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Abstract
Pontocerebellar hypoplasia (PCH) is a heterogeneous group of neurodegenerative disorders characterized by hypoplasia and 
degeneration of the cerebellum and pons. We aimed to identify the clinical, laboratory, and imaging findings of the patients 
with diagnosed PCH with confirmed genetic analysis. We collected available clinical data, laboratory, and imaging findings 
in our retrospective multicenter national study of 64 patients with PCH in Turkey. The genetic analysis included the whole-
exome sequencing (WES), targeted next-generation sequencing (NGS), or single gene analysis. Sixty-four patients with 
PCH were 28 female (43.8%) and 36 (56.3%) male. The patients revealed homozygous mutation in 89.1%, consanguinity 
in 79.7%, pregnancy at term in 85.2%, microcephaly in 91.3%, psychomotor retardation in 98.4%, abnormal neurological 
findings in 100%, seizure in 63.8%, normal biochemistry and metabolic investigations in 92.2%, and dysmorphic findings 
in 51.2%. The missense mutation was found to be the most common variant type in all patients with PCH. It was detected 
as CLP1 (n = 17) was the most common PCH related gene. The homozygous missense variant c.419G > A (p.Arg140His) 
was identified in all patients with CLP1. Moreover, all patients showed the same homozygous missense variant c.919G > T 
(p.A307S) in TSEN54 group (n = 6). In Turkey, CLP1 was identified as the most common causative gene with the identical 
variant c.419G > A; p.Arg140His. The current study supports that genotype data on PCH leads to phenotypic variability 
over a wide phenotypic spectrum.
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Introduction

Pontocerebellar hypoplasia (PCH) demonstrates a group of 
heterogeneous neurodegenerative disorders with concurrent 
hypoplasia of the pons and the cerebellum and also variable 
clinical and neuroimaging findings including supratentorial 
involvement [1–3]. The first case of PCH was reported in 
1917 [4]. Barth et al. described seven children with PCH 
from five families [5]. The clinical findings occurred of 
involuntary movements, extrapyramidal dyskinesia, and 
microcephaly. Moreover, Barth proposed the first classifi-
cation including PCH1 and PCH2 subtypes. PCH1 showed 
hypotonia and muscle weakness depending on anterior horn 

cell degeneration. PCH2 is separated by jitteriness in the 
neonatal period, poor sucking and swallowing, chorea/dys-
kinesia, and profound neurodevelopmental and cognitive 
delay [6].

The current classification (OMIM, Online Mendelian 
Inheritance in Man) identified 17 subtypes and 25 genes of 
PCH attributed to clinical, neuroradiological, and biochemi-
cal features, and gene analysis. The clinical spectrum has 
been expanded to different neurological phenotypes. Clini-
cal manifestations consist of global developmental delay 
and variable neurological features. All subtypes represent 
autosomal recessive inheritance. Neuroimaging patterns 
containing infratentorial and supratentorial anomalies in 
addition to reduced volume of pons and cerebellum may 
have diagnostic value in some subtypes of PCH [7]. Some 
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genotype–phenotype correlation has been described even 
after PCH was identified. One of these, homozygosity for 
the p.A307S mutation in TSEN54 with PCH2A (OMIM # 
277470) presents progressive microcephaly, spasticity, poor 
swallowing, central visual defect with the absence of pri-
mary optic atrophy, dyskinesia and/or dystonia, hypertonia 
at birth with dragonfly-like cerebellum with flattened cer-
ebellar hemispheres and a relatively preserved vermis [1, 
3, 7]. Moreover, dragonfly appearance of the cerebellum is 
often observed in PCH2 and PCH4[8]. It is also suggested 
that a more severe clinical presentation including respira-
tory failure, polyhydramnios, contractures and early death, is 
associated with nonsense or splice site mutations in TSEN54 
[3]. Pathogenic mutations in EXOSC3 with PCH 1B (OMIM 
# 614678) are described by severe muscle weakness, axial 
hypotonia, spasticity, tongue fasciculations, contractures, 
marked psychomotor retardation, and axonal motor neu-
ropathy similar to spinal muscular atrophy (SMA) [1, 2, 
7]. Neuroradiological findings of PCH1 may show moder-
ate hypoplasia and atrophy of the pons and cerebellum [8]. 
Recently some reports have suggested the question regarding 
the genotype–phenotype relationship in EXOSC3 due to the 
identification of the milder phenotypes [9]. Although broad 
mutation spectrum of the CASK gene, the phenotype shows 
facial dysmorphism, microcephaly (especially < -3 SD 
occipitofrontal circumference), hearing impairment, optic 
atrophy, retinopathy, hypohidrosis, developmental delay, 
limb hypertonia, pronounced cerebellar hypoplasia, diverse 
degrees of pons hypoplasia, and a normal-sized corpus cal-
losum [7]. PCH3 related to a homozygous mutation in the 
PCLO gene is defined associated with optic atrophy and thin 
corpus callosum on MRI. The typical imaging findings of 
AMPD2 related to PCH9 are characterized by a dragonfly-
like cerebellum and figure of “8” on axial images consisting 
of a thin corpus callosum and abnormal midbrain. PCH9 
also exhibits hypodysgenesis of corpus callosum [8].

CASK- and VLDLR-associated disorders, uncommon var-
iants associated with DCK1, WDR81, ITPR1 gene mutations, 
some congenital disorders of glycosylation and tubulinopa-
thies, and particular dystroglycanopathies are also reported 
related to PCH [7].

We aim to investigate the clinical, laboratory, and neuro-
imaging findings with the diagnosis of PCH confirmed by 
genetic analysis by a multicenter study in Turkey.

Materials and Methods

We retrospectively collected the comprehensive clini-
cal data of 64 patients with diagnosed PCH confirmed by 
genetic analysis from 15 different neurological centers 
and seven geographical regions in Turkey. Age of diagno-
sis, gender, consanguinity, pregnancy duration, occipital 

frontal circumference (OFC) at the examination, psychomo-
tor development, history of seizure, dysmorphic and neuro-
logical findings, neuroimaging features, other system find-
ings, biochemistry and metabolic tests including including 
urine and blood aminoacid, tandem MS + acycl carnitine, 
urine organic acids, very long chain fatthy acids, biotini-
dase activity, transferrin focusing, and, genetic analysis of 
the patients were evaluated. Microcephaly is desciribed as 
OFC is two or more standard deviations (SD) lower than the 
mean for age and gender. The genetic analysis comprised the 
whole-exome sequencing (WES), targeted next-generation 
sequencing (NGS) or single gene analysis.

The findings of brain magnetic resonance imaging were 
collected. The infratentorial and supratentorial involvement 
were enrolled. The presence of ventriculomegaly, abnormali-
ties of cerebral cortex (atrophy/thicking), white matter, and 
corpus callosum were interpreted in addition to pontocere-
bellarr hypoplasia. Furthermore, the patiens with a particular 
patter such as dragonfly pattern (comparatively preserved 
vermis and atrophic cerebellar hemispheres), butterfly pat-
tern (a small, normally proportioned cerebellum) and figure 
of “8” of the midbrain were recorded.

Patients number 14 and 17[10], 26 and 27[11], 28–31[12], 
39–42[13–15] and 60, 61[15] from previously published 
article were included in the study (supplementary material).

The approval of Bezmialem Vakıf University's ethics 
committee was obtained (approval number: E-54022451–
050.05.04–70596/26.07.2022).

Statistical Analysis

Statistical analysis was performed using Statistical Package 
for the Social Sciences (SPSS) software version 21.0 (SPSS 
Inc., Chicago, Ill., USA). Frequencies and percentages were 
calculated. Descriptive statistics were performed. Categori-
cal variables were expressed in numbers, and continuous 
variables were summarized as mean and standard deviation 
(SD).

Results

A total of 64 patients with PCH were included in the study 
from seven geographical regions in Turkey, 28 were female 
(43.8%) and 36 (56.3%) were male.

