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Abstract

Pontocerebellar hypoplasia (PCH) describes a group of rare heterogeneous neurodegenerative diseases with prenatal onset. Here we
describe eight children with PCH from four unrelated families harboring the homozygous MINPPI (NM_004897.4) variants;
c.75_94del, p.(Leu27Argfs*39), c.851C> A, p.(Ala284Asp), c.1210C>T, p.(Argd04*), and c.992T>G, p.(lle331Ser). The
homozygous p.(Leu27Argfs*39) change is predicted to result in a complete absence of MINPP1. The p.(Arg404*) would likely lead
to a nonsense mediated decay, or alternatively, a loss of several secondary structure elements impairing protein folding. The
missense p.(Ala284Asp) affects a buried, hydrophobic residue within the globular domain. The introduction of aspartic acid is
energetically highly unfavorable and therefore predicted to cause a significant reduction in protein stability. The missense p.
(Tle331Ser) affects the tight hydrophobic interactions of the isoleucine by the disruption of the polar side chain of serine, destabilizing
the structure of MINPP1. The overlap of the above-mentioned genotypes and phenotypes is highly improbable by chance. MINPP1
is the only enzyme that hydrolyses inositol phosphates in the endoplasmic reticulum lumen and several studies support its role in
stress induced apoptosis. The pathomechanism explaining the disease mechanism remains unknown, however several others genes
of the inositol phosphatase metabolism (e.g., INPP5K, FIG4, INPPSE, ITPRI) are correlated with phenotypes of
neurodevelopmental disorders. Taken together, we present MINPPI as a novel autosomal recessive pontocerebellar hypoplasia gene.
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Introduction

Pontocerebellar hypoplasia (PCH) describes a spectrum of
rare genetic neurodegenerative disorders, which are hall-
marked by a combination of early atrophy and hypoplasia of
the pons and cerebellum. Clinical signs occur within the
first months of life and include severe motor and cognitive
impairments [1]. Progressive microcephaly is observed and
patients often die young. PCH is an extremely rare disease.
Hitherto, 13 subtypes have been identified with distinct
clinical features or genetic aberration in one of the 19 PCH
related genes [2]. Relatively common subtypes are well
characterized, i.e., PCH2 (OMIM #277470) is characterized
by an invariable pontocerebellar hypoplasia with severe
motor and cognitive delay and PCH1 (OMIM # 614678)
patients show a PCH2/SMA-like phenotype [3]. However,
most subtypes are very rare and only few patients or gen-
otypes are described [4-7]. Still, a molecular diagnosis can
be achieved in not all PCH cases. The identification of the
causative genetic variant is essential for the counseling of
the families and important for the prognosis and recurrence
risk.

The mechanisms underlying PCH are not well under-
stood. The initial identification of recessive pathogenic
variants in genes encoding tRNA splicing endonuclease
(TSEN) complex suggested a link between tRNA proces-
sing and cerebellar development (7SEN54, TSEN2,
TSENI15, TSEN34, SEPSECS, RARS2, and CLPI). How-
ever, the identification of other RNA processing genes
(TOEI, VRKI, EXOSC3, EXOSCS8, EXOSC9) suggested
that the defects are not restricted to tRNA processing and
even variants in genes not involved in RNA processing at
all may lead to PCH (CHMPIA, TBC1D23, PCLO, VPS53,
SLC25A46, COASY) [5, 7-16].

In this study, we describe four different homozygous
variants in the multiple inositol polyphosphate phosphatase
1 (MINPPI) gene in patients with PCH. The encoded pro-
tein MINPP1 (OMIM *605391) is located in the endo-
plasmic reticulum (ER) lumen where it removes 3-
phosphates from inositol substrates [17]. Thus far
MINPP1 has not been linked to any human disease.

Materials and methods
Ethical approval

Patients were enrolled and sampled according to standard
local practice in approved human subjects protocols as part
of routine clinical care at the respective Institutes. The
project was approved by the Ethic Committee of the Uni-
versity of Leipzig, Germany (224/16-ek and 402/16-ek) and
the Technical University Munich, Germany (#5360/12S)
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and was conducted in concordance to the declaration of
Helsinki. Written informed consent of all examined indi-
viduals or their legal representatives for genetic testing and
the publication of findings was obtained after advice and
information about the risks and benefits of the study.
Families were identified via the online match making plat-
form GeneMatcher [18].

Exome sequencing

For all four families, trio exome sequencing has been per-
formed. As the families come from different centers and
have been examined in different time spans, the methods of
the exome sequencing differ. Exome capture was carried
out with BGI Exome kit capture (59 M), Agilent Sureselect
50Mb VS5 kit, and Nimblegen Seqcap EZ exome enrich-
ment, for families 1, 2, and 3, respectively. Sequencing was
performed on a BGISEQ-500, Illumina HiSeq2500 plat-
form, and a SOLiD 5500 platform, respectively. Coverage
of at least 10x has been achieved in 98.0%-98.5%,
98.4%—-98.7%, and 87.2%—90.0% for the sequenced family
members in the families 1, 2, and 3, respectively. Exome
sequencing and variant analysis for family 4 was performed
as previously described [19].

