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Abstract

The objective of the study is to evaluate the evolving phenotype and genetic
spectrum of patients with succinic semialdehyde dehydrogenase deficiency
(SSADHD) in long-term follow-up. Longitudinal clinical and biochemical data
of 22 pediatric and 9 adult individuals with SSADHD from the patient registry
of the International Working Group on Neurotransmitter related Disorders
(INTD) were studied with in silico analyses, pathogenicity scores and molecu-
lar modeling of ALDH5A1 variants. Leading initial symptoms, with onset in
infancy, were developmental delay and hypotonia. Year of birth and specific
initial symptoms influenced the diagnostic delay. Clinical phenotype of 26 indi-
viduals (median 12 years, range 1.8-33.4 years) showed a diversifying course
in follow-up: 77% behavioral problems, 76% coordination problems, 73%
speech disorders, 58% epileptic seizures and 40% movement disorders. After
ataxia, dystonia (19%), chorea (11%) and hypokinesia (15%) were the most fre-
quent movement disorders. Involvement of the dentate nucleus in brain imag-
ing was observed together with movement disorders or coordination problems.

Natalia Alexandra Julia-Palacios, Oya Kuseyri Hiibschmann, Angels Garcia-Cazorla and Thomas Opladen contributed equally to this study.

Take-home message: Our findings from a comprehensive longitudinal study on patients with succinic semialdehyde dehydrogenase deficiency
(SSADHD) highlight the evolving nature of the disease phenotype over time and expand the genotypic spectrum. We were able to observe diverse
clinical manifestations, particularly in relation to movement disorders. The study underlines the importance of continuous clinical monitoring and

emphasizes the use of in silico approaches.
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1 | INTRODUCTION

Succinic semialdehyde dehydrogenase deficiency (SSADHD;
OMIM #271980) is the most frequent inherited disorder of
y-aminobutyric acid (GABA) metabolism and is caused by
homozygous or compound heterozygous variants in the
ALDHS5A1 gene (610045) on chromosome 6p22. Its impair-
ment leads to the accumulation of large quantities of
GABA and y-hydroxybutyric acid (GHB; 4-hydroxybutyric),
especially in the central nervous system (CNS).

GABA, the CNS major inhibitory neurotransmitter, is
formed from glutamate by pyridoxal-5-phosphate-
dependent glutamate decarboxylase. It is catabolized into
succinic acid through the sequential action of two mito-
chondrial enzymes, GABA transaminase (GABA-T) and
succinic semialdehyde dehydrogenase (SSADH). Succinic
acid enters the Krebs cycle and is converted to
2-oxoglutarate, which further leads to the synthesis of glu-
tamate. In the absence of SSADH, the accumulation of
succinic semialdehyde results in its conversion to GHB.

High concentrations of GABA and GHB, are detectable
in cerebrospinal fluid (CSF) and urine of individuals with
SSADHD and are related to the neurological manifestation
of the disease, but this is not a known pathophysiological
explanation as far as the literature states, and there still is
need of further study. In addition, recent evidence suggests
that multiple metabolic perturbations may be associated
with the pathophysiology including involvement of the
mitogen-activated protein kinases (MAPK) pathway affect-
ing the myelination,' dysregulation of autophagy and oxi-
dative stress via mTOR pathway” and astrogliosis and
myelin-related phospholipid reduction.’

In SSADHD, the first symptoms appear at an average
age of 11 months (range 0-44 months). However, the

Short attention span (78.6%) and distractibility (71.4%) were the most fre-
quently behavior traits mentioned by parents while impulsiveness, problems
communicating wishes or needs and compulsive behavior were addressed as
strongly interfering with family life. Treatment was mainly aimed to control
epileptic seizures and psychiatric symptoms. Four new pathogenic variants
were identified. In silico scoring system, protein activity and pathogenicity
score revealed a high correlation. A genotype/phenotype correlation was not
observed, even in siblings. This study presents the diversifying characteristics
of disease phenotype during the disease course, highlighting movement disor-
ders, widens the knowledge on the genotypic spectrum of SSADHD and

emphasizes a reliable application of in silico approaches.