We identified 16 distinct PCH types and PCH-related 
genes ( % and number): EXOSC3 (PCH1B) ( 10.9%, n = 7), 
EXOSC8 (PCH1C) (3.1%, n = 2), TSEN2 (PCH2B) (1.5%, 
n = 1), SEPSECS (PCH2D)( 1.5%, n = 1), PCLO ( PCH3) 
(1.5%, n = 1), TSEN54 (PCH5)(9.3%, n = 6), RARS2 (PCH6) 
(7.8%, n = 5), TOE1 (PCH7) (3.1%, n = 2), CHMP1A (PCH8)
( 1.5%, n = 1), AMPD2 (PCH9) (9.3%, n = 6), TBC1D23 
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(PCH11) (3.1%, n = 2), CLP1 (PCH10) (26.56%, n = 17), 
MINPP1 (PCH16)( 3.1%, n = 2), VLDLRL (7.8%, n = 5), 
HEATR5B (4.6%, n = 3), and CASK (4.6%, n = 3) (Fig. 1). 
The most common associated gene was CLP1 (26.56%). 
The distribution of patients with PCH in the geographical 
regions revealed as the Mediterranean (n = 20), Marmara 
(n = 15), Black sea (n = 11), aegean (n = 8), inner Anatolian 
(n = 5), southeastern Anatolia (n = 3), and eastern Anato-
lia (n = 2). The confirmed genetic analysis occured of WES 
(n = 51), targeted next-generation sequencing (n = 10), and 
single gene analysis (n = 3). The most common variant type 
was detected as missense (n = 47) and followed by frame 
shift (n = 7), nonsense (n = 3) and splice site (n = 3), respec-
tively (Fig. 2). The patients showed homozygous mutation 
in 89.1% (57/65).

Consanguinity was described in 79.7% (51/64), preg-
nancy at term in 85.2% (52/61), abnormal neurological find-
ings including gros motor (delay/absent), fine motor (delay/
absent)and intellectual disability(except for in SEPSECS 
group) were determined in 100% (64/64). Microcephaly 
(42/46), dysmorphic findings (22/43) and seizure (37/58) 

(except for TSEN2, SEPSECS and PCLO groups), were 
found in 91.3%, 51.2%, and 63.8%, respectively. Cardio-
vascular disorder including atrial septal defect, patent duc-
tus arteriosus, and patent foramen ovale were seen in one 
patient in each of the following groups CLP1, MINPP1, 
and CHMP1A. In TBC1D23 group (two patient) atrial sep-
tal defect was seen as a cardiac findings. Eye abnormali-
ties ( poor eye contact, strabismus, microphthalmia, optic 
atrophy, cataract, ptosis, astigmatism, cortical visual impair-
ment) were described in 69.8% (37/53). Musculoskeletal 
disorders such as scoliosis, muscle atrophy, hip dislocation, 
contractures, joint stiffness, kyphosis, genitourinary disor-
ders including micropenis, undescended testes, abnormal 
genitalia, urinary incontinence, recurrent urinary infection 
gastrointestinal disorders such as constipation, stool incon-
tinence, feeding abnormalities, feeding with percutaneous 
endoscopic gastrostomy tube, aganglionic megacolon, gall-
stone, endocrinological findings including hypothyroidism 
and hypocalcemia were determined in 56.8% (29/51), 28.1% 
(9/32), 50%(24/48), and 30.7%(4/13), respectively.

Immunodeficiency including recurrent infections 
were described one patient in each of EXOSC3 and 
RARS2 groups and two patient in TSEN54 and HEATR5B 
groups. Brainstem findings (hyperacusis, central apnea, 
dizziness, vertigo, impaired swallowing) and cerebellar 
deficits (nystagmus, intentional tremor, dysmetria, scan-
ning speech) were revealed in 55.3% (31/56) and 67.3% 
(31/46), respectively. Hypotonia (except for VLDL, 
MINPP1, TOE1, TSEN2, SEPSECS, CHMP1A and 
PCLO), hypertonia (except for RARS2, HEATHR5, CASK, 
EXOSC8, TC1D23; TSEN2, CHMP1A and PCLO) and 
axial hypotonia and distal hypertonia (AHDH) (CLP1, 
EXOSC3, AMPD2, RARS2, CASK, MINPP1, CHMP1A 
and PCLO) were determined in 38.9%(23/59), 30.5% 
(18/59), and 23.7% (14/59), respectively. Behavioral 

Fig. 1   Distribution of PCH genes

Fig. 2   Variant type in PCH
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disorders including autism and ADHD (Attention deficit 
hyperactivity disorder) were described in 30.4% (14/46), 
and 22% (11/50), respectively.

Biochemical and metabolic tests were normal in 92.2% 
(46/50). Biochemical and metaboic investigations showed 
high lactate level, anemia, polycythemia in two patients 
with CLP1 and one patient in each of the RARS2 and 
HEATR5B groups. Except for PCH appearence, MRI find-
ings of the patients revealed the particular features such 
as the butterfly pattern in EXOSC3 (n = 1), the dragonfly 
pattern in AMPD2 (n = 1) and TSEN54 (n = 2), the flat-
tening pons in CLP1 (n = 2) and a figure of “8” of the 
midbrain in AMPD2 (n = 2) (Fig. 3). The detailed demo-
graphic, clinical, EEG and MRI findings of each gene 
group was summarised in Tables 1, 2 and 3.

CLP1

We determined that CLP1 was the most common PCH 
form in Turkey. This group included eleven male and six 

female patients. Consanguinity was described in 82.3% 
of the patients. Term pregnancy, microcephaly, devel-
opment delay(gross motor/fine motor/language/social),, 
and intellectual disability were observed in 100% of the 
patients. Dysmorphic features, musculoskeletal disorders 
(scoliosis, muscle atrophy, hip dislocation, contractures, 
joint stiffness, kyphosis), brainstem findings (central 
apnea, dizziness, vertigo, impaired swallowing) and 
cerebellar deficit ( nystagmus, intentional tremor, dys-
metria, scanning speech) were determined 60%, 64.7%, 
50%, 41.6%, respectively. Tetraplegia were described in 
86.6% and paraplegia in 13.3%. Gait disorders includ-
ing ataxia and/or spastic are reported in 14 out of 15 
(93.3%) patients. Seizures were found in 70.5% of the 
patients. The onset of the seizures were described at 
12.66 ± 15.41 months. Frequency of seizure were every 
day in five patients and once a year in three patients. 
Additionally, seizures were treated with monotheraphy 
in six patients and polytheraphy in 5 patients. Among the 
patients, seizures were controlled in six patients. Three of 

Fig. 3   (a-d) Typical radiological 
findings shown—(a, b) drag-
onfly pattern (comparatively 
preserved vermis and atrophic 
cerebellar hemispheres) in one 
patient with TSEN54 gene. 
(c, d) brainstem appearance of 
figure of 8 on the brain MRI of 
one patient with AMPD2 gene
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them were determined as seizure free. Regression, autis-
tic features and ADHD were described 35.2%, 46.1%, 
and 20%, respectively. EEG abnormalities were identified 
71.4% of the patients. All EMG findings were found to be 
compatible with axonal sensorimotor/motor neuropathy 
(n = 4). The age of the first MRI was 3.69 ± 3.13 years. 
MRI revealed cerebral atrophy (n = 11), ventriculomeg-
aly (n = 8), white matter abnormality (n = 4) and corpus 
callosum abnormality (n = 14) in 64.7%, 47%, 25%, and 
87.5% of patients, respectively. Two patients had flat 
pons.

The homozygous missense variant c.419G > A 
(p.Arg140His) was identified in all patients(n = 17). 
CLP1 group was observed to spread to five regions in 
Turkey.

EXOSC3

The EXOSC3 group with PCH consisted of seven patients, 
five male and two female. Development delay(gross 
motor/fine motor/language), intellectual disability, brain-
stem findings(central apnea, dizziness, vertigo, impaired 
swallowing), cerebellar deficit(nystagmus, intentional 
tremor, dysmetria, scanning speech), motor deficit, gait 
disorder(ataxia and spastic) were reported in 100% of 
the patients. Half of the patients had proximal weakness, 
while the others consisted of tetraplegia (n = 2) and para-
plegia (n = 1). Two patients revealed fasciculation. Addi-
tionaly, two patients had seizures. The onset of the sei-
zures was defined as 2 months. Moreover, seizures were 
treated with monotheraphy in one patient. One of them 
followed up seizure free. Regression, autistic features and 
ADHD were described in 28.5%, 25%, and 42.8%, respec-
tively. Poor eye contact, musculoskeletal (scoliosis, mus-
cle atrophy) and gastrointestinal disorder (constipation, 
stool incontinence, feeding with percutaneous endoscopic 
gastrostomy tube), immunodeficiency (recurrent infec-
tions) were detected in 75%, 66.6%, 66.6%, and 3.33%, 
respectively. The mean age of the MRI applicationwas 
6.26 ± 5.24 years. The brain MRI revealed the butterfly 
pattern and ventriculomegaly in one patient associated 
with compound heterozigot variant, c.619_622dupATTA, 
c.474 + 110G > A). Other abnormalities including white 
matter abnormality (n = 2), corpus callosum abnormality 
(n = 3), and cerebral atrophy (n = 3) in 66.6%, 100%, and 
75% respectively.