Variant prioritization

For family 1, analysis of the raw data was performed using
the software Varfeed (Limbus, Rostock) and the variants
were annotated and prioritized using the software Varvis
(Limbus, Rostock). For family 2 data analysis was done
using a custom built bioinformatic pipeline as previously
described [20]. For family 3 we performed the analysis
using the Ingenuity Variant Analysis™ software (Qiagen,
Redwood city).

We have evaluated all annotated variants as well as rare
(minor allele frequency below 1%) potential protein-
influencing variants in mutation databases (primarily
HGMD and ClinVar [21, 22]). We prioritized the variants
based on minor allele frequency, inheritance mode, and
potential predicted pathogenicity (including in silico
values). As no pathogenic or likely pathogenic bi-allelic
variants were identified and the families consented for
research, we continued evaluation of the sequencing data in
a scientific setting in order to identify variants in novel
candidate genes. The identified variants were prioritized
based on the above mentioned parameters as well as on
attributes of the genes, including functional plausibility of
the gene, its tolerance for variants (i.e., LOEUF value and Z
score [23]), and further aspects (including available animal
models, interaction partners, plausibility of the symptoms in
regard to the function of the gene).
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Fig. 1 Pedigrees of the families and MRI of the affected children.
a Pedigrees of the four families showing recessive inheritance pattern.
Patient 1-1 is deceased at the age of 32 months. Patient 3-1 received
two copies of chromosome 10 from his mother, which lead to an
acquired homozygosity. b Picture of patient 1-1 and patient 4-2 (c)

3D modeling of variants

Modeling of the MINPP1 structure was performed with
HHpred and Modeler using the structure of Phytase in
complex with myo-inositol hexakis sulfate (PDB: 3K4Q) as
a template [24-26]. Modeling and evaluation of the variant
p-(Ala284Asp) and p.(Ile331Ser) was done with VIPUR
[27]. RasMol was used for structure analysis and visuali-
zation [28].

Results

Clinical description

Family 1

The unaffected parents originate from the same small town

in Bosnia and have three sons. The older brother is not
affected, and the two younger brothers are affected.

c[1210C>T);
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Patient 4-2

Patient 1-1

Patient 3-1 Patient 4-1 Patient 4-3

Patient 4-2

Brain MRI of all eight patients, sagittal (top), coronal (middle) and
axial (bottom). The decreased size of the cerebellum is indicated by the
yellow arrow. A small pons is seen and on the axial images a
decreased size is seen from the caudate nuclei in all patients.

Pregnancy of the male proband (1-1) from family 1
(Fig. 1b) was uneventful. He was born in the 37 4+ 0 week of
gestation (birth weight 2105g (—2.2SD), length 44cm
(—2.6 SD), head circumference 31 cm (—2.3 SD)). In the first
few months, he showed muscular hypertonia. The first pre-
sentation in the clinic was at age of 6 months as he had
suffered from seizures. He weighed 5920 g (—1.9 SD), was
60 cm long (—2.7 SD) and showed a remarkable progressive
microcephaly with a head circumference of 37cm (—5.7
SD). Brain MRI revealed a pontocerebellar hypoplasia with a
very small pons and reduced volume of the thalamus and
basal nuclei. Also, a thin corpus callosum and a dilation of
the ventricles and peripheral cerebrospinal fluid (CSF) spaces
were observed (Fig. 1C). Severe developmental delay fol-
lowed and he achieved none of the milestones (no sitting,
standing, walking, and speech). Epilepsy was refractory with
a permanent seizure activity. EEG showed epilepsy with
salaam attacks. Furthermore, he showed stereotypic move-
ments and ataxia. He was severely affected, suffered from
recurrent infections and had a percutaneous endoscopic
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gastrostomy (PEG). He had a micropenis, but no other
abnormal clinical findings (no facial dysmorphisms, no
abnormalities on ophthalmological examinations and hearing
test, apart from possible hyperacusis). He died at the age of
32 months due to an influenza virus infection.

His younger brother (patient 1-2) was born after an
uneventful pregnancy at 41 weeks of gestation with a
weight of 3645 g (—0.2 SD), length 51 cm (—0.9 SD), and
head circumference of 33.5 cm (—1.9 SD). Until the age
of 6 months, the parents reported muscular hypertonia
and agitation, similar to his brother. At the age of
11 months, his weight was 7100 g (—2.3 SD), length 73
cm (—0.8 SD), and head circumference 38.8 cm (—6.6
SD). He did not have seizures, but presented with sig-
nificantly delayed development. In addition, he presented
stereotypic movements, agitations, stiffness, spasticity,
and ataxia. Therefore, he had a markedly similar pheno-
type to his elder brother before the seizures started. A
brain MRI showed similar though milder abnormalities
(Fig. 1c). He also has a micropenis, but no other dys-
morphologies. Hearing test showed no abnormalities,
apart from possible hyperacusis as he startles often and
has an impressive Moro reflex. He generally does better
than his brother, has no recurrent infections, and does not
require tube feeding.

