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Abstract
Pontocerebellar hypoplasia is a group of disorders with a wide range of presentations. We describe here the genetic and 
phenotypic features of PCH type 9 due to mutations in AMPD2. All patients have severe intellectual disability, and the vast 
majority manifest abnormal tone, cortical blindness, and microcephaly. Almost all have agenesis of the corpus callosum 
and severe cerebellar hypoplasia. The course is not progressive, however, few die in the first decade of life. Mutations are 
spread throughout the gene, and no hot spot can be identified. One of the mutations we report here is the most distal truncat-
ing variant known in this gene and is predicted to result in a truncated protein. The phenotype is severe in all cases; thus, no 
clear genotype–phenotype correlation can be established.
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Introduction

Pontocerebellar hypoplasia type 9 (PCH9) is a rare neuro-
degenerative disorder caused by bi-allelic mutations in the 
AMP (adenosine monophosphate) deaminase 2 gene [1]. So 
far, only 31 patients have been reported worldwide, with 
a wide range of ethnic origins [1–8]. The primary clinical 
characteristics are severe intellectual disability, acquired 
microcephaly, epilepsy, and abnormal tone. Other manifes-
tations may include facial dysmorphism, visual impairment, 
dysphagia, irritability, and extrapyramidal movement dis-
order. Death during childhood was reported in some [3, 9], 
but a few patients who reached young adulthood have been 
described [2].

The radiographic hallmarks are the “Fig. 8” appearance 
of the midbrain (due to hypoplastic midbrain and pons), 
along with hypoplasia of the cerebellar hemispheres and 
hypomyelination of the cerebral white matter with a thin 
or absent corpus callosum [6]. Sequential imaging does not 
support ongoing brainstem and cerebellar atrophy but is 

consistent with the progressive cerebral process, leading to 
ventriculomegaly and enlarged extra-axial fluid [5].

The adenosine monophosphate deaminase 2 (AMPD2) 
gene contains 19 exons encoding an important protein in 
purine metabolism, converting AMP into IMP (inosine 
monophosphate) as part of the purine salvage system. It acts 
as a homotetramer in the cytosol and uses zinc as a co-factor. 
Loss of function of AMPD2 leads to an excess of adenosine 
and deficiency in guanine nucleotides, thus leading to defec-
tive GTP-dependent protein translation initiation. Intracel-
lular accumulation of adenosine and derived nucleotides and 
depletion of guanine nucleotides lead to neurotoxicity [1].

There are five known isoforms of AMPD2 formed by 
alternative splicing, which may explain some of the vari-
ability in the clinical presentation between patients [5]. A 
single family with a frameshift mutation in the 5′ part of the 
gene, which disrupts the N-terminal domain of the longest 
predicted AMPD2 isoform, has been reported, and the clini-
cal presentation was spastic paraplegia [10].

We report here a compound heterozygous patient with 
likely pathogenic bi-allelic variants in the catalytic part of 
the AMPD2 gene, both not reported previously. * Tal Gilboa 
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Clinical description

The proband is a 17-year-old girl, an only child of parents 
who are nonconsanguineous and of Ashkenazi Jewish and 
Moroccan Jewish origin. She was born after an uneventful 
pregnancy at 38 weeks of gestation (2450 gr birth weight). 
Global developmental delay was noted in the first few 
months of life. She was diagnosed with epilepsy at age 
18 months after presenting with multiple seizure types and 
multifocal epileptiform discharges. Extensive metabolic 
workup was normal, and no other organ involvement was 
noted. She failed to reach any developmental milestones; 
her current weight is 32 kg (< < 3%), and head circum-
ference is 48 cm (< < 3%). She is bedridden, expresses 
occasional vocalic sounds, has limited eye tracking, and 
manifests pyramidal signs in the lower limbs, including 
increased tone and bilateral Babinski’s sign. She suffers 
from abnormal sleep, with occasional periods of several 
days of no sleep at all.

Magnetic resonance imaging (MRI) scans at ages 
7 months (Fig. 1a–d) and 12 years (Fig. 1e–h) revealed 
diffuse cerebral atrophy, agenesis of the corpus callo-
sum, hypoplastic pons, and midbrain, as well as small and 

dysplastic cerebellar hemispheres, without evidence of 
progression.