Genetic analysis revealed homozygous missense variant 
c.572G > A in three patients, other homozygous missense 
variant c.395A > C in three patients, and the compound het-
erozigot variant c.619_622dupATTA, c.474 + 110G > A in 
one patient.
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AMPD2

This group included two male and four female patients. 
Term pregnancy, microcephaly, development delay(gross 
motor/fine motor/language/social),, and intellectual dis-
ability were displayed in 100% of the patients. All of the 
patients revealed tetraplagia, half of the patients had axial 
hypotonia and distal hypertonia. Seizures were identified 
in 66.6% of the patients. The onset of the seizures was 
described as 16.8 ± 14.18 months. Seizures were treated 
with monotheraphy in one patient and polytheraphy in three 
patients. Among the patients, seizures were controlled in 
only one patient. None of them were reported as seizure 
free. Only one patient had autistic features. Eye abnormality 
(poor eye contact), musculoskeletal (scoliosis, muscle atro-
phy, contractures) and genitourinary disorder(micropenis) 
were revealed 40%, 50% and 40% of the patients, respec-
tively. The age of the first MRI was at 5.77 ± 1.57 years. 
The brain MRI revealed the dragonfly pattern in one patient 
(nonsense/frameshift variant, c.1110del/AMPD2(NM_001
368809.2):c.1239del) and the figure of “8” of the midbrain 
in two patients (nonsense/frameshift variant, c.1110del/
AMPD2(NM_001368809.2):c.1239del and frameshift vari-
ant, c.1652del). In addition, venticulomegaly (n = 3), white 
matter abnormality (n = 2), corpus callosum abnormality 
(n = 5), and cerebral atrophy (n = 5) were reported in 50%, 
40%, 83.3%, and 83.3%, respectively.

All of the patients showed five different homozygous 
AMPD2 variants: c.1110del/AMPD2(NM_001368809.2
):c.1239del, c.2096A > G, c.241C > G, c.1661C > G and 
c.1652del (supplementary material).

TSEN54

This group consisted of three male and three female patients. 
TSEN54-group characterised by term pregnancy, micro-
cephaly, development delay, and intellectual disability with 
100%. Dysmorphic features and brainstem findings (dys-
phagia) were described in one patient. All patients revealed 
motor deficit included four tetraplagia and two paraplegia. 
Most of the patients (83.3%) presented hypertonia. Only 
one patient had spastic gait disorder. Seizures were deter-
mined in 80% of the patients. The onset of the seizures 
was9.8 ± 15.15 months. The seizures were treated with mon-
otheraphy in one patient and polytheraphy in three patients. 
One of them became seizure free. In addition, one patient 
presented regression. Eye abnormality (poor eye contact) 
and immunodeficiency (recurrent infections) were seen in 
33.3%. The respiratory (stridor), endocrine disorder (hypoc-
alcemia), musculoskeletal disorder (hip dislocation + kypho-
sis), genitourinary(abnormal genitalia), and gastrointestinal 
(constipation) disorders revealed in one patient. Only one 
patient had VEP/ERG abnormality. The age of first MRI NA
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was 3.04 ± 3.51 years. The brain MRI showed the dragonfly 
pattern (n = 2), venticulomegaly (n = 2), white matter abnor-
mality (n = 1), cerebral atrophy (n = 1) and corpus callosum 
abnormality (n = 3) in 33.3%, 40%, 16.6%, 20%, and 60%, 
respectively.

All patients showed the same homozygous missense vari-
ant c.919G > T (p.A307S). The patients attended from two 
different regions.

RARS2

Five patients including three male and two female joined 
the group. Consanguinity and term pregnancy were reported 
in 80%. Microcephaly, dysmorphic features and cerebellar 
deficits were detected in 75%, 50%, and 66.6% respectively. 
Development delay(gross motor/fine motor/language/social), 
intellectual disability, gait disorder (ataxia and spastic), eye 
(poor eye contact, strabismus, optic atrophy), seizures and 
EEG abnormalities revealed in 100% of the patients. Two 
patients showed signs of autism and one patient displayed 
regression. Motor deficits consisted of three tetraplagia, one 
proximal weakness and one axial hypotonia and distal hyper-
tonia. Hypotonia occured in four of the five patients. The 
mean age onset of the seizures was 8.67 ± 13.27 months. The 
seizures were treated with monotheraphy in one patient and 
polytheraphy in two patients. One of them was reported as 
seizure free. One patient with visual abnormality (decreased 
visual acuity) and two patients with brainstem findings (dys-
phagia, central apnea, hearing deficit) were revealed. Renal 
(neurogenic bladder, nephrolithiasis) and gastrointestinal 
disorders (feeding abnormalities, feeding with percutaneous 
endoscopic gastrostomy tube, constipation) were described 
in 40% and 80%, respectively. Immunodeficiency (recurrent 
infections) and musculoskeletal disorder (muscle atrophy) 
were reported in one patient. MRI revealed cerebral atro-
phy in three patients (60%), ventriculomegaly in one patient 
(25%), white matter abnormality in two patients (50%) and 
corpus callosum abnormality in one patient (20%). One 
patient also had VEP/ERG abnormality. Three patients from 
two distinct regions revealed the homozygous missense vari-
ant c.1037C > T (p.Thr346). The other two variants (mis-
sense) were found c.722G > T and c.1026G > A.

VLDLRL

Three male and two female patients were included in this 
group. Consanguinity, microcephaly, development delay, 
intellectual disability, gait disorder (ataxia), and eye abnor-
mality (strabismus) were reported in 100%. Cerebellar defi-
cits (nystagmus, intentional tremor, dysmetria), and paraple-
gia were observed in 80%. Four of them showed paraplegia 
and one of them revealed monoparesia. Dysmorphic fea-
tures, hypertonia and musculoskeletal disorder (scoliosis) 

were displayed in one patient. The mean age of the first MRI 
was 0.58 ± years. On brain MRI, thicking cerebral cortex 
as pachygryria described in three patients associated with 
frameshift, c.1249_1255del and stop codon, c.835C > T. 
Three homozygous variants (c.1249_1255del, c.1970 T > A, 
and c.835C > T) from three different regions were counted.

HEATR5B

Three patients of HEATR5B were determined with con-
sanguinity, microcephaly, development delay, regression, 
intellectual disability, brainstem findings (dysphagia, central 
apnea), hypotonia, eye abnormality (poor eye contact, micro-
phthalmia), respiratory (recurrent aspiration, tracheostomy) 
and gastrointestinal (aganglionic megacolon, gallstone, feed-
ing with percutaneous endoscopic gastrostomy tube) disor-
ders were observed in 100%. One patient revealed tetraplegia 
and also one patient had spastic gait disorder. Three patients 
had seizures. The onset of the seizures was defined as one 
month. Decreased visual acuity and nystagmus as a cerebel-
lar sign were found in two patients. Two patients revealed 
immunodeficiency (recurrent infections). The age defined 
for the performed MRI was 0.66 years. It was described one 
patient (33.3%) with basal ganglia abnormality, two patients 
(100%) with white matter abnormality and cerebral atrophy, 
and three patients (100%) with ventriculomegaly and corpus 
callosum abnormality (hypoplasia). All of the patients came 
from Black sea region and showed the homozygous variant 
c.5051–1G > A (splice site).