Family 2

Patient 2-2 is a girl that was born as second child to
consanguineous parents of Turkish origin at term after an
uneventful pregnancy (birth weight 4290 g (42.4 SD),
length 54cm (+1.1SD), head circumference 36 cm
(+1.7 SD)). From early on, she showed a slow develop-
ment and was able to sit at age 16 months and walked
independently 4 months later. She developed secondary
microcephaly in the first years. Examination at the age of
8 years revealed generalized hypotonia, ataxia and dys-
morphic features with wide nasal bridge, arched eye-
brows, up slanting palpebral fissures, epiblepharon, and
diastema of the upper incisors. She speaks ~20 words.
Brain MRI showed pontocerebellar hypoplasia (see
Table 1). The thalami were slightly small, though the
basal ganglia were normal. Dilated frontal CSF spaces
indicated possible hypoplasia of the frontal lobes
(Fig. 1c). She developed bilateral cataracts in toddler age
and artificial lenses were inserted at age 3 years. She
suffered from refractory seizures since the age of 4 years.
EEGs showed continuous generalized slow spike-waves
in sleep.

The patient’s older sister (patient 2-1) has intellectual
disability, disruptive behavior disorder and bilateral con-
genital cataracts. At her last visit at age 4 years, she had no

SPRINGER NATURE

ataxia and a normal head circumference. Brain MRI showed
a left temporal arachnoid cyst (size 2.8 x 1.7 x 2.0 cm), and
pontocerebellar hypoplasia (Fig. 1c). Like her sister possi-
ble atrophy of the frontal lobes indicated by the dilated
peripheral CSF space was noticed. The ventricles were
mildly dilated. EEG and cardiac ultrasound were normal, as
well as metabolic studies.

Family 3

Patient 3-1 is a boy who was born to non-consanguineous
parents of whom the mother is of Serbian and the father of
Dutch origin. He was born at 41 weeks of gestation fol-
lowing an uneventful pregnancy (birth weight 4270 g (4-1.4
SD), length and head circumference were not assessed). The
boy was born with a micropenis with palpable testis and a
bilateral congenital blepharoptosis. No other malformations
were seen. At two months the blepharoptosis was surgically
corrected and a lack of eye contact was noted. At four
months epileptic seizures with salaam attacks occurred with
a frequency of four to five times per day. These could have
been present since birth and are treated with Mogadon.
Other symptoms included nystagmus. At the age of
8 months, his weight was 9200 g (4-0.3 SD), length 77 cm
(+2.4 SD), and head circumference 43.3 cm (—1.1 SD). He
suffered from therapy refractory epilepsy and severe axial
hypotonia with hypertonia of the extremities. Feeding was
unremarkable and no PEG was needed. Brain MRI at age of
five months showed pontocerebellar hypoplasia, with a very
small pons and very small basal nuclei and thalamus
(Fig. 1c). The corpus callosum was thin and there was
possibly white matter atrophy. Also, the ventricles were
severely dilated. EEG showed hypsarrhythmia.

Family 4

Patient 4-1 is the first-born to consanguineous Iranian
parents. He was born at term after an unremarkable preg-
nancy. His birth weight was 2900 g (—0.54 SD), length 49
cm (—0.11SD), and head circumference 34 cm (—0.02
SD). Since the first years of life, ataxia and hypotonia were
observed. The patient had profound intellectual disability,
he was nonverbal and unable to sit by the age of 10 years.
He was also diagnosed with cortical blindness. Physical
examination revealed axial hypotonia and appendicular
spasticity, with a very restricted range of voluntary
movements. Brain MRI revealed atrophy of the vermis and
pons with sparing of the cerebellar hemispheres (Fig. 1c),
T2-weighted hyperintensity of the basal ganglia, atrophy
of the dorsal striatum, enlarged ventricles, and severe
frontal white matter atrophy. EEG showed a polyspike
pattern.
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Pontocerebellar hypoplasia due to bi-allelic variants in MINPP1

A B
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¢.75_94del c.851C>A c.1210C>T

c.992T>G
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p.(Leu27Argfs*39)
Family 1

484 487 .Signal peptide

ER retention signal

p.(Ala284Asp)
Family 2

p.(lle331Ser)
Family 4

p.(Arg404*)
Family 3

Fig. 2 Molecular modeling. Locations of the variants in MINPP1
gene (a) and protein (b). Model of the MINPP1 structure (c—h)
illustrating the effect of truncation and missense variants and the
location of the variants on the gene. ¢ Structure of MINPP1 (backbone
representation) showing the location of p.A284 (blue) and the bound
InsPg substrate (stick representation). Also, the p.Arg404* truncation
variant causes the loss of several elements in secondary structure
(missing elements are indicated in cyan). d Structure of MINPP1
(backbone representation) showing the location of p.Iso331 (blue) and
the bound InsPg substrate (stick representation). e p.Ala284 is buried in
the hydrophobic core of MINPP1. p.Ala284 is colored according to the