Initial genetic workup included comparative micro-
array genomic hybridization (CGH, Affymetrix CytoScan 
HD array), which no copy number variants were reported. 
Later, whole exome sequencing (WES) was performed on 
DNA samples of the proband and her parents. Genomic 
DNA samples were enriched using the SureSelect Human 
All Exon 50 Mb V5 Kit (Agilent Technologies, Santa Clara, 
CA), DNA libraries were sequenced on HiSeq2500 platform 
(Illumina, San Diego, CA). The exome analyses yielded 54.3 
million reads, with a mean coverage of 76.1X. After align-
ment to the reference genome (Hg19) and variant calling, 
we removed variants that were called less than X8, were 
off-target (> 7 intronic bp from splice-site) or synonymous 
(and > 3 exonic bp from splice site), or had minor allele 
frequency (MAF) > 0.01 in the GnomAD (https:// gnomad. 
broad insti tute. org/) database.

The WES analysis revealed two novel variants in the 
AMPD2 gene: a maternally inherited frameshift variant 
(chr1:110,173,381 [hg19]; NM_001368809.2: c.2235dup, 
p.Asn746GlnfsTer27), and a paternally inherited missense 
variant (chr1:110,171,313 [hg19]; NM_001368809.2: 
c.1456C > T, p.Arg486Trp, rs1390825220) (Fig. 1j).

Fig. 1  a–h MRI of the patient at 7 months of age 1a-d and at 12 years 
1e-h. Typical radiological findings shown—brainstem appearance of 
figure of 8 (b, f – white mark), absent corpus callosum (a, c, d, e, 
g, h). No significant change noted over 11 years. i Schematic repre-
sentation of the AMPD2 gene (NM_001368809.2). Boxes represent 
exons, with exon number indicated above. Grey boxes indicate coding 

regions, white boxes indicate untranslated regions. Lines represent 
introns. The known and novel AMPD2 variants are mapped across 
the gene, novel in bold. Variants that are listed above are expected 
to result in a truncated protein (nonsense, frameshift, splice-site), and 
missense variants are listed below. Additional details for the variants 
are given in table S1. 1j proband and parental sequencing results

https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/
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The frameshift variant is extremely rare; it is not car-
ried by any of the ~ 140,000 individuals whose exome or 
genome sequences were deposited in the gnomAD database. 
The frameshift's effect begins at amino acid Asn746. It is 
predicted to produce a premature termination codon (PTC) 
27 amino acids downstream, located in exon 19, which is the 
last exon of the gene. Therefore, this transcript is expected 
to escape nonsense-mediated decay pathways and result in 
the translation of a truncated protein. The altered amino 
acids and PTC occur within the C-terminal domain, caus-
ing an altered and shortened domain. This domain is highly 
conserved among all human AMP deaminase isoforms [11] 
and contains the AMP deaminase active site (amino acids 
301–797), as predicted by the Conserved Domain Data-
base [12]. Of note, this frameshift variant is the most dis-
tal truncating variant reported so far in patients with PCH9 
(other truncating variants, predicted loss-of-function, were 
reported [1, 2, 4, 5, 8]. Based on ACMG classification crite-
ria [13], this variant is classified as likely pathogenic (using 
the following lines of evidence: PM4_Strong, PM2).

The missense variant p.Arg486Trp alters an evolutionar-
ily conserved amino acid with a GREP score of 5.0799 [14]. 
It is predicted to be damaging or disease-causing by various 
prediction tools (In franklin.genoox.com/, the calculated 
aggregated prediction score is 0.857. Ranges: benign 0–0.15, 
deleterious 0.7–1). The variant has an extremely low allele 
frequency in the gnomAD database (0.00001196), present 
only in three heterozygous individuals. Notably, a different 
amino acid change in the same codon (chr1:110,171,314 
[hg19]; NM_001368809.2: c.1457G > A, p.Arg486Gln, 
rs192669225) was identified in a homozygous state in a 
patient with global developmental delay, epilepsy, and brain 
malformations which include agenesis of the corpus cal-
losum, bilateral cerebellar hypoplasia, and bilateral colpo-
cephaly [15]. Based on ACMG classification criteria [13], 
this variant is classified as a likely pathogenic variant (using 
the following lines of evidence: PM2, PM5, PM3, PP3).

Discussion

Pontocerebellar hypoplasia (PCH) is a heterogeneous group 
of autosomal recessive disorders affecting mainly the central 
nervous system with a wide variety of clinical and radiologi-
cal phenotypes. So far, 11 types have been recognized, based 
on the clinical phenotype and the genetic basis. The most 
common are types 1 and 2 which are further subdivided into 
4 and 6 subgroups respectively. Each group and subgroup 
are associated with a single causative gene [16]. The list of 
PCH causative genes is constantly growing thus, new types 
are expected to be recognized [17].