CASK

The CASK group consisted of three patients with term preg-
nancy, microcephaly, developmental delay, intellectual dis-
ability, cerebellar deficits (nystagmus), tetraplagia, dysmor-
phic features, and eye abnormality ( poor eye contact, optic 
atrophy) in 100%. Autistic features and ADHD were diag-
nosed in one patient. Seizures was determined in one patient. 
The onset of the seizures was reported as one month and 
treated with polytheraphy as a diagnosis of epileptic enceph-
alopathy. One patient revealed visual abnormality includ-
ing rod and cone dystrophia. Brainstem findings (dysphagia, 
central apnea, impaired swallowing), gait (ataxia + spastic), 
musculosceletal (joint stiffness, contracture, pes equino-
varus) and gastrointestinal (feeding abnormality, consti-
pation) disorders were observed in two patients. The age 
reported for the performed MRI was 3.91 ± 3.64 years. One 
of them revealed trigonocephaly. One of them also showed 
mega sisterna magna and white matter abnormality. The 
variants revealed c.477del (frameshift), c.1910G > A (mis-
sense) and c.82C > T (nonsense).
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MINPP1

The MINPP1 group had two patients. Developmental delay, 
microcephaly, dysmorphic features, regression, and seizure 
were determined in one patient. The onset of the seizures 
was revealed as two months. The seizures were controlled 
with monotheraphy. Consanguinity, brainstem findings (dys-
phagia, impairing swallowing), cerebellar deficits (nystag-
mus), eye abnormality (cataract, ptosis) were reported in 
two patients. One patient had tetraplegia. Additionally, one 
of them displayed hypertonia and AHDH. On MRI find-
ings, white matter and basal ganglia abnormality with two 
patients, ventriculomegaly, cerebral atrophy, and corpus cal-
losum abnormality with one patient were reported. The vari-
ants showed c.74C > A(nonsense) and c.181_182insGAC 
(nonsense).

EXOSC8

Two patients formed the EXOSC8 group. Microcephaly, 
development delay, intellectual disability, autistic features, 
gait disorder (ataxia, neuropathic), and EEG abnormality 
were observed in two patients (100%). One patient revealed 
ADHD. Seizures were observed in two patients. The 
onset of seizures were reported as 6.5 ± 2.12 months. One 
patient was treated with monotherapy and other one with 
polytherapy. One patient was seizure free after the medica-
tion. Dysmorphic features, visual abnormality (decreased 
visual acuity, hemianopsia), brainstem findings (central 
apnea) and cerebellar deficit (scanning speech, oculomo-
tor apraxia) were defined in one patient. Tetraplagia and 
hypotonia was described in one patient. Eye abnormality 
(strabismus, poor eye contact), respiratory (tracheostomy), 
musculoskeletal (scoliosis, joint stiffness, contracture), gas-
trointestinal disorder (feeding abnormalities, constipation) 
were observed in one patient. The age reported for the per-
formed MRI was 5.5 ± 3.53 years and main finding was only 
PCH. Two patients had EEG abnormalities and one patient 
showed ENMG abnormality. Two missense variants showed 
c.815G > C and c.719G > C.

TOE1

The TOE1 group included two patients. Consanguinity, 
term pregnancy, microcephaly, development delay, regres-
sion, intellectual disability, cerebellar deficits, gait disor-
der, eye abnormality (strabismus), musculoscelatal disorder 
(muscle atrophy), dysmorphic features in two patients. One 
patient had seizures. The onset of seizures were reported as 
48 months. The polytherapy was used to treat the daily sei-
zures. Tetraplegia, paraplegia and hypertonia were observed 
one, one and two patients, respectively. The mean for first 
MRI was 2.25 ± 0.35 years. MRI showed ventriculomegaly, 

cerebral atrophy and corpus callosum hypoplasia in two 
patients. Only one variant consisted of c.572A > G (mis-
sense) was determined.

TBC1D23

The TBC1D23 group consisted of two patients from the 
same center. Consanguinity, term pregnancy, microcephaly, 
development delay, intellectual disability, ADHD, brainstem 
findings (vertigo, dysphagia, dizziness), cerebellar deficits 
(nystagmus, dysmetria), hypotonia, gait disorder, eye abnor-
mality (cataract, astigmatism), cardiovascular (atrial septal 
defect), endocrine (hypothyroidism), musculoscelatal dis-
orders (scoliosis), dysmorphic features, seizures (controlled 
with monotherapy), and EEG abnormality were reported in 
two patients. One patient showed autistic features. The onset 
of seizures were defined as 24 ± 16.97 months. The time of 
the MRI was reported as 4.0 ± 1.41 years. The ventriculo-
megaly, and corpus callosum hypoplasia were detected in 
both of them. The frameshift variant revealed c.743_744del.

TSEN2

A patient with TSEN2 (c.1091C > G) was described by con-
sanguinity, term pregnancy, microcephaly, development 
delay, intellectual disability, ADHD, and tetraplagia. There 
was no reported any findings except for pontocerebelar 
hypoplasia. The missense variant was revealed c.1091C > G.

SEPSECS

A patient carrying a homozygous noncoding variant in the 
SEPSECS (c.114 + 3A > G) gene presented with term preg-
nancy, microcephaly, development delay, paraplagia, hyper-
tonia, and spastic gait disorder. There was no reported any 
supratentorial or infratentorial findings except pontocereb-
elar hypoplasia.

CHMP1A

One patient with CHMP1A (frameshift, c.128_129dup) 
displayed with consanguinity, microcephaly, development 
delay, regression, seizure, intellectual disability, brainstem 
findings (hyperacusis, ptosis), cerebellar deficits (nystagmus, 
intentional tremor), visual abnormality (decreased visual 
acuity, blurry vision), tetraplagia, axial hypotonia and distal 
hypertonia, spastic gait disorder, cardiovascular (patent duc-
tus arteriosus, patent foramen ovale), musculoskeletal (pes 
ecinovarus) findings, EEG, and VEP/ERG abnormalities. 
The time of the first MRI was 2 years. The ventriculomegaly, 
white matter abnormality, and corpus callosum hypoplasia 
were reported on MRI.
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PCLO

Microcephaly, development delay, intellectual disability, 
brainstem finding (dysphagia), tetraplagia, axial hypotonia 
and distal hypertonia, musculoskeletal (scoliosis, muscle 
atrophy, contractures), gastrointestinal (feeding abnormal-
ity) and skin (hyperpigmented spot), and ventriculomegaly 
on MRI were determined in one patient with PCLO (inser-
sion, c.8776_8777insATG).

Discussion

We described a wide range of clinical, laboratory, and neu-
roimaging manifastations of 64 patients with PCH based on 
genetic analysis. In this study, we detected the most com-
mon mutation was CLP1 gene. In the literature, Namavar 
et al. reported that the most common mutation was TSEN54 
gene(n = 88), including 106 patients who tested positive for 
the TSEN2, 34, 54 or RARS2 gene [3]. Recently, Nuovo et al. 
reported that most common causative gene was CASK, in 
43 pathogenic or likely pathogenic variants among 56 PCH 
probands[2].

CLP1 is an RNA kinase involved in tRNA splicing 
and maturation. Mutation is associated with functionally 
impaired kinase activity and subsequent defective tRNA pro-
cessing. Proposed pathogenic mechanism include intronic 
RNA fragment accumulation [16]. An accumulation of 
PCH10-causing tyrosine pre-tRNA fragments in modeling 
a human CLP1 mutation (R140H) in the mouse and sup-
pression of premature transcription termination resulting in 
diminished mRNA isoform variety and neurodegeneration 
[17, 18].

PCH10 was described simultaneously and independently, 
by Karaca E, et al. idendified the same homozygous rare var-
iant R140H of the CLP1 gene (c.419G > A; p.(Arg140His), 
in 11 individuals from five families [19]. Schaffer AE, et al. 
and Wafic M, et al. described two patient from family of 
Turkish origin the same mutation [20, 21]. In our study, we 
identified same gene mutation from 17 patients.

Clinical manifestations in PCH10 mainly occur of micro-
cephaly, intellectual disability, severe development delay, 
seizure, progressive spasticity, facial dysmorphism, axonal 
neuropathy, thin corpus callosum, cortical dysgenesis/atro-
phy, ventricular dilation, delayed myelination, and white 
matter changes on the brain MRI [1, 19, 22]. Axonal neu-
ropathy and cortical dysgenesis are important findings in 
PCH10 [19]. In the present study, four ENMG findings were 
found axonal sensorimotor/motor neuropathy and 11 patients 
revealed thick cerebral cortex. Although PCH10 has merely 
showed in children of Eastern Turkish region until recent 
years, Amin et al. reported a new family diagnosed PCH 10 
from Sudan with the same founder mutation in CLP1 gene 

and similar clinical and radiological features in the previous 
Turkish studies [7, 22]. Moreover, we exhibited compatible 
manifestations according to pevious reports. our study had a 
higher patient participitation from the Mediterranean region 
among the patients collected from five different regions 
compared to previous report including five families from 
Eastern Turkey [19].

