizures, megalencephaly,
and mild to moderate ID. A possible homozygous founder
variant (c.382G>C; (p.(Gly128Arg)) was identified in two
Mennonite families with seven affected patients presenting
with mild to moderate ID [13, 15]. Brain MRI performed in
three of seven affected individuals revealed TLIS with
normal cerebellum, as reported with the MRI features in all
other CRADD affected subjects. In addition, four other
homozygous variants in the CRADD gene have been
reported to cause TLIS [13, 14]. One of the missense var-
iants that affect function, c.509G>A p.(Arg170His), was
found in an American patient of Finnish ancestry who
also presented megalencephaly (OFC 60.9 cm, +3.6 SD),
aggressive bursts, and seizures [13].

Phenotypic spectrum associated with a CRADD founder variant underlying frontotemporal predominant. . . 1239



Here we report the detailed clinical phenotype of an
additional 22 new cases from 15 Finnish families with mild
to moderate intellectual disability who carry the c.509G>A

p.(Arg170His) variant in CRADD homozygously, suggest-
ing a founder effect in the isolated Finnish population. All
patients whose brain imaging data was available (N= 19;

Fig. 2 Brain imaging findings.
a–c Axial T2-weighted images
at different levels (a, b) and
sagittal volumetric acquisition
T1-weighted 3D-MPR thin slice
image (c) of a normal 25-year-
old individual. Note normal
dense gyral pattern and normal
cortical thickness (around 3 mm)
in comparison with the
following images. d–f Axial T2-
weighted image (d), sagittal
volumetric acquisition T1-
weighted 3D-IR thin slice image
(e), and coronal T1 FLAIR (fluid
attenuated inversion recovery)
image (f) in patient VIII/9, FIN-
14 at the age of 2 years 8 months
demonstrates symmetric
pachygyria (broad and shallow
sulci) with mild cortical
thickening up to 8 mm. The
frontotemporal predilection of
both pachygyria and cortical
thickening is nicely depicted in
figure e, whereas the
occipitoparietal regions show
much milder changes. g–i Axial
T2-weighted images at different
levels (g, h) and coronal T1-
FLAIR image (i) in patient III/4,
FIN-9 at the age 9 years
6 months show similar findings
as in figures d–f. A small
temporal arachnoid cyst is
marked by an asterisk and
prominent perivascular space by
an arrow. j–l Axial (j) and
coronal (k) T2-weighted images
in patient IX/4, FIN-5 at the age
of 43 years demonstrate a bit
less pronounced although
evident pachygyria and mild
cortical thickening of 6–7 mm.
Prominent perivascular spaces
(arrow) are also evident on both
sides (k). T1-weighted sagittal
image shows normal midline
structures (l). m–o Good-quality
thin-slice computer tomography
(CT) scan shows pachygyria and
mild cortical thickening almost
as good as MRI in an elderly
male (IX/10, FIN-6).
Multiplanar reconstruction
(MPR) CT-images in axial (m,
n) and coronal (o) planes
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86%) showed frontotemporal predominant pachygyria. The
presence of such founder variant allowed an in-depth ana-
lysis of the possible phenotypic variation that can be
observed for an identical CRADD variant. Neurobehavioural
problems were present in nearly half of the cases and EEG
abnormalities, including photosensitivity and background
slowing, were present in five (N= 5/17, 29%) patients.

Detailed analysis of the phenotype showed inter- and
intrafamilial variability in disease severity. The hallmark of
the disease was pachygyria with frontotemporal predilection
and mild cortical thickening in brain MRI (Fig. 2). These
findings are compatible with TLIS phenotype described by
Di Donato et al. [13]. However, in contrast to the earlier
study [13], absolute megalencephaly was found only in one
patient and relative megalencephaly was found in two
additional patients in our cohort. The phenotype was char-
acterized by normal early development, followed by delayed
speech and language development. Some patients developed
neurobehavioural problems including distractibility and
short attention span in childhood, and in less than half of the
patients aggressive bursts started to appear during adoles-
cence. In the end, the disease manifests mainly as mild to
moderate ID diagnosed during childhood. Special education
was given for the younger generations of the patients. Phe-
notypic variability suggests that additional genetic and/or
environmental factors play a role in the clinical presentation.
Modifying genes are likely, as even in the same family
patients can display a variable phenotype. In addition,
patients with a mild phenotype may remain undiagnosed as
exemplified in a previous study [14, 15], where a family
with the CRADD founder variant had been reported initially
with non-syndromic ID. However, brain MRI revealed
TLIS. Likewise in this study, two young patients presenting
with global developmental delay and predominantly fron-
totemporal pachygyria in brain MRI were further identified
to carry the homozygous founder CRADD variant by using
targeted Sanger sequencing. In fact, the vast majority of the
patients presented with the non-syndromic ID and showed
no clinical features suggesting a possible CRADD variant
that affects function. In addition, two males (V/5 and V/8,
FIN-3; Fig. 2) were found to carry the homozygous founder
CRADD variant after they participated in targeted genetic
screening due to their sister’s diagnosis. In most cases MRIs
were performed retrospectively after the identification of the
homozygous CRADD variant or the scans were done pre-
viously but the neuroradiological interpretation of pachy-
gyria remained unnoticed. Finally, these results are
compatible with clinical and brain imaging data of two
patients described by Avela et al. [17]. This indicates that
brain imaging studies are essential to support the molecular
diagnosis for individuals with intellectual disability.