The major clinical features include movement disorders, 
such as dystonia, chorea, and ataxia, and severe cognitive 

impairment. The main radiological feature is congenital 
hypoplasia of the cerebellum and pons. Associated clini-
cal features vary between the different clinical groups and 
may include intellectual disability, microcephaly, epilepsy, 
peripheral neuropathy, optic neuropathy, abnormal tone, cor-
tical malformation, genital anomalies, and growth retarda-
tion. The clinical course and the radiographic features may 
be stable or progressive [18].

The different genes implicated in PCH are involved in 
several pathways, including mRNA degradation, tRNA 
splicing, regulation of synaptic protein, and vesicle forma-
tion, as well as intracellular vesicle transport [18]. AMPD2 
is involved in the regulation of GTP synthesis and may 
alter protein synthesis due to insufficient energy supply [1]. 
Recently, two new genes, PPIL1 and PRP17, involved in pre-
mRNA splicing by the spliceosome complex, were identified 
as the cause of PCH with microcephaly in 19 patients from 
10 unrelated families [17].

PCH type 9 is a rare form of PCH caused by biallelic 
mutations in the AMPD2 gene. A distinctive radiological 
feature, known as the “figure of 8,” which describes the 
appearance of the brainstem (Fig. 1b, f), is characteristic. 
The cerebellar hemispheres are hypoplastic, but the vermis 
is often preserved. Clinically, the phenotype varies, but 
there are some common features (Table 1). Symptoms are 
present in the first few months of life but are nonspecific. 
The developmental milestones are delayed and often not 
reached, leading to profound cognitive impairment, cortical 
visual impairment, and axial hypotonia with limb spasticity 
that are reported in almost all patients (Table 1). Facial dys-
morphisms with dental abnormalities are reported in a few 
patients. Later in life, axonal neuropathy may develop [1, 
2, 4, 18]; however, the overall course is stable. Despite the 
significant cerebellar involvement, nystagmus is not part of 
the clinical picture. Table 1 summarizes the published data 
on clinical and radiological findings.

In this paper, we report a patient with PCH type 9 who is 
compound heterozygous to two novel variants in the AMPD2 
gene. Including our patient, 21 variants in the AMPD2 gene 
have been associated with PCH9 in 32 patients of multiple 
families. These include missense, nonsense, frameshift due 
to deletion and duplication, and splice site variants, all lead-
ing to severe neurological disease. They are located mainly 
within the catalytic domain other coding parts of the gene, 
with no known “hot spots” or founder mutations in specific 
populations [1–9].

Several isoforms of AMP deaminase are present in 
the human body, AMPD2 is the most common, and it is 
expressed in both the brain and liver. The predominant 
AMPD2 transcript in the cerebellum, unlike other brain 
regions, initiates with exon 1B, situated in the 5′-end of the 
gene, followed by exon 2. This configuration has several 
potential post-translational modification sites, including 