EXOSC protein consists of nine core proteins (EXOSC1-
9) affect the exosome. The substantial task of the exome 
includes processing of mRNA, rRNA and probably tRNA 
of RNA precursor, transcript and unspliced degradation, 
and regulation of RNA processing in cerebellar and spi-
nal neurons [9, 23–25]. Müller et al. emphasize the con-
nection between exosome function, ribosome biogenesis, 
p53-dependent signalling about pathogenesis of exosome-
related disorders (EXOSC3, EXOSC8, EXOSC9) [23]. In 
the literature, EXOSC3 mutations have constituted in nearly 
half of PCH1 cases [24].

EXOSC3 (PCH1B) mutations can cause from mild to 
severe phenotypic spectrum including central and periph-
eral motor dysfunctions associated with anterior horn cell 
degeneration, muscle weakness, hypotonia, respiratory 
insuffi ciency and congenital contractures [25]. In this 
study, about half of patients with EXOSC3 mutations had the 
most commonly reported pathogenic variant, c.395A > C, 
p.(Asp132Ala) and about the other half had c.572G > A, 
p.(Gly191Asp). One patient with a compound heterozigot 
variant c.619_622dupATTA, c.474 + 110G > A had also 
butterfly pattern. It is suggested that homozygosity for 
c.395A > C, p.(Asp132Ala) variant exhibits a milder clinical 
picture than compound heterozygosity [9, 26]. The pheno-
type of the patients with both c.395A > C and c.572G > A, 
p.(Gly191Asp) can be interpreted as moderate. In our study, 
similar to literature, we determined the homozygous mis-
sense variant c.572G > A in three patients, other homozy-
gous missense variant c.395A > C in three patients, and 
the compound heterozigous variant c.619_622dupATTA, 
c.474 + 110G > A in one patient. Based on the clinical pic-
ture of our patients, we recommend that homozygous mis-
sense variants are milder than compound heterozygous vari-
ant, in line with the literature.

Mutations of EXOSC8 lead to PCH with central nervous 
system demyelination PCH1C [22, 27]. Clinical features 
include psychomotor deficit, cerebellar and corpus callosum 
hypoplasia, hypomyelination, respiratory failure, contrac-
tures, spinal muscular atrophy, and hearing impairment [7, 
27]. Unlike the literature, our two patients exhibited micro-
cephaly, seizures, autistic features, gait disorder (ataxia, neu-
ropathic), and EEG abnormality one of them also showed 
severe motor axonal neuropathy on EMG.

PCH9 is caused by bi-allelic mutations in the AMPD2 
gene which transforms adenosine monophosphate to inosine 
monophosphate associated the purine metabolism leads to 
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neurotoxicity due to intracellular adenosine accumulation 
and derived nucleotids [1, 28, 29]. AMPD2 is expressed pri-
marily in Purkinje cells within the cerebellum and causes 
severe cerebellum involvement [28]. In our study, severe 
clinical profile revealed as all patients had tetraplagia in 
AMPD2-group. However, it was also attractive half of the 
patients had axial hypotonia and distal hypertonia. Moreo-
ver, approximately half of the patients showed cortical visual 
impairment as noted ‘poor eye contact’. On MRI findings, 
one patient displayed dragonfly pattern (comparatively pre-
served vermis and atrophic cerebellar hemispheres) and two 
patients with abnormal midbrain describing a figure of “8” 
which is accepted typical imaging findings for PCH9. In 
addition, corpus callosum abnormalities (thin/absent) were 
detected higher rate than in series of Scola and friends as in 
our patients (hypoplasia/agenesis, 83.3%) [30]. We reported 
five different homozygous AMPD2 variants in six patients. 
Therefore, we can not establish clear genotype–phenotype 
correlation like the recently reported study [28].

Mutations in all subunits of TSEN lead to diverse types of 
PCH ( Type 2A,2B, 2C and 2F, and PCH4, PCH5) [17]. The 
most prevelant type is PCH2A caused by mutations A307S 
variant of TSEN54 gene. Ultimately, TSEN complex occur 
of two catalytic (TSEN2 and TSEN34) and two structural 
(TSEN15 and TSEN54) protein subunits. TSEN54 consti-
tudes a component of the transfer-RNA (tRNA) splicing 
endonuclease complex. TSEN2, TSEN34 and TSEN15 muta-
tions are classified as PCH2B, PCH2C and PCH2F, respec-
tively. These subtypes infrequently exist and share similar 
clinical features [1, 3, 31]. The dystonia/chorea, impaired 
swallowing, central visual impairment, variable degrees of 
spasticity, recurrent infections, apneas, thermoregulation and 
sleeping disorders can be counted as distinguishing features 
from common features in PCH [1, 3, 7]. The dragonfly-like 
cerebellar pattern on MRI is often associated with homozy-
gous p.A307S mutation [3, 30]. The dragonfly pattern was 
revealed in two patients in the present study, too. In our 
study, all six patients with this mutation were classified as 
PCH2A, consistent with clinical findings in the literature.

TSEN2 is one of the protein subunit within TSEN com-
plex. TSEN2 mutations, although infrequent, result in 
PCH2B characterized by common neurological findings 
including microcephaly, developmental delay, intellectual 
disability, epilepsy, dyskinesia, central visual impairment, 
and hyperkinetic involuntary movements [7, 32]. Due to 
this mutation decline in protein translation via distrupted 
tRNA splicing occur [1]. In our study, we identified one 
patient with PCH2B, consistent with clinical findings in the 
literature.

PCH6 is resulted in biallele mutations in RARS2, which 
encodes mitochondrial arginyl-tRNA synthetase [33, 34]. 
RARS2 is liable for simplifying the particular connec-
tion of Arginine to its cognate mitochondrial tRNA by 

mitochondrial translation [1, 34]. Distinctive features occur 
of hypotonia, refractory epilepsy, lactic acidosis, and/
or defective activity of mitochondrial respiratory chain, 
impaired swallowing, dysconjugate eye movements, optic 
atrophy, visual impairment, apneic episodes, and edema 
of extremities [3, 7, 33–35]. On half of our patients, we 
described white matter abnormality on MRI and dysmor-
phic features. In our cases, autistic features, renal disorders 
(neurogenic bladder, nephrolithiasis) are distinctive features 
from the other reported patients in the literature.

The loss-of-function mutations in the multiple inositol-
polyphosphatephosphatase 1 gene (MINPP1) cause PCH16 
by impairing neuronal differentiation and then growing 
cell death through induced stem cells via elevated inositol 
hexakisphosphate (IP6) producing increased chelation of 
intracellular cations [14]. Ucuncu et al. reported the ptosis/
cataract was reported as a striking finding in PCH16 patients 
from other PCH subtypes [14]. We also in two patients with 
MINPP1 mutations. On MRI findings, Ucuncu et al. and 
Appelhof et al. underlined basal ganglia hypoplasia/atrophy 
[14, 36]. Similarly, our two patients revealed the ptosis, cata-
ract and the basal ganglia hypoplasia/atrophy (One of them 
took place in report of Ucuncu et al.[14]).

The target of EGR1 protein 1 (TOE1) plays a crucial role 
various biological processes including sustaining genome 
stability by the maturation of the RNA pattern, cell cycle 
regulation, and the maturation of a variety of small nuclear 
RNAs (snRNAs) [37]. To date, 17 patients with TOE1 muta-
tions were reported. Among these patients, twelve of them 
revealed the ambiguous genitalia [12, 37, 38]. We described 
two patients with PCH7, one exhibiting ambiguous genitalia, 
and in both of them observed regression, cerebellar deficits, 
strabismus, and dysmorphic features are different features 
from literature.

TBC1D23 protein was defined as a vesicle-Golgi adaptor 
[39].The pathogenic modifications of TBC1D23 cause the 
deterioration of vesicle trafficking, resulting in an aberrant 
neuronal growth and brain development in zebrafish. The 
mechanisms decline number and size of neurite outgrowth in 
TBC1D23-deficient human fibroblast and primary neurons, 
and also downregulation of TBC1D23 influencing corti-
cal neuron positioning and causing primary cortical lami-
nation anomalies in the mouse cortex [40, 41]. TBC1D23 
deficiency due to homozygous mutations in TBC1D23 gene 
leads to PCH1 [1, 7, 39, 41]. In our study, Two patients with 
TBC1D23 de novo frameshift mutations exhibited controlled 
seizure, brainstem findings (vertigo, dysphagia, dizziness), 
gait disorder (ataxia and spastic), cardiovascular (atrial sep-
tal defect), hypothyroidism, and scoliosis which were not 
typically reported in the literature.