The two younger monozygotic twin brothers of Patient
4-1 (Patients 4-2 and 4-3, Fig.1b) were similarly affected.
They were born at 37 weeks’ gestation after an unremark-
able pregnancy. Birth weights were 2500 g (—1.49 SD) and
2300 g (—1.94 SD), lengths 42cm (—3.16 SD) and 45 cm

atom types and the interacting hydrophobic residues are shown in dark
gray. f In the p.Ala284Asp variant a charged carboxyl group is placed
within the hydrophobic protein core (color coding as in (e)). f and g p.
Is0331 forms tight hydrophobic interactions with the aromatic residues
p-Phe235 and p.Tyr329, and with the hydrophobic methylene groups
of the p.Glu474 sidechain. p.Iso331 is colored according to the atom
types and the interacting residues are shown in dark gray. h In the p.
Iso331Ser variant the smaller polar serine sidechain is placed within
the hydrophobic environment leading to a destabilization of the
MINPP1 structure (color coding as in (g)).

(=2 SD), and head circumferences 32 cm (—1.59 SD) and
31 cm (—2.32SD) for Patients 4-2 and 4-3, respectively.
Both children were diagnosed with severe intellectual dis-
ability, ataxia and cortical blindness. At the age of
6 months, they started to suffer from epileptic seizures
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which only partially responded to antiepileptic treatment,
with a frequency of once a month. At the age of 7 years,
both children were nonverbal and unable to sit. Physical
examination revealed severe axial hypotonia and spastic
tetraplegia. Neuroimaging findings were very similar to
those observed in the older brother, except for a sparing of
the putamen and caudate nucleus in patient 4-2. EEG
revealed a polyspike and wave pattern in both twins.

Genetic results

Whole Exome Sequencing revealed exonic variants in
MINPPI (NM_004897.5) in all patients (Fig. 2a). In
both affected boys of family 1 a homozygous frameshift
variant c¢.75_94del, p.(Leu27Argfs*39) was identified,
their parents were heterozygous carrier for this variant. In
family 2, a homozygous missense variant c.[851 C>A],
p-(Ala284Asp) was identified in both affected sisters, their
parents were also heterozygous carrier. In family 3, a
homozygous nonsense variant c.1210C>T, p.(Arg404%*)
was identified in the patient. The mother was heterozygous
and the father did not carry the variant. Further inspection of
the data revealed a maternal isodisomy of chromosome 10
which was confirmed by SNP array analysis. In the three
siblings from family 4 the homozygous missense variant
c.992 T> G, p.(Ile331Ser) was identified.

The variant detected in family 1 was reported in a het-
erozygous state in two persons in gnomAD (MAF of
0.000008 [23],). The variant of family 2 was present in 25
alleles (MAF of 0.00009) of the gnomAD database but
never reported in homozygous state. The variant of family 3
was present in gnomAD with one allele (MAF of
0.000004). The variant from family 4 has not been reported
before.

Structural analysis

Since cell lines of the patients were not available for
functional analysis, we mapped the identified predicted
protein changes on the MINPP1 structure. The frameshift
caused by the variant p.(Leu27Argfs*39) is located within
the MINPPI1 signal peptide that spans residues 1-30
(Fig. 2b). Therefore, this variant is expected to result in
the complete absence of MINPP1. 3D modeling of the
protein reveals that the MINPP1 adopts a well-defined
three-dimensional structure that also harbors the central
ligand binding site (Fig. 2c). The variant ¢.1210C>T,
predicted to result in p.(Arg404+*), identified in family 3
would possibly lead to nonsense mediated decay. However,
because the ¢.1210 C>T variant is located in the last exon
of MINPPI, a truncated protein (p.(Argd04*)) could be
translated, but would result in loss of several secondary
structure elements (Fig. 2c). This would likely cause
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unfolding of the protein and a loss in enzymatic activity.
The p.(Ala284Asp) missense substitution affects a residue
that is buried within the globular domain of MINPPI
(Fig. 2¢). A closer inspection of the structure shows that
A284 forms hydrophobic interactions with the adjacent
residues L105, L276, 1281, and F305 (Fig. 2e). In the
A284D variant a charged carboxyl group is placed
within the hydrophobic core (Fig. 2f), which is energetically
highly unfavorable and therefore predicted to cause a sig-
nificant reduction in protein stability and enzymatic activity.
As to the p.(Ile331Ser) missense substitution, the 1331
interacts with the hydrophobic methylene groups of the
p-E474 sidechain and with aromatic residues p.F235 and
p-Y329. The p.(Ile331Ser) substitution leads to the place-
ment of a hydrophilic side chain in the hydrophobic
environment. Therefore, it is likely that the p.(Ile331Ser)
substitution disrupts the protein structure.