evolving phenotype, genetic spectrum, in silico analyses, long-term follow-up, SSADH

mean age at diagnosis was reported as 6.6 years.*” In 10%
of patients, the diagnosis was made after the first decade,
or even in the sixth decade. Phenotypic spectrum is
broad, and no genotype—phenotype relationship has been
described to date.® The disease presents with a wide spec-
trum of symptoms: hypotonia, nonprogressive ataxia,
hyporeflexia, developmental delay, expressive language
impairment, obsessive-compulsive disorder (OCD), atten-
tion deficit hyperactivity disorder (ADHD), sleep distur-
bances and epilepsy.”’® Despite the fact that the
treatment of SSADHD currently relies mainly on a symp-
tomatic approach,’ various therapeutic strategies aimed
at directly addressing the underlying deficiency have
been developed in animal models such as Aldh5a1 homo-
zygous knockout mouse model. These strategies include
liver-directed adenoviral*® approaches and systemic injec-
tion of recombinant SSADH proteins, as demonstrated by
Vogel et al.'' Moreover, the recent development of a
novel SSADHD mouse model capable of on-demand res-
toration of SSADH offers significant implications for
proof-of-concept studies and represents a promising
advancement towards the clinical translation of this
research.'®'® Since the initial description in 1981, about
450 patients have been reported. However, due to the
nonspecific clinical presentation that overlaps with vari-
ous neurological disorders, SSADHD is likely underdiag-
nosed. Consequently, a high level of clinical suspicion is
required to initiate the diagnostic work-up, consisting of
the determination of GHB concentration in urine, fol-
lowed by mutation analysis. To date, over 52 pathogenic
variants have been identified.*'*

This current study presents a standardized longitudi-
nal evaluation of patients with SSADHD enrolled in the
patient registry of the “International Working Group on
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Neurotransmitter related Disorders (iNTD)”."® It focuses
on the disease-specific initial clinical and biochemical
presentation, highlights the diversifying evolving pheno-
type during the disease course and widens the knowledge
on the genotypic spectrum of SSADHD.

2 | METHODS

The iNTD patient registry study is a multicenter, uncon-
trolled, non-randomized, open, unblinded observational
study, registered German Clinical Trials Register, https://
www.drks.de, DRKS00007878. The iNTD patient registry
is web-based and password-protected (https://www.
intd-registry.org). Patients’ data is collected after written
informed consent is obtained by physicians at each par-
ticipating iNTD center. After a baseline visit, longitudinal
follow-up visits are performed annually.

Exclusion criteria applied in the iNTD patient regis-
try are severe comorbidities in the newborn period,
e.g., severe intraventricular hemorrhage (III-1V), birth
weight <1500 g, kernicterus, Down syndrome, and
embryo-fetal disease due to maternal alcohol or drug
abuse.

2.1 | Data description

Gestational age (GA) was calculated based on completed
weeks of gestation. Preterm pregnancy was defined as
delivery before 37 completed (<37 + 0) weeks of gesta-
tion.'® Small for gestational age (SGA) was defined as
birth weight (BW) below the 10th percentile (perc).
Microcephaly was defined as head circumference at birth
(BHC) below the 3rd perc.!” Symmetrical intrauterine
growth restriction (SIUGR) referred to BW, BHC and
birth length (BL) below 10th perc.'® The current age in
Table S1 is as of June 2022.

The description of clinical symptoms was available in
the medical history and clinical examination form in a
controlled vocabulary. Localization and type of muscular
symptoms as well as types, frequency and length of epi-
leptic seizures were specified. Free text boxes were pro-
vided for additional symptoms and observations.

Cranial MRIs were performed in the respective study
centers. Standardized imaging reports form of the iNTD
registry was analyzed.

Behavior and emotional characteristics were assessed
using a self-report (for patients >13 years) or a parental
report form, as previously described."®

Selective screening described diagnostic procedures ini-
tiated after the onset of symptoms while high-risk family
screening was undertaken due to an affected individual in

the family before the onset of disease-related signs or
symptoms.

The variant description was according to the Human
Genome Variation Society (HGVS) guidelines and refers
to transcript ID NM_001080.3 for ALDH5A1.