SEPSECS gene encodes the SepSecS protein which cata-
lyzes the final step of Sec biosynthesis that play a crucial 
role in brain development of mammals. [42]. PCH2D caused 
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by SEPSECS mutations defined as contractures, sleep dis-
turbances, irritability, edema of face and limbs, polyneu-
ropathy, optic atrophy, microcephaly, epilepsy, nystagmus, 
and intellectual disability [7, 32]. In this study, only one 
patient was described compatible with clinical findings in 
the literature.

Chromatin modelling and cell proliferatioN (CHMP1A) is 
assumed a rare mechanism associated with PCH [1]. Clinical 
phenotype includes abnormal muscle tone, dystonia, ataxia, 
cortical visual impairment, and choreiform movements [1, 
7]. Our study described only one patient with CHMP1A 
(PCH8) mutations showing regression, seizure, brainstem 
findings (hyperacusis, ptosis), cerebellar deficits (nystag-
mus, intentional tremor), ventriculomegaly, white matter 
abnormality, cardiovascular (patent ductus arteriosus, patent 
foramen ovale), EEG and VEP/ERG abnormalities, which 
differed from the literature.

PCH3 is caused by mutations in the PCLO gene and 
clinical features exist of facial dysmorphism, optic atrophy, 
cerebellar atrophy, and neonatal hypotonia. The pathogenic 
mechanism is loss of piccolo affecting the disruption of 
various synaptic proteins and the separate of the synapse. 
Piccolo is encodes by PCLO and responsible for synaptic 
vesicle organization, persistence of synaptic unity, organ-
izing presynaptic ubiquitination and proteostasis [1, 7]. 
One patient with PCH3 revealed clinical findings similar 
to previously reported case. Although Ahmet et al. reported 
homozygous, nonsense variant in the PCLO gene, we report 
a heterogeneous insersion variant (c.8776_8777insATG, 
p.Asp2926dup) [43].

VLDLR–associated PCH is a rare autosomal recessive 
disorder. The VLDLR protein is responsible for a sunstan-
tial part of fatty acid metabolism and it plays a prominent 
role in the reelin signaling pathway [44]. Reelin composes 
neuronal positioning in the cortical brain structures and the 
migration of neurons along the radial glial fiber network 
[45]. The patients clinically presents with nonprogressive 
cerebellar ataxia, delayed ambulation, quadripedal gait, 
varying degrees mental retardation, dysarthria, cerebellar 
hypoplasia and less frequentl seizures, strabismus, short stat-
ure, pes planus and dysmorphic features [1, 15]. Simplified 
gyration of the cerebral hemispheres, minimally thickened 
cortex, and absance anteroposterior gradients and tiny brain 
stem including especially the pons are characteristic MRI 
findings. We identified five patients with three homozygous 
variants characterised by ataxia, strabismus and cerebellar 
deficits. Two of them revealed bipedal gait similar to litera-
ture [46]. Moreover, three of them with pachygyria on MRI 
similar to the patients were reported [47].

HEATR5B protein play a substantial role in endocyto-
sis and membrane trafficking [48, 49]. Glosh et al. reported 
four patients from two families showing PCH with sei-
zures, severe intellectual disability, and motor delay. Both 

families revealed homozygous variants neighboring to 
canonical splice sites (c.5051–1G > A and c.5050 + 4A > G) 
in HEATR5B gene. The family consisting of two siblings 
carrying the homozygous variant c.5051–1G > A was 
also included in this study [13]. Our study identified three 
patients with PCH carrying the same homozygous variant 
(c.5051–1G > A) in the HEATR5B gene. MRI findings were 
remarkable and ranged from ventriculomegaly to white mat-
ter, basal ganglia, and corpus callosum abnormalities in all 
patients. Additionally, cortical visual impairment and micro-
phthalmia, respiratory and gastrointestinal disorders were 
considerable and common features in all patients. [13].

The CASK protein is connected to the membrane-asso-
ciated guanylate kinase family and comprises various func-
tional domains [50]. CASK protein unites multiprotein com-
plexes and also responsible for synaptic interaction, protein 
trafficking, signaling of ion channels, and arrangement of 
gene expression throughout neural development [51, 52]. 
Loss of function CASK variants exhibit most severe pheno-
typic manifestations present in females, with in utero death 
in males [2, 52]. Despite of the divergent phenotypic spec-
trum mutations in the CASK gene, it can present facial dys-
morphism, sensorineural hearing loss, optic atrophy, retin-
opathy, hypohidrosis, microcephaly, developmental delay, 
limb hypertonia, pronounced cerebellar hypoplasia, various 
extent of pons hypoplasia, and a normal-sized corpus cal-
losum [7, 35, 52]. All our patients shared similar clinical and 
neuroimaging findings in the literature.

However, it is necessary to consider that the current 
study has some limitations. One of them is the method of 
the study is retrospective. The second is only accessible data 
was recorded.

The phenotypic spectrum of PCH is much broader than 
more than anticipated. This multicenter study has the feature 
of being the most comprehensive study conducted in Turkey 
on PCH. Although the most common causative gene was 
defined as CASK or TSEN54 in a few large cohort studies 
in the literature, in our study; CLP1 mutation (c.419G > A, 
p.Arg140His) was described the most common causative 
gene in Turkey. Further investigations and large cohort of 
patients are need to determine the clear genotype–phenotype 
correlations.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12311-​024-​01690-1.

Acknowledgements  We would like to thank Sefer Kumandas, Cetin 
Okuyaz, Ozlem Herguner, Ayse Aksoy and Figen Celep Eyuboglu for 
their valuable comments.

Author Contributions  Dilek Cavusoglu and F. Mujgan Sonmez con-
tributed to the study's conception and design. All authors contributed 
to the material preparation and data collection. Analysis was performed 
by Dilek Cavusoglu, Dilara Fusun Icagasioglu, Ahmet Cevdet Ceylan, 
and F. Mujgan Sonmez. Dilek Cavusoglu wrote the first draft of the 

https://doi.org/10.1007/s12311-024-01690-1


1963The Cerebellum (2024) 23:1950–1965	

manuscript. Analysis or interpretation of data was performed by Dilek 
Cavusoglu, Ahmet Cevdet Ceylan, and F. Mujgan Sonmez. F. Mujgan 
Sonmez supervised this study. All authors read and approved the final 
manuscript.

Funding  Open access funding provided by the Scientific and Techno-
logical Research Council of Türkiye (TÜBİTAK).

Data Availability  No datasets were generated or analysed during the 
current study.

Declarations 

Ethics Approval  This study was performed in line with the principles 
of the Declaration of Helsinki. Approval was granted by the Ethics 
Committee of Bezmialem Vakif University (E-54022451–050.05.04–
70596).

Consent to Participate  Informed consent was obtained from all indi-
vidual participants included in this study.

Consent for Publication  The participants have consented to the submis-
sion of the article to the journal.

Competing Interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 van Dijk T, Baas F, Barth PG, Poll-The BT. What’s new in 
pontocerebellar hypoplasia? An update on genes and subtypes. 
Orphanet J Rare Dis. 2018;13(1):92.

	 2.	 Nuovo S, Micalizzi A, Romaniello R, Arrigoni F, Ginevrino M, 
Casella A, et al. Refining the mutational spectrum and gene-
phenotype correlates in pontocerebellar hypoplasia: results of a 
multicentric study. J Med Genet. 2022;59(4):399–409.

	 3.	 Namavar Y, Barth PG, Kasher PR, van Ruissen F, Brockmann 
K, Bernert G, et al. Clinical, neuroradiological and genetic 
findings in pontocerebellar hypoplasia. Brain. 2011;134 
(Pt 1):143–56.

	 4.	 Brun R. Zur Kenntnis der Bildungsfehler des Kleinhirns. I. Über 
Aplasie und Hypoplasie des Neozerebellums. Schweiz Arch Neu-
rol Psychiat. 1917;1:61–123.

	 5.	 Barth PG, Vrensen GF, Uylings HB, Oorthuys JW, Stam FC. 
Inherited syndrome of microcephaly, dyskinesia and pontocer-
ebellar hypoplasia: a systemic atrophy with early onset. J Neurol 
Sci. 1990;97(1):25–42.

	 6.	 Barth PG. Pontocerebellar hypoplasias. An overview of a group 
of inherited neurodegenerative disorders with fetal onset. Brain 
Dev. 1993;15(6):411–22.

	 7.	 Rüsch CT, Bölsterli BK, Kottke R, Steinfeld R, Boltshauser E. 
Pontocerebellar hypoplasia: a pattern recognition approach. Cer-
ebellum. 2020;19(4):569–82.