Discussion

Here we describe eight children from four unrelated families
with development delay and a specific phenotype over-
lapping PCH (Table 1 and Fig. 1). Overlapping clinical
signs include microcephaly or smaller than average head
circumference, epilepsy, micropenis, cataract, ataxia, mus-
cular hyper- and hypotonia, and stereotypies (see Table 1
for further details).

Exome sequencing revealed in all eight affected indivi-
duals homozygous, seemingly pathogenic variants in
MINPP]. In patients 1-1, 1-2, and 3-1 from families 1 and
3, homozygous truncating variants were identified and are
most probably pathogenic. In patients 2-1 2-2, 4-1, 4-2 and
4-3 from family 2 and 4 two homozygous missense variants
assumed to be deleterious based on structural analysis were
identified.

The minor allele frequency of all MINPPI loss of
function (LoF) variants in gnomAD is 1:6500 and there are
no homozygous LoF. Assuming that the first identified LoF
in this study is not relevant to the phenotype, the probability
of identifying a second homozygous LoF in a cohort of
50,000 cases (there are 44,000 entries in GeneMatcher) by
chance is 0.0082, making a coincidental event highly
improbable.

The above-mentioned lines of evidence let us conclude
that MINPPI is a strong candidate gene for syndromic
pontocerebellar hypoplasia due to bi-allelic LoF variants.

The three male patients from families 1 and 3 presented
with a micropenis. However, the two sisters of family 2 and
the three male patients from family 4 did not show a disorder
of genitalia. At least two neurological disorders with PCH
have already been observed in combination with a disorder of
sexual development: PCH7 due to bi-allelic variants in TOE]
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(OMIM # 614969, *613931 [9]) and Joubert syndrome 1 due
to bi-allelic variants in INPP5SE (OMIM # 213300, *613037).
Thus, a disorder of sexual development may possibly be a
part of the clinical spectrum of MINPPI, but the number of
cases is too small to draw a definite conclusion. Furthermore,
in family 3 we identified a variant in the androgen receptor
gene AR (OMIM *313700) that may lead to the androgen
insensitivity syndrome (OMIM # 300068) and thus explain
the micropenis regardless of MINPPI.

During submission of this manuscript, a preprint server
publication describing eight other PCH patients with bi-
allelic MINPP1 variants became available [29]. The symp-
toms were comparable such as having, in addition to the clear
pontocerebellar hypoplasia, secondary microcephaly, ataxia,
spasticity, severe developmental delay, epilepsy, vision
issues (cataract, blindness, and others). Compared to other
PCH subtypes (e.g., PCH1B-C or PCH2A), MINPP1 patients
live longer and have slightly milder symptoms. Brain MRI
indicates that the cerebellar hemispheres are often only
mildly affected. Also, white matter and frontal cortex atro-
phy, and the involvement of the basal ganglia could be an
indicator of MINPP1 related PCH.

How MINPPI aberrations result in a PCH phenotype
remains enigmatic. According to the literature, inositol
polyphosphates (InsPs) were shown to play signaling roles
in the regulation of calcium mobilization, cell growth,
vesicular transport, gene expression, and export of mRNA
and apoptosis [30-34]. MINPP1 is an ER luminal soluble
protein and dephosphorylates InsPs by removing specifi-
cally phosphate group at position 3 and association with
apoptosis has been described extensively [17, 35-41].
MINPP1 is the only ER resident enzyme that can hydrolyze
inositol pentakisphosphate and inositol hexakisphosphate
and it exhibits characteristics of a stress-responsive mole-
cule during ER stress-induced apoptosis regardless of the
underlying involved mechanisms [42]. Accordingly, the
deregulation of apoptosis might be a possible patho-
mechanism in our patients as affected children also showed
enlarged CSF areas suggestive of brain atrophy. However,
this still need more research to be understood. Initially,
MINPP] was not a convincing candidate gene for PCH as
Minppl-deficient mice are viable, fertile, and without
obvious defects [43]. However, the identification of four
families with comparable MINPP1 aberrations and a spe-
cific overlapping phenotype make it a very consistent can-
didate gene. Thus, we suggest re-analyzing the mouse
model regarding neurological phenotypes.

An interactor with MINPP1 substrates is the inositol,
1,4,5 triphosphate receptor type 1 (ITPR1). Upon binding
IP3, ITRP1 regulates Ca2+ release from the ER. Bi-allelic
recessive pathogenic variants in /TPR] are reported to cause
PCH-like phenotype. Also, other genes encoding proteins of
the inositol phosphatase metabolism (e.g., INPP5K, FIG4,

INPP5E) are associated with autosomal recessive syn-
dromes of intellectual disability [44—47]. It seems therefor
plausible that loss of the MINPP1 enzymatic activity would
lead to a comparable disorder. Until now, proteins involved
in metabolic steps pre- or post- MINPPI (e.g., ITPKA,
ITPKB, ITPKC, ITPK1, and IPKM) are not associated with
phenotypes. However, considering the above-mentioned
arguments, it is not unlikely that they will be linked to
human disease in the next future.