2.2 | Statistical analysis

Statistical analyses were performed in R (version 4.0.2).
Standard deviation scores (SDSs) for anthropometric vari-
ables at birth were computed according to Fenton and
Kim.”® Numeric variables were compared between two
independent groups with Wilcox-Mann-Whitney (WMW)
test, or ¢-test with Welch correction, setting p < 0.05 as sig-
nificant. Classification and regression trees (CART) were
used to identify constellations of symptoms that might
have an impact on the age at diagnosis or diagnostic delay
(= age at diagnosis — age at initial symptom).

Frequent combinations of behavioral traits were dis-
played as combinations of two to a maximum of four
traits according to ECLAT algorithm implemented in R
package ‘arules’.”’ We used the eclat algorithm to mine
frequent two or three set of traits, and report most 30 sets
of item-sets and their frequency (support).

2.3 | Insilico analysis

SIFT," Polyphen-2,>*> REVEL* and CADD** predictors
were used to predict the functional effect of ALDH5AI
missense variants. The molecular models of missense
mutations were based on SSADH, 2w8n X-ray crystal
structure at 2.0 A of resolution. The molecular models
of the mutant proteins were energy minimized using
GROMACS.*® Pymol3*” was used to visualize the effect
of the variants on the protein structure and function.

3 | RESULTS

3.1 | Description of the study population
Between January 1, 2015, and May 15, 2020, 429 individ-
uals were enrolled in the iNTD patient registry. Thirty-
one patients (17 male, age range 1.5-33.4 years) from
27 families had the diagnosis of SSADHD and one patient
of GABA-T deficiency. The latter is not the objective of
this study. Twenty five out of 31 patients with SSADHD
were born in Europe, five in Asia and one in North
America. Consanguinity was reported in five cases
(SSADHD_06, _09, _22, 28, and _29). Four families with
two affected children each were registered (Table S1).
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There was one further patient with one affected sibling
who was not enrolled in the iNTD registry study.

3.2 | Initial presentation and diagnostic
work-up

Only one premature newborn was registered (35 weeks
of gestation). SGA was reported in 29% (8/28) of patients
while 5% (1/20) had a BL below the 10th perc. 13% (2/16)
had a BHC <10th perc. but none showed microcephaly.
sIUGR was not observed. Hyperbilirubinemia and feed-
ing problems were the most frequent postnatal problems.

The most common initial symptom was developmen-
tal delay followed by truncal hypotonia with or without
limb hypotonia, (60% of cases truncal hypotonia was
accompanied by limb hypotonia) (Figure 1A). Behavioral
problems (autistic traits [n = 3], hyperactivity [n = 1]),
speech disorders (affecting expressive language skills,
n = 2) and gastrointestinal problems (bowel and feeding
problems, n = 2) were entered commonly as additional
initial symptoms (Table S1). Symptom onset occurred in
infancy (n = 26, median 6 months, mean 8.9 months,
range 1-24 months). Only one patient (SSADHD_02) pre-
sented with developmental and feeding problems in the
neonatal period.

All children were diagnosed via selective screening
after being symptomatic except three patients detected via
high-risk family screening. The median age at the time of
diagnosis was 21 months (n = 30, mean 46.6 months, SD

(A) Initial symptoms: age range 1—24 months

lower limb hypotonia 19%
(n=6)

behavioral gastrointestinal
problems 6%

problems 13% (n = 4)

truncal hypotonia 32%
(R[]

48.3 months, range 2 days-16 years). The confirmation of
suspected diagnosis was established by determination of
GHB in urine and/or genetic analysis of the ALDH5A1
gene. GHB concentration in urine was increased in 17/18
cases (normal range 0-14 nmol/L, measured concentra-
tions in the range of 5.8-1535 nmol/L, mean 419 nmol/L,
median 336 nmol/L, SD 398 nmol/L. n = 16). GHB con-
centration in the normal range (5.8 nmol/L) was detected
in an individual SSADHD_21, who was diagnosed at the
age of 2 days because of an index patient (SSADHD_20) in
the family (Table S1). GABA concentration in CSF was
elevated in three cases that were tested (normal range 0-
0.01 and 0-1 pmol/L, age-dependent references, measured
concentrations in the range of 2.16-270 pmol/L, mean
98.85 pmol/L, median 24.40 pmol/L, SD 148.63 pmol/L).
Homovanillic acid concentration was in normal range in
two cases and elevated in one case. 5-hydroxyindoleacetic
acid was decreased (n = 1), increased (n = 1) or in normal
range (n = 1).