	 8.	 Accogli A, Addour-Boudrahem N, Srour M. Diagnostic approach 
to cerebellar hypoplasia. Cerebellum. 2021;20(4):631–58.

	 9.	 Mu W, Heller T, Barañano KW. Two siblings with a novel vari-
ant of EXOSC3 extended phenotypic spectrum of pontocer-
ebellar hypoplasia 1B to an exceptionally mild form. BMJ Case 
Rep. 2021;14(1):e236732.

	10.	 Turkdogan D, Turkyilmaz A, Sager G, Ozturk G, Unver O, Say M. 
Chromosomal microarray and exome sequencing in unexplained 
early infantile epileptic encephalopathies in a highly consanguine-
ous population. Int J Neurosci. 2023;133(7):683–700.

	11.	 Kaya Ozcora GD, Aktas D, Kumandas S. CLP1 associated pon-
tocerebellar hypoplasia. Ann Med Res. 2020;28(3):614–7.

	12.	 Bilge S, Mert GG, Hergüner Ö, Özcanyüz D, Bozdoğan ST, Kaya 
Ö, et al. Clinical, radiological, and genetic variation in pontocer-
ebellar hypoplasia disorder and our clinical experience. Ital J 
Pediatr. 2022;48(1):169.

	13.	 Ghosh SG, Breuss MW, Schlachetzki Z, Chai G, Zaki MS, Abdel-
Salam G, et al. Biallelic hypomorphic mutations in HEATR5B, 
encoding HEAT repeat-containing protein 5B, in a neurological 
syndrome with pontocerebellar hypoplasia. Eur J Hum Genet. 
2021;29(6):957–64.

	14.	 Ucuncu E, Rajamani K, Wilson MSC, Medina-Cano D, Altin N, 
David P, et al. MINPP1 prevents intracellular accumulation of the 
chelator inositol hexakisphosphate and is mutated in Pontocer-
ebellar Hypoplasia. Nat Commun. 2020;11(1):6087.

	15.	 Sonmez FM, Gleeson JG, Celep F, Kul S. The very low density 
lipoprotein receptor-associated pontocerebellar hypoplasia and 
dysmorphic features in three Turkish patients. J Child Neurol. 
2013;28(3):379–83.

	16.	 Morisaki I, Shiraishi H, Fujinami H, Shimizu N, Hikida T, Arai 
Y, et al. Modeling a human CLP1 mutation in mouse identifies 
an accumulation of tyrosine pre-tRNA fragments causing pon-
tocerebellar hypoplasia type 10. Biochem Biophys Res Commun. 
2021;570:60–6.

	17.	 LaForce GR, Farr JS, Liu J, Akesson C, Gumus E, Pinkard O, 
et al. Suppression of premature transcription termination leads to 
reduced mRNA isoform diversity and neurodegeneration. Neuron. 
2022;110(8):1340-57.e1347.

	18.	 Sekulovski S, Trowitzsch S. What connects splicing of trans-
fer RNA precursor molecules with pontocerebellar hypoplasia? 
BioEssays. 2023;45(2):e2200130.

	19.	 Karaca E, Weitzer S, Pehlivan D, Shiraishi H, Gogakos T, Hanada 
T, et al. Human CLP1 mutations alter tRNA biogenesis, affect-
ing both peripheral and central nervous system function. Cell. 
2014;157(3):636–50.

	20.	 Schaffer AE, Eggens VR, Caglayan AO, Reuter MS, Scott E, 
Coufal NG, et al. CLP1 founder mutation links tRNA splicing 
and maturation to cerebellar development and neurodegeneration. 
Cell. 2014;157(3):651–63.

	21.	 Wafik M, Taylor J, Lester T, Gibbons RJ, Shears DJ. 2 new 
cases of pontocerebellar hypoplasia type 10 identified by 
whole exome sequencing in a Turkish family. Eur J Med Genet. 
2018;61(5):273–9.

	22.	 Amin M, Vignal C, Hamed AAA, Mohammed IN, Elseed MA, 
Abubaker R, et al. Case Report: A New Family With Pontocer-
ebellar Hypoplasia 10 From Sudan. Front Genet. 2022;13:883211.

	23.	 Müller JS, Burns DT, Griffin H, Wells GR, Zendah RA, 
Munro B, et  al. RNA exosome mutations in pontocerebellar 
hypoplasia alter ribosome biogenesis and p53 levels. Life Sci 
Alliance. 2020;3(8):e202000678.

	24.	 Spyridakis AC, Cao Y, Litra F. Correction: A Rare Case of Pon-
tocerebellar Hypoplasia Type 1B With Literature Review. Cureus. 
2023;15(2):c100.

http://creativecommons.org/licenses/by/4.0/


1964	 The Cerebellum (2024) 23:1950–1965

	25.	 Radvanska E, Pos Z, Zatkova A, Hyblova M, Bauer F, Szemes T, 
et al. Molecularly confirmed pontocerebellar hypoplasia in a large 
family from Slovakia with four severely affected children. Bratisl 
Lek Listy. 2022;123(8):568–72.

	26.	 Le Duc D, Horn S, Jamra RA, Schaper J, Wieczorek D, Redler 
S. Novel EXOSC3 pathogenic variant results in a mild course 
of neurologic disease with cerebellum involvement. Eur J Med 
Genet. 2020;63(2):103649.

	27.	 Rodríguez-García ME, Cotrina-Vinagre FJ, Bellusci M, Merino-
López A, Chumilla-Calzada S, García-Silva MT, et al. New sub-
type of PCH1C caused by novel EXOSC8 variants in a 16-year-
old Spanish patient. Neuromuscul Disord. 2021;31(8):773–82.

	28.	 Gilboa T, Elefant N, Meiner V, Hacohen N. Delineating the phe-
notype and genetic basis of AMPD2-related pontocerebellar hypo-
plasia. Neurogenetics. 2023;24(1):61–6.

	29.	 Kortüm F, Jamra RA, Alawi M, Berry SA, Borck G, Helbig KL, 
et al. Clinical and genetic spectrum of AMPD2-related pontocer-
ebellar hypoplasia type 9. Eur J Hum Genet. 2018;26(5):695–708.

	30.	 Scola E, Ganau M, Robinson R, Cleary M, De Cocker LJL, 
Mankad K, et al. Neuroradiological findings in three cases of 
pontocerebellar hypoplasia type 9 due to AMPD2 mutation: typi-
cal MRI appearances and pearls for differential diagnosis. Quant 
Imaging Med Surg. 2019;9(12):1966–72.

	31.	 Breuss MW, Sultan T, James KN, Rosti RO, Scott E, Musaev D, 
et al. Autosomal-Recessive Mutations in the tRNA Splicing Endo-
nuclease Subunit TSEN15 Cause Pontocerebellar Hypoplasia and 
Progressive Microcephaly. Am J Hum Genet. 2016;99(1):228–35.

	32.	 Rudnik-Schöneborn S, Barth PG, Zerres K (2014) Pontocerebellar 
hypoplasia. Am J Med Genet C Semin Med Genet 166c(2):173–83

	33.	 Maricich SM, Aqeeb KA, Moayedi Y, Mathes EL, Patel MS, Chi-
tayat D, et al. Pontocerebellar hypoplasia: review of classification 
and genetics, and exclusion of several genes known to be important 
for cerebellar development. J Child Neurol. 2011;26(3):288–94.

	34.	 Zhang Y, Yu Y, Zhao X, Xu Y, Chen L, Li N, et al. Novel RARS2 
Variants: Updating the Diagnosis and Pathogenesis of Pontocer-
ebellar Hypoplasia Type 6. Pediatr Neurol. 2022;131:30–41.

	35.	 Namavar Y, Barth PG, Poll-The BT, Baas F. Classification, diag-
nosis and potential mechanisms in pontocerebellar hypoplasia. 
Orphanet J Rare Dis. 2011;6:50.

	36.	 Appelhof B, Wagner M, Hoefele J, Heinze A, Roser T, Koch-
Hogrebe M, et al. Pontocerebellar hypoplasia due to bi-allelic 
variants in MINPP1. Eur J Hum Genet. 2021;29(3):411–21.

	37.	 Chen H, Li N, Xu Y, Li G, Song C, Yao RE, et al. Novel com-
pound heterozygous variant of TOE1 results in a mild type of 
pontocerebellar hypoplasia type 7: an expansion of the clinical 
phenotype. Neurogenetics. 2022;23(1):11–7.