64 neurogenetics (2023) 24:61–66

1 3

Ta
bl

e 
1 

 m
aj

or
 c

lin
ic

al
 a

nd
 ra

di
ol

og
ic

al
 p

he
no

ty
pe

N
D

 n
ot

 d
es

cr
ib

ed
, N

A 
no

t a
pp

lic
ab

le
, A

C
C

  a
bs

en
t c

or
pu

s c
al

lo
su

m
, I

U
G

R  
in

tra
ut

er
in

e 
gr

ow
th

 re
ta

rd
at

io
n,

 F
TT

 fa
ilu

re
 to

 th
riv

e

A
ki

zu
 2

01
3

M
ar

sh
 2

01
5

M
ar

sh
 2

01
7

A
cc

og
li 

20
17

Se
ve

rin
o 

20
17

K
ro

tu
m

 2
01

8
Sc

ol
a 

20
19

A
br

eu
 2

02
0

H
ol

la
 2

02
1

G
ilb

oa
 2

02
2

To
ta

l
%

Pa
tie

nt
s

8
5

1
3

1
8

3
1

1
1

32
10

0
Se

ve
re

 c
og

ni
tiv

e 
im

pa
irm

en
t

8
5

1
3

1
8

3
1

1
1

32
10

0
A

pp
en

di
cu

la
r s

pa
sti

ci
ty

8
5

1
3

1
4

3
1

1
1

28
87

.5
A

xi
al

 h
yp

ot
on

ia
3

5
1

3
1

6
3

1
1

1
25

78
.1

3
Fa

ci
al

 d
ys

m
or

ph
is

m
N

D
3

0
3

1
6

N
D

N
D

1
1

15
46

.9
A

xo
na

l n
eu

ro
pa

th
y

N
D

2
0

N
D

N
D

0
N

D
N

D
0

0
2

6.
3

Ep
ile

ps
y

6
4

0
3

1
1

1
0

0
1

17
53

.1
Ex

tra
py

ra
m

id
al

 m
ov

em
en

t d
is

or
de

r
3

N
D

N
D

N
D

1
4

1
N

D
N

D
0

9
28

.1
5

C
or

tic
al

 b
lin

dn
es

s
5

5
1

3
1

5
1

1
N

D
1

23
71

.9
D

ea
th

 in
 e

ar
ly

 c
hi

ld
ho

od
N

D
3

1
N

D
1

1
N

D
N

D
N

D
N

A
6

18
.8

Fi
gu

re
 8

 b
ra

in
ste

m
N

D
5

1
3

1
5

3
1

1
1

21
65

.6
se

ve
re

 c
er

eb
el

la
r h

yp
op

la
si

a
8

5
1

3
1

6
3

1
1

1
30

93
.8

Th
in

/A
C

C
 

8
5

1
3

1
7

3
1

1
1

31
96

.9
IU

G
R

 
0

N
D

0
N

D
N

D
0

N
D

N
D

N
D

1
1

3.
1

FT
T

N
D

N
D

N
D

N
D

1
3

N
D

N
D

N
D

1
5

15
.6

C
on

ge
ni

ta
l m

ic
ro

ce
ph

al
y

0
0

0
N

D
N

D
0

N
D

N
D

N
D

0
0

0
A

cq
ui

re
d 

m
ic

ro
ce

ph
al

y
8

5
1

3
1

7
1

1
1

1
29

90
.6

C
er

eb
ra

l w
hi

te
 m

at
te

r h
yp

om
ye

lin
a-

tio
n

6
N

D
0

N
D

N
D

5
N

D
N

D
1

1
13

40
.6

N
ys

ta
gm

us
N

D
N

D
N

D
N

D
1

N
D

N
D

N
D

N
D

0
1

3.
1

Sl
ee

p 
di

so
rd

er
1

1
3.

1
O

ld
es

t p
at

ie
nt

 d
oc

um
en

te
d

N
D

20
y

2y
2m

9y
3y

6y
3m

7y
3y

8 
m

17
y



65neurogenetics (2023) 24:61–66 

1 3

phosphorylation and glycosylation sites [19]. So far, no 
mutations have been reported in the first two exons (Fig. 1i).

Within the cerebellum, AMPD2 is expressed mainly in 
Purkinje cells, the sole source of output from the cerebellar 
cortex (http:// www. prote inatl as. org/ ENSG0 00001 16337- 
AMPD2/ brain/ cereb ellum). This may explain part of the 
clinical and radiographic characteristics of the patients. 
The cerebellum is involved in controlling muscle tone, 
coordination, language, and learning; thus, the clinical phe-
notype includes severe motor and cognitive impairment in 
all patients. However, the phenotype includes cortical and 
subcortical dysfunction, such as cortical blindness in most 
patients, as well as microcephaly and ACC, hinting that 
AMPD2 is required in multiple areas within the brain. The 
early clinical presentation may be due to the importance of 
AMPD2 in the developing brain. No clear genotype–phe-
notype could be established. This is due to the small num-
ber of patients, lack of individual clinical details in some of 
the reports, and the overall severe phenotype in all reported 
patients.

Since AMPD2 plays a role in the maintenance of cel-
lular guanine nucleotide pools, a crucial part of the de novo 
purine synthesis [1], its dysfunction is deleterious in the 
early stages of brain development, leading to a severe clini-
cal phenotype. Despite the laboratory evidence of poten-
tial treatment for AMPD2 deficient cells, shown by [1], no 
reports of clinical use have been published so far. Unfortu-
nately, in real life, most children manifest a severe develop-
mental impairment by the time of diagnosis, and the hope 
for reversing the damage is low. Nonetheless, in the era of 
genetic treatment, early diagnosis and intervention may alter 
the outcome.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10048- 022- 00706-4.

Data availability The authors confirm that the data supporting the find-
ings of this study are available within the article and will be shared 
upon request.

Declarations 

Ethics approval The patient’s legal guardian consented to the publica-
tion.