Although we still do not have clear functional proof of
causality between MINPPI variants identified in four
families and the observed clinical phenotype, based on the
noncoincidental overlap of features and genotypes of the
affected children as well as the relevance of the inositol
phosphatase metabolism to neurological disorders (includ-
ing PCH), we conclude that sequence variants in MINPPI
are associated with a new form of syndromic pontocer-
ebellar hypoplasia.

Note

After submission of this paper, a fifth family with a
homozygous MINPP1 frameshift variant c¢.1401delG
p-(Ser468Valfs*10) in MINPP1 and similar symptoms was
identified. Patient 5-1 presented at 12 months of age with
global developmental delay, brain malformation, micro-
cephaly, epilepsy, feeding difficulty, laryngomalacia, and
hypogonadism. He was full born to consanguineous par-
ents. The pregnancy was unremarkable (weight 3.12 kg). He
developed seizures at 4 months of age. The patient had
multiple episodes of aspiration pneumonia and transitioned
to nasogastric feeding. At 12 months he presented with
hypopigmented oval macula and severe microcephaly (head
circumference 41 cm, —4.46 SD) and an upturned nose. His
global motor development was delayed and vision was low.
Brain MRI at 16 months of age showed structural
abnormalities of the posterior fossa including marked
hypoplasia of the brainstem, cerebellar hemispheres and
cerebella peduncles. He had signal abnormality of the deep
gray matter and hippocampi, posterior predominant peri-
ventricular white matter volume loss, thinning of the pos-
terior corpus callosum, and signal abnormality within the
bilateral cerebellar hemispheres

Acknowledgements We thank the patients and the families for their
contribution to this study. We like to thank Rolph Pfundt (Radbou-
dumc, Nijmegen) for help with the conformation of the UPD of
chromosome 10. We would like to thank Bernt Popp (Leipzig, Ger-
many) for calculating the probabilities of autosomal recessive LoF in
MINPP1. DW is member of ERN-ITHACA and the Zentrum fiir
Seltene Erkrankungen Diisseldorf (ZSED). This research was con-
ducted as part of the Queen Square Genomics group at University
College London, supported by the National Institute for Health

SPRINGER NATURE



B. Appelhof et al.

Research University College London Hospitals Biomedical Research
Centre.

Author contributions FB and RAJ coordinated the study, BA and RAJ
wrote the first version of the manuscript, and all co-authors critically
revised the manuscript and provided final approval of the manuscript
to be published. MW, TR, MKH, MD, MYVM, JH, and DW per-
formed the clinical phenotyping, diagnostics, patient care and genetic
counseling. SDR contributed with the evaluation of MRI. BA, MW,
HH, RM, AH, and RAJ performed the genetic analyses. HS performed
the molecular modeling and structural analysis. All conflict of interest
disclosure information for all coauthors is accurate, complete and
up-to-date. Rami Abou Jamra and Frank Baas have full access to all
the data in the study and take responsibility for the integrity of the data
and the accuracy of the data analysis.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

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

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, 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 license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license 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 license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Budde BS, Namavar Y, Barth PG, Poll-The BT, Nurnberg G,
Becker C, et al. tRNA splicing endonuclease mutations cause
pontocerebellar hypoplasia. Nat Genet. 2008;40:1113-8.

2. Appelhof B, Barth PG, Baas F. Classification of pontocerebellar
hypoplasia: where does it end? Eur Med J Neurol. 2019;7:52-61.

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;134:143-56.

4. Schaffer Ashleigh E, Eggens Veerle RC, Caglayan Ahmet O,
Reuter Miriam S, Scott E, Coufal Nicole G, et al. CLP1 founder
mutation links tRNA splicing and maturation to cerebellar
development and neurodegeneration. Cell 2014;157:651-63.

5. Ahmed MY, Chioza BA, Rajab A, Schmitz-Abe K, Al-Khayat A,
Al-Turki S, et al. Loss of PCLO function underlies pontocer-
ebellar hypoplasia type III. Neurology 2015;84:1745-50.

6. 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;99:228-35.

7. Mochida GH, Ganesh VS, de Michelena MI, Dias H, Atabay KD,
Kathrein KL, et al. CHMP1A encodes an essential regulator of

SPRINGER NATURE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

BMII-INK4A in
2012;44:1260-4.

cerebellar development. Nat  Genet.

. Marin-Valencia I, Gerondopoulos A, Zaki MS, Ben-Omran T,

Almureikhi M, Demir E, et al. Homozygous mutations in
TBC1D23 lead to a non-degenerative form of pontocerebellar
hypoplasia. Am J Hum Genet. 2017;101:441-50.

. Lardelli RM, Schaffer AE, Eggens VR, Zaki MS, Grainger S,

Sathe S, et al. Biallelic mutations in the 3’ exonuclease TOEI1
cause pontocerebellar hypoplasia and uncover a role in snRNA
processing. Nat Genet. 2017;49:457-64.