The median diagnostic delay was 17 months (mean
34 months, SD 45 months, range —11.5 to 182.7 months).
Age at diagnosis as well as the diagnostic delay was influ-
enced by specific initial symptoms: developmental delay
or truncal hypotonia was associated with later age at
diagnosis (3.6 years, WMW-test, p = 0.19) and with a lon-
ger diagnostic delay (37 months, WMW-test, p = 0.16)
than presentation with epilepsy, limb hypotonia or sleep
problems (diagnostic age 1.5years, diagnostic delay
12 months, Figure 2A,B). Patients born before 2005 had a
statistically significant longer latency to diagnosis (mean

(B) Follow-up: age range 1.5-33.4 years

behavioral problems 77%
(n =20) epileptic seizures

62% (n = 16)

sleep disorders 35%

(n=9)

coordination problems 76%
(n=19)

truncal or generalized
hypotonia 32% (n = 8)

FIGURE 1

The frequency of initial symptoms (A, n = 31) and symptoms in follow-up (B, n = 26).
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FIGURE 2

Initial symptoms influence the age at diagnosis (A) and diagnostic delay (B). Age at diagnosis was higher (A, WMW-test,

p = 0.19) and time point of the diagnosis later in life (B, WMW-test, p = 0.16) in patients presenting with developmental delay and truncal
hypotonia. n, number of patients. (C) Year of birth showed a significant effect on diagnostic delay; bold line: significant, WMW-test,

p = <0.05. Sibling pairs are coloured respectively.

65.9 months, SD 58.5 months) than those born after 2005
(mean 16 months, SD 21.6 months; p = 0.029, WMW-
test, Figure 2C).

3.3 | Evolving phenotype

Follow-up neurological examinations were available in
17 pediatric and 9 adult individuals (n = 26, 84% of total
study population), the vast majority (n = 21) older than
5 years (median 12 years, mean 12.3 years, SD 7.77 years,
range of 1.8-33.4 years, Figure 1B, Table S1). A remark-
ably high frequency of movement disorders (dystonia
[n = 5], chorea [n=3], tremor [n= 1], hypokinesia
[n = 4], bradykinesia [n = 1], dyskinesia [n = 1], atheto-
sis [n =1]) or coordination problems (ataxia [n = 8],
clumsiness [n = 6], gait disturbance [n = 12]) were
observed in 22/25 cases (Table 1 and Table S1). In 3/5
cases, dystonia resolved in follow-up. Hypokinesia was
transient in 2/4 cases, stable in one case and worsened in
the case. Differing evolution was also observed for cho-
rea: transient (n = 1), stable under medication (n = 1)
and stable with onset in infancy (n =1) (Table 1). In

21 patients (out of 22) that presented with developmen-
tal delay initially, the affection of developmental
aspects was documented as scattered in multiple
domains such as behavioral, psychiatric, speech and
motor disorders with growing age (Figure 1B). Behav-
ioral problems (including autism, obsessive disorder,
aggression, ADHD), were observed in 20/26 cases, and
an impairment of language development — mainly
affecting the expressive domain — in 19/26. Nearly all
patients had special educational needs according to
their age (Table S1).

Data about behavioral traits were available in
14 parental reports in the last visit (median 9.7 years,
mean age 11.7 years, SD 7.5 years, range 1.6-28.7 years).
Among 33 traits, short attention span (78.6%, n = 11,
mild/moderate n =6, severe n = 5) and distractibility
(71.4%, n = 10, mild/moderate n = 6, severe n = 4) were
the most frequently mentioned ones while impulsiveness
(5/6), problems communicating wishes or needs (4/7)
and compulsive behavior (4/8) were addressed as strongly
interfering with family life (Figure 3A,B). Eight (57%)
patients presented with more than 9 behavioral traits,
two with 5-9 and four with 2-4. Distractibility and/or
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(Continued)