	38.	 Wang C, Ge Y, Li R, He G, Lin Y. Novel compound heterozygous 
missense variants in TOE1 gene associated with pontocerebellar 
hypoplasia type 7. Gene. 2023;862:147250.

	39.	 Laugwitz L, Buchert R, Groeschel S, Riess A, Grimmel M, 
Beck-Wödl S, et al. Pontocerebellar hypoplasia type 11: Does the 

genetic defect determine timing of cerebellar pathology? Eur J 
Med Genet. 2020;63(7):103938.

	40.	 Huang W, Liu Z, Yang F, Zhou H, Yong X, Yang X, et al. Struc-
tural and functional studies of TBC1D23 C-terminal domain pro-
vide a link between endosomal trafficking and PCH. Proc Natl 
Acad Sci U S A. 2019;116(45):22598–608.

	41.	 Ivanova EL, Mau-Them FT, Riazuddin S, Kahrizi K, Laugel V, 
Schaefer E, et al. Homozygous Truncating Variants in TBC1D23 
Cause Pontocerebellar Hypoplasia and Alter Cortical Develop-
ment. Am J Hum Genet. 2017;101(3):428–40.

	42.	 Zhao R, Zhang L, Lu H (2022) Analysis of the Clinical Features 
and Imaging Findings of Pontocerebellar Hypoplasia Type 2D 
Caused by Mutations in SEPSECS Gene. Cerebellum

	43.	 Ahmed MY, Chioza BA, Rajab A, Schmitz-Abe K, Al-Khayat A, 
Al-Turki S, et al. Loss of PCLO function underlies pontocerebellar 
hypoplasia type III. Neurology. 2015;84(17):1745–50.

	44.	 Tissir F, Goffinet AM. Reelin and brain development. Nat Rev 
Neurosci. 2003;4(6):496–505.

	45.	 Hiesberger T, Trommsdorff M, Howell BW, Goffinet A, Mumby 
MC, Cooper JA, et  al. Direct binding of Reelin to VLDL 
receptor and ApoE receptor 2 induces tyrosine phosphoryla-
tion of disabled-1 and modulates tau phosphorylation. Neuron. 
1999;24(2):481–9.

	46.	 Kolb LE, Arlier Z, Yalcinkaya C, Ozturk AK, Moliterno JA, 
Erturk O, et al. Novel VLDLR microdeletion identified in two 
Turkish siblings with pachygyria and pontocerebellar atrophy. 
Neurogenetics. 2010;11(3):319–25.

	47.	 Ali BR, Silhavy JL, Gleeson MJ, Gleeson JG, Al-Gazali L. A 
missense founder mutation in VLDLR is associated with Dys-
equilibrium Syndrome without quadrupedal locomotion. BMC 
Med Genet. 2012;13:80.

	48.	 Zysnarski CJ, Lahiri S, Javed FT, Martínez-Márquez JY, Trow-
bridge JW, Duncan MC. Adaptor protein complex-1 (AP-1) is 
recruited by the HEATR5 protein Laa1 and its co-factor Laa2 in 
yeast. J Biol Chem. 2019;294(4):1410–9.

	49.	 Canagarajah BJ, Ren X, Bonifacino JS, Hurley JH. The clathrin 
adaptor complexes as a paradigm for membrane-associated allos-
tery. Protein Sci. 2013;22(5):517–29.

	50.	 Hsueh YP. Calcium/calmodulin-dependent serine protein kinase 
and mental retardation. Ann Neurol. 2009;66(4):438–43.

	51.	 Moog U, Kutsche K, Kortüm F, Chilian B, Bierhals T, Apeshi-
otis N, et al. Phenotypic spectrum associated with CASK loss-of-
function mutations. J Med Genet. 2011;48(11):741–51.

	52.	 Xie G, Zhang Y, Yang W, Yang L, Wang R, Xu M, et al. Case 
report: A novel CASK mutation in a Chinese female child with 
microcephaly with pontine and cerebellar hypoplasia. Front 
Genet. 2022;13:856636.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.



1965The Cerebellum (2024) 23:1950–1965	

Authors and Affiliations

Dilek Cavusoglu1 · Gulten Ozturk2 · Dilsad Turkdogan2 · Semra Hiz Kurul3 · Uluc Yis3 · Mustafa Komur4 · 
Faruk Incecik5 · Bulent Kara6 · Turkan Sahin7 · Olcay Unver2 · Cengiz Dilber8 · Gulen Gul Mert5 · Cagatay Gunay3 · 
Gamze Sarikaya Uzan3 · Ozlem Ersoy4 · Yavuz Oktay9 · Serdar Mermer10 · Gokcen Oz Tuncer11 · Olcay Gungor12 · 
Gul Demet Kaya Ozcora13 · Ugur Gumus14 · Ozlem Sezer15 · Gokhan Ozan Cetin16 · Fatma Demir17 · Arzu Yilmaz18 · 
Gurkan Gurbuz19 · Meral Topcu20 · Haluk Topaloglu21 · Ahmet Cevdet Ceylan17 · Serdar Ceylaner22 · 
Joseph G. Gleeson23 · Dilara Fusun Icagasioglu7 · F. Mujgan Sonmez24,25,26

 *	 F. Mujgan Sonmez 
	 mjgsonmez@yahoo.com

1	 Departments of Pediatric Neurology, Afyonkarahisar Health 
Sciences University, Afyon, Turkey

2	 Departments of Pediatric Neurology, Marmara University, 
Istanbul, Turkey

3	 Departments of Pediatric Neurology, Dokuz Eylul University, 
Izmir, Turkey

4	 Departments of Pediatric Neurology, Mersin University, 
Mersin, Turkey

5	 Departments of Pediatric Neurology, Cukurova University, 
Adana, Turkey

6	 Departments of Pediatric Neurology, Kocaeli University, 
Kocaeli, Turkey

7	 Departments of Pediatric Neurology, Bezmialem Vakif 
University, Istanbul, Turkey

8	 Departments of Pediatric Neurology, Kahramanmaras Sutcu 
Imam University, Kahramanmaras, Turkey

9	 Izmir International Biomedicine and Genome Institute, 
Dokuz Eylül University, Izmir, Turkey

10	 Departments of Medical Genetics, Mersin University, 
Mersin, Turkey

11	 Departments of Pediatric Neurology, Ondokuz Mayıs 
University, Samsun, Turkey

12	 Departments of Pediatric Neurology, Pamukkale University, 
Denizli, Turkey

13	 Departments of Pediatric Neurology, Hasan Kalyoncu 
University, Gaziantep, Turkey

14	 Departments of Medical Genetics, Dr Ersin Arslan Training 
and Research Hospital, Gaziantep, Turkey

15	 Departments of Medical Genetics, Samsun Training 
and Research Hospital, Samsun, Turkey

16	 Departments of Medical Genetics, Pamukkale University, 
Denizli, Turkey

17	 Departments of Medical Genetics, Ankara Bilkent City 
Hospital, Ankara, Turkey

18	 Departments of Pediatric Neurology, Ankara Training 
and Research Hospital, Ankara, Turkey

19	 Departments of Pediatric Neurology, Tekirdag Namik Kemal 
University, Tekirdag, Turkey

20	 Departments of Pediatric Neurology, Hacettepe 
University,Retired Lecturer, Ankara, Turkey

21	 Departments of Pediatric Neurology, Yeditepe University, 
Istanbul, Turkey

22	 Intergen Genetic Research Center, Ankara, Turkey
23	 Department of Neurosciences and Pediatrics, Rady 

Children’s Institute for Genomic Medicine, Howard Hughes 
Medical Institute, University of California, La Jolla, 
San Diego, CA, USA

24	 Departments of Pediatric Neurology, Department of Child 
Neurology, Karadeniz Technical University Medical Faculty, 
Retired Lecturer, Trabzon, Turkey

25	 Yuksek Ihtisas University, Faculty of Medicine, Ankara, 
Turkey

26	 Aziziye Mah. Cinnah Cad. 102/3, Cankaya, Ankara, Türkiye


	Evaluation of the Patients with the Diagnosis of Pontocerebellar Hypoplasia: A Multicenter National Study
	Abstract
	Introduction
	Materials and Methods
	Statistical Analysis
	Results
	CLP1
	EXOSC3
	AMPD2
	TSEN54
	RARS2
	VLDLRL
	HEATR5B
	CASK
	MINPP1
	EXOSC8
	TOE1
	TBC1D23
	TSEN2
	SEPSECS
	CHMP1A
	PCLO

	Discussion
	Acknowledgements 
	References