Renbaum P, Kellerman E, Jaron R, Geiger D, Segel R, Lee M,
et al. Spinal muscular atrophy with pontocerebellar hypoplasia is
caused by a mutation in the VRKI1 gene. Am J Hum Genet.
2009;85:281-9.

Burns DT, Donkervoort S, Muller JS, Knierim E, Bharucha-
Goebel D, Faqeih EA, et al. Variants in EXOSC9 disrupt the RNA
exosome and result in cerebellar atrophy with spinal motor neu-
ronopathy. Am J Hum Genet. 2018;102:858-73.
Rudnik-Schoneborn S, Senderek J, Jen JC, Houge G, Seeman P,
Puchmajerova A, et al. Pontocerebellar hypoplasia type 1: clinical
spectrum and relevance of EXOSC3 mutations. Neurology
2013;80:438-46.

Boczonadi V, Muller JS, Pyle A, Munkley J, Dor T, Quartararo J,
et al. EXOSC8 mutations alter mRNA metabolism and cause
hypomyelination with spinal muscular atrophy and cerebellar
hypoplasia. Nat Commun. 2014;5:4287.

Feinstein M, Flusser H, Lerman-Sagie T, Ben-Zeev B, Lev D,
Agamy O, et al. VPS53 mutations cause progressive cerebello-
cerebral atrophy type 2 (PCCA2). J Med Genet. 2014;51:303-8.
van Dijk T, Ferdinandusse S, Ruiter JPN, Alders M, Mathijssen
IB, Parboosingh JS, et al. Biallelic loss of function variants in
COASY cause prenatal onset pontocerebellar hypoplasia, micro-
cephaly, and arthrogryposis. Eur J Hum Genet. 2018;26:1752-8.
van Dijk T, Rudnik-Schoneborn S, Senderek J, Hajmousa G, Mei
H, Dusl M, et al. Pontocerebellar hypoplasia with spinal muscular
atrophy (PCHI1): identification of SLC25A46 mutations in the
original Dutch PCH1 family. Brain 2017;140:e46.

Ali N, Craxton A, Shears SB. Hepatic Ins(1,3,4,5P4 3-
phosphatase is compartmentalized inside endoplasmic reticulum.
J Biol Chem. 1993;268:6161-7.

Sobreira N, Schiettecatte F, Valle D, Hamosh A. GeneMatcher: a
matching tool for connecting investigators with an interest in the
same gene. Hum Mutat. 2015;36:928-30.

Makrythanasis P, Maroofian R, Stray-Pedersen A, Musaev D,
Zaki MS, Mahmoud IG, et al. Biallelic variants in KIF14 cause
intellectual disability with microcephaly. Eur J Hum Genet.
2018;26:330-9.

Brunet T, Radivojkov-Blagojevic M, Lichtner P, Kraus V, Mei-
tinger T, Wagner M. Biallelic loss-of-function variants in RBL2 in
siblings with a neurodevelopmental disorder. Ann Clin Transl
Neurol. 2020;7:390-6.

Landrum MJ, Lee JM, Riley GR, Jang W, Rubinstein WS, Church
DM, et al. ClinVar: public archive of relationships among
sequence variation and human phenotype. Nucleic Acids Res.
2014;42:D980-5.

Stenson PD, Ball EV, Mort M, Phillips AD, Shiel JA, Thomas
NS, et al. Human gene mutation database (HGMD): 2003 update.
Hum Mutat. 2003;21:577-81.

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E,
Fennell T, et al. Analysis of protein-coding genetic variation in
60,706 humans. Nature 2016;536:285-91.

Oakley AJ. The structure of Aspergillus niger phytase PhyA in
complex with a phytate mimetic. Biochem Biophys Res Commun.
2010;397:745-9.

Zimmermann L, Stephens A, Nam SZ, Rau D, Kubler J, Lozajic
M, et al. A completely reimplemented MPI bioinformatics toolkit


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

Pontocerebellar hypoplasia due to bi-allelic variants in MINPP1

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

with a New HHpred
2018;430:2237-43.
Webb B, Sali A. Protein structure modeling with MODELLER.
Methods Mol Biol. 2017;1654:39-54.

Baugh EH, Simmons-Edler R, Muller CL, Alford RF, Volfovsky
N, Lash AE, et al. Robust classification of protein variation using
structural modelling and large-scale data integration. Nucleic
Acids Res. 2016;44:2501-13.

Sayle R. RASMOL: biomolecular graphics for all. Trends Bio-
chemical Sci. 1995;20:374-6.

Ucuncu E, Rajamani K, Wilson MSC, Medina-Cano D, Altin N,
David P, et al. MINPP1 prevents intracellular accumulation of the
cation chelator inositol hexakisphosphate and is mutated in Pon-
tocerebellar Hypoplasia. 2020.