References

 1. Akizu N, Cantagrel V, Schroth J, Cai N, Vaux K, McCloskey D, 
Naviaux RK, Van Vleet J, Fenstermaker AG, Silhavy JL, Scheliga 
JS, Toyama K, Morisaki H, Sonmez FM, Celep F, Oraby A, Zaki 
MS, Al-Baradie R, Faqeih EA, Saleh MA, Spencer E, Rosti RO, 
Scott E, Nickerson E, Gabriel S, Morisaki T, Holmes EW, Gleeson 
JG (2013) AMPD2 regulates GTP synthesis and is mutated in a 
potentially treatable neurodegenerative brainstem disorder. Cell 
154:505–517

 2. Marsh AP, Lukic V, Pope K, Bromhead C, Tankard R, Ryan 
MM, Yiu EM, Sim JC, Delatycki MB, Amor DJ, McGillivray 
G, Sherr EH, Bahlo M, Leventer RJ, Lockhart PJ (2015) Com-
plete callosal agenesis, pontocerebellar hypoplasia, and axonal 
neuropathy due to AMPD2 loss. Neurol Genet 1:e16

 3. Marsh AP, Yap P, Tan T, Pope K, White SM, Chong B, Mcgil-
livray G, Boys A, Stephenson SE, Leventer RJ, Stark Z, Lock-
hart PJ (2017) A novel AMPD2 mutation outside the AMP 
deaminase domain causes pontocerebellar hypoplasia type 9. 
Am J Med Genet A 173:820–823

 4. Accogli A, Iacomino M, Pinto F, Orsini A, Vari MS, Selmi R, 
Torella A, Nigro V, Minetti C, Severino M, Striano P, Capra V, 
Zara F (2017) Novel. Neurol Genet 3:e179

 5. Kortüm F, Jamra RA, Alawi M, Berry SA, Borck G, Helbig KL, 
Tang S, Huhle D, Korenke GC, Hebbar M, Shukla A, Girisha 
KM, Steinlin M, Waldmeier-Wilhelm S, Montomoli M, Guerrini 
R, Lemke JR, Kutsche K (2018) Clinical and genetic spectrum 
of AMPD2-related pontocerebellar hypoplasia type 9. Eur J 
Hum Genet 26:695–708

 6. Scola E, Ganau M, Robinson R, Cleary M, De Cocker LJL, 
Mankad K, Triulzi F, D’Arco F (2019) Neuroradiological find-
ings in three cases of pontocerebellar hypoplasia type 9 due to. 
Quant Imaging Med Surg 9:1966–1972

 7. Abreu NJ, Koboldt DC, Gastier-Foster JM, Dave-Wala A, Flani-
gan KM, Waldrop MA (2020) Homozygous variants in AMPD2 
and COL11A1 lead to a complex phenotype of pontocerebellar 
hypoplasia type 9 and Stickler syndrome type 2. Am J Med 
Genet A 182:557–560

 8. Holla VV, Tejasvi S, Reddy R, Saini J (2021) Pontocerebellar 
hypoplasia type-9 due to a novel p.Arg503Ter truncating variant 
in AMPD2: a report from India. Acta Neurol Belg. https:// doi. 
org/ 10. 1007/ s13760- 021- 01800-4

 9. Severino M, Zara F, Rossi A, Striano P (2017) Teaching Neuro. 
Neurology 89:e172–e173

 10. Novarino G, Fenstermaker AG, Zaki MS, Hofree M, Silhavy JL, 
Heiberg AD, Abdellateef M, Rosti B, Scott E, Mansour L, Masri 
A, Kayserili H, Al-Aama JY, Abdel-Salam GMH, Karminejad 
A, Kara M, Kara B, Bozorgmehri B, Ben-Omran T, Mojahedi 
F, El Din Mahmoud IG, Bouslam N, Bouhouche A, Benomar A, 
Hanein S, Raymond L, Forlani S, Mascaro M, Selim L, Shehata 
N, Al-Allawi N, Bindu PS, Azam M, Gunel M, Caglayan A, Bil-
guvar K, Tolun A, Issa MY, Schroth J, Spencer EG, Rosti RO, 
Akizu N, Vaux KK, Johansen A, Koh AA, Megahed H, Durr A, 
Brice A, Stevanin G, Gabriel SB, Ideker T, Gleeson JG (2014) 
Exome sequencing links corticospinal motor neuron disease to 
common neurodegenerative disorders. Sci 343:506–511