The CRADD gene encodes an adapter protein containing
a caspase-recruitment domain (CARD) and death domain

(DD) that interacts with PIDD (p53-induced protein with
death domain) and caspase-2 (CASP2) to initiate apoptosis
[25–28]. CRADD/caspase-2 signaling plays an essential role
in the human cortical architecture, synaptic plasticity, and
cognitive function during brain development [13, 28]. Dis-
ruption of this pathway would accordingly result in cortical
malformations, such as megalencephaly and lissencephaly.
Indeed, the phenotype of Cradd−/− mice included mega-
lencephaly and seizures, although without changes in cor-
tical thickness or lamination [13]. In contrast, studies with
Casp2−/− mice reported no brain phenotype [29, 30]. The
megalencephaly described for Cradd−/− mice and the lack of
brain abnormalities in Casp2−/− mice are not consistent to
the TLIS and ID observed in patients with CRADD variants
that affect protein function. Thus, the CRADD/caspase-
2 signaling pathway may have a slightly different function in
mice and human, resulting in overgrowth without MCD in
mice and MCD without overgrowth in humans.

The allele frequency of c.509G>A in the Finnish popu-
lation is 0.59% [21] (Fig. 3). In comparison, the European
non-Finnish frequency is 0.01%, showing that this allele is
enriched in the Finnish population. As reported in the SISu
database [22], there are 125 heterozygous and no homo-
zygous healthy individuals carrying the variant in 10,389
genotypes. In addition, the variant frequency is even higher
in Eastern and Northern parts of Finland, and reaches up to
1.25% [22]. According to our genealogical analysis, 50% of
our patients’ ancestors originate from Northeastern sub-
isolate (Fig. 3). Here, several rare autosomal recessive dis-
eases, such as Northern epilepsy [31], Salla disease [32, 33],
and nonketotic hyperglycinemia [34], and their founder
variants have previously been reported displaying strong
geographical clustering. This is due to the Finnish internal
migrations during the 16th century, when the regional sub-
isolates were formed and grew without further immigration
until the 20th century, resulting in reduced genetic diversity
[35, 36]. The enriched variant distribution in Eastern and
Northern parts of Finland is in agreement with the genea-
logical analysis of the identified patients in this study, and
with the haplotype analysis [23] and carrier frequencies
previously estimated in the Finnish disease heritage [37].
Martin et al. [23] have studied haplotype sharing of het-
erozygote carriers of recessive Finnish Disease Heritage
variants. Based on data in Martin et al. [23], the allele
frequency of c.509 G > A in Finnish population (0.59%) is
on par with Cornea Plana disease variant (0.52%,
rs121917858) and they both have similar high haplotype
enrichment (22.3 for CRADD c.509G>A and 23.5 for
rs121917858) (see Table 1 in Martin et al. [23]). This
supports the hypothesis of a founder effect of the CRADD
variant in the isolated Northeastern Finnish population.

This study shows that CRADD c.509G>A variant is a
Finnish founder variant. This study establishes that among
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the whole spectrum of lissencephaly [9, 38], the clinical
phenotype caused by the founder variant in CRADD is
considerably milder than other types of lissencephaly. It is of
notice that some patients have educated themselves, live
independently and have had families and children (this
study) [14]. The mild phenotype highlights the importance
of performing brain imaging studies when dissecting mole-
cular diagnosis for individuals with intellectual disability.
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