Berridge MJ, Irvine RF. Inositol trisphosphate, a novel second mes-
senger in cellular signal transduction. Nature 1984;312:315-21.
Berridge MJ, Irvine RF. Inositol phosphates and cell signalling.
Nature 1989;341:197-205.

Chakraborty A, Koldobskiy MA, Bello NT, Maxwell M, Potter JJ,
Juluri KR, et al. Inositol pyrophosphates inhibit Akt signaling,
thereby regulating insulin sensitivity and weight gain. Cell
2010;143:897-910.

Irvine RF, Schell MJ. Back in the water: the return of the inositol
phosphates. Nat Rev Mol Cell Biol. 2001;2:327-38.

York JD, Odom AR, Murphy R, Ives EB, Wente SR. A phos-
pholipase C-dependent inositol polyphosphate kinase pathway
required for efficient messenger RNA export. Science
1999;285:96-100.

Ali N, Craxton A, Sumner M, Shears SB. Effects of aluminium on
the hepatic inositol polyphosphate phosphatase. Biochem J.
1995;305:557-61.

Caffrey JJ, Hidaka K, Matsuda M, Hirata M, Shears SB. The
human and rat forms of multiple inositol polyphosphate phos-
phatase: functional homology with a histidine acid phosphatase
up-regulated during endochondral ossification. FEBS Lett.
1999;442:99-104.

Chi H, Tiller GE, Dasouki MJ, Romano PR, Wang J, O’Keefe RJ,
et al. Multiple inositol polyphosphate phosphatase: evolution as a
distinct group within the histidine phosphatase family and chro-
mosomal localization of the human and mouse genes to chro-
mosomes 10923 and 19. Genomics. 1999;56:324-36.

server at its core. J Mol Biol.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Agarwal R, Mumtaz H, Ali N. Role of inositol polyphosphates in
programmed cell death. Mol Cell Biochem. 2009;328:155-65.
Agarwal R, Hassen S, Ali N. Changes in cellular levels of inositol
polyphosphates ~ during apoptosis. Mol Cell Biochem.
2010;345:61-8.

Cho J, King JS, Qian X, Harwood AlJ, Shears SB. Depho-
sphorylation of 2,3-bisphosphoglycerate by MIPP expands the
regulatory capacity of the Rapoport-Luebering glycolytic shunt.
Proc Natl Acad Sci USA. 2008;105:5998-6003.

Helmis C, Blechner C, Lin H, Schweizer M, Mayr GW,
Nielsen P, et al. Malignant H1299 tumour cells preferentially
internalize iron-bound inositol hexakisphosphate. Biosci Rep.
2013;33:815-22.

Kilaparty SP, Agarwal R, Singh P, Kannan K, Ali N. Endoplasmic
reticulum  stress-induced apoptosis accompanies enhanced
expression of multiple inositol polyphosphate phosphatase 1
(Minppl): a possible role for Minppl in cellular stress response.
Cell Stress Chaperones. 2016;21:593-608.

Chi H, Yang X, Kingsley PD, O’Keefe RJ, Puzas JE, Rosier RN,
et al. Targeted deletion of Minppl provides new insight into the
activity of multiple inositol polyphosphate phosphatase in vivo.
Mol Cell Biol. 2000;20:6496-507.

van Dijk T, Barth P, Reneman L, Appelhof B, Baas F, Poll-The
BT. A de novo missense mutation in the inositol 1,4,5-tripho-
sphate receptor type 1 gene causing severe pontine and cerebellar
hypoplasia: expanding the phenotype of ITPR1-related spinocer-
ebellar ataxia’s. Am J Med Genet A 2017;173:207-12.
Wiessner M, Roos A, Munn CJ, Viswanathan R, Whyte T, Cox D,
et al. Mutations in INPP5K, encoding a phosphoinositide 5-
phosphatase, cause congenital muscular dystrophy with cataracts
and mild cognitive impairment. Am J Hum Genet.
2017;100:523-36.

Reutter H, Bagci S, Muller A, Gembruch U, Geipel A, Berg C,
et al. Primary pulmonary hypertension, congenital heart defect,
central nervous system malformations, hypo- and aplastic toes:
another case of Yunis-Varon syndrome or report of a new entity.
Eur J Med Genet. 2012;55:27-31.

Hampshire DJ, Ayub M, Springell K, Roberts E, Jafri H, Rashid
Y, et al. MORM syndrome (mental retardation, truncal obesity,
retinal dystrophy and micropenis), a new autosomal recessive
disorder, links to 9q34. Eur J] Hum Genet. 2006;14:543-8.

SPRINGER NATURE



	Pontocerebellar hypoplasia due to bi-allelic variants in MINPP1
	Abstract
	Introduction
	Materials and methods
	Ethical approval
	Exome sequencing
	Variant prioritization
	3D modeling of variants

	Results
	Clinical description
	Family 1
	Family 2
	Family 3
	Family 4
	Genetic results
	Structural analysis

	Discussion
	Note
	ACKNOWLEDGMENTS
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