 11. Sabina RL, Mahnke-Zizelman DK (2000) Towards an under-
standing of the functional significance of N-terminal domain 
divergence in human AMP deaminase isoforms. Pharmacol Ther 
87:279–283

 12. Lu S, Wang J, Chitsaz F, Derbyshire MK, Geer RC, Gonzales 
NR, Gwadz M, Hurwitz DI, Marchler GH, Song JS, Thanki 
N, Yamashita RA, Yang M, Zhang D, Zheng C, Lanczycki 
CJ, Marchler-Bauer A (2020) CDD/SPARCLE: the conserved 
domain database in 2020. Nucleic Acids Res 48:D265–D268

 13. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, 
Grody WW, Hegde M, Lyon E, Spector E, Voelkerding K, Rehm 
HL, Committee ALQA (2015) Standards and guidelines for the 
interpretation of sequence variants: a joint consensus recom-
mendation of the American College of Medical Genetics and 
Genomics and the Association for Molecular Pathology. Genet 
Med 17:405–424

 14. Cooper GM, Stone EA, Asimenos G, Green ED, Batzoglou 
S, Sidow A, Program NCS (2005) Distribution and intensity 
of constraint in mammalian genomic sequence. Genome Res 
15:901–913

http://www.proteinatlas.org/ENSG00000116337-AMPD2/brain/cerebellum
http://www.proteinatlas.org/ENSG00000116337-AMPD2/brain/cerebellum
https://doi.org/10.1007/s10048-022-00706-4
https://doi.org/10.1007/s13760-021-01800-4
https://doi.org/10.1007/s13760-021-01800-4


66 neurogenetics (2023) 24:61–66

1 3

 15. Alazami AM, Patel N, Shamseldin HE, Anazi S, Al-Dosari MS, 
Alzahrani F, Hijazi H, Alshammari M, Aldahmesh MA, Salih 
MA, Faqeih E, Alhashem A, Bashiri FA, Al-Owain M, Kentab 
AY, Sogaty S, Al Tala S, Temsah MH, Tulbah M, Aljelaify RF, 
Alshahwan SA, Seidahmed MZ, Alhadid AA, Aldhalaan H, 
AlQallaf F, Kurdi W, Alfadhel M, Babay Z, Alsogheer M, Kaya N, 
Al-Hassnan ZN, Abdel-Salam GM, Al-Sannaa N, Al Mutairi F, El 
Khashab HY, Bohlega S, Jia X, Nguyen HC, Hammami R, Adly 
N, Mohamed JY, Abdulwahab F, Ibrahim N, Naim EA, Al-Younes 
B, Meyer BF, Hashem M, Shaheen R, Xiong Y, Abouelhoda M, 
Aldeeri AA, Monies DM, Alkuraya FS (2015) Accelerating novel 
candidate gene discovery in neurogenetic disorders via whole-
exome sequencing of prescreened multiplex consanguineous fami-
lies. Cell Rep 10:148–161

 16. Kasinathan A, Sankhyan N, Dijk TV, Singh P, Singhi P (2020) 
Clinico-radiological profile of children with pontocerebellar hypo-
plasia. J Pediatr Neurosci 15:94–98

 17. Chai G, Webb A, Li C, Antaki D, Lee S, Breuss MW, Lang N, 
Stanley V, Anzenberg P, Yang X, Marshall T, Gaffney P, Wierenga 
KJ, Chung BH, Tsang MH, Pais LS, Lovgren AK, VanNoy GE, 

Rehm HL, Mirzaa G, Leon E, Diaz J, Neumann A, Kalverda AP, 
Manfield IW, Parry DA, Logan CV, Johnson CA, Bonthron DT, 
Valleley EMA, Issa MY, Abdel-Ghafar SF, Abdel-Hamid MS, 
Jennings P, Zaki MS, Sheridan E, Gleeson JG (2021) Mutations 
in spliceosomal genes PPIL1 and PRP17 cause neurodegenerative 
pontocerebellar hypoplasia with microcephaly. Neuron 109:241-
256.e249

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

 19. Van den Bergh F, Sabina RL (1995) Characterization of human 
AMP deaminase 2 (AMPD2) gene expression reveals alternative 
transcripts encoding variable N-terminal extensions of isoform L. 
Biochem J 312(Pt 2):401–410

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


	Delineating the phenotype and genetic basis of AMPD2-related pontocerebellar hypoplasia
	Abstract
	Introduction
	Clinical description
	Discussion
	References