TABLE 1

Specific treatment for
movement disorder

spectrum

Severity

Description of
movement

Brain MRI (age)

(onset and evolution)

Age of onset  Type of movement

Pat_ID

No

AV 9.7: T2 hyperintensity in GP, thinned corpus

Axial and peripheral Mild hypokinesia and

Hypokinesia, dystonia

years

SSADHD_29 2.5

callosum, T2 hyperintensity and atrophy of

cerebellar cortex

dystonia — resolved

hypokinesia and

dystonia affecting wrists

and ankles

Clonazepam,

AV 2.2 years: Increased T2-weighted signal of GP,

Mild dyskinesia, athetoid

Facial dyskinesic and

Dyskinesia, athetoid

years

SSADHD_31 3

tetrabenazine and
chloral hydrate

nucleus dentatus and brainstem, with corpus

callosum involvement

athetoid movement movement and

movement, chorea

3 months

after

chorea — stable and

decreased with
clonazepam,

mainly over 4 distal

extremities associated

regression

choreiform movement

tetrabenazine and
chloral hydrate

Note: Pairs of siblings in bold.

Abbreviations: ADHD, attention deficit hyperactivity disorder; AV, age at visit; N/A, not available.

short attention were accompanied by impulsiveness,
compulsive behavior or problems understanding other
people's feelings (Figure 4).

Epilepsy (16/26) and sleep disorders (9/26) were
reported less frequently than expected. The most com-
mon reported seizure type was generalized tonic-clonic
(n = 6) followed by myoclonic (n = 3), complex partial
(n = 2), atonic seizures (n = 1). Of patients with general-
ized tonic-clonic seizures, two have a history of myo-
clonic seizures and one absence seizure before 3 years of
age. Age of onset of generalized tonic—clonic seizures was
10 years or older (n = 5/6). EEG findings were available
in eight patients, depicted in Table S1.

One patient (SSADH_21) had a severe phenotype
with developmental regression at the age of 9 months in
the context of an infection. He had a known homozygous
variant present in other six individuals in our cohort,
c.1226G>A, same as his older brother with a milder phe-
notype. Another patient (SSADHD_31) showed signifi-
cant neurological regression after an episode of status
epilepticus and became wheelchair bound.

We classified clinical endpoints have been consider-
ing the presence of sleeping problems, psychiatric symp-
toms, epilepsy, fine motor disturbances, movement
disorders, coordination problems, speech disorder and
absent speech. There was no statistically significant asso-
ciation between occurrence of these symptoms and gen-
der, diagnostic delay or age of diagnosis in the cohort of
patients with longitudinal follow-up.

3.4 | Brain imaging

Reports of 23 MRIs from 21 patients including three
follow-up investigations were available, depicted in
Table S1. T2 hyperintensity of globus pallidus (n = 8),
involvement of infratentorial structures (T2 hyperintensity
of dentate nucleus [n = 9], T2 hyperintensity and atrophy
of corpus medullare [n = 3] and of cerebellar cortex
[n = 3]) and corpus callosum involvement (n = 7) were
the most frequent findings. In five cases, no abnormalities
were described (3 described in follow-up, Table S1).

3.5 | Variants in ALDH5A1

23 different variants in the ALDH5A1 gene have been
identified in our study: thirteen missense, two truncating,
two splice site, four frameshift and two deletion variants
(Table S2). In 12 out of 26 different families, patients
were compound heterozygous (Table S2). The most com-
mon missense variants were NM_001080.3:¢c.278G>T, p.-
Cys93Phe, found in six families (seven individuals, six
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(A) Frequency of behavioral traits reported by the parents (n = 14). Problems understanding feelings stands for problems

understanding other people's feelings. Communication problems refers specifically to problems communicating wishes or needs.

(B) Behavioral traits interfering with family life. yes: interfering with family life; no: not interfering with family life; missing: data

missing.
Hyperactivity Communication.problems
Understand.feelings.problems
. Shortattention
Phobias Support
Impulsiveness 04
0.5
0.6
0.7
Compulsive Distractibility

Self.stimulation

FIGURE 4 Visualization of 30 traits and their strongest
associations (n of reports = 14). Circle size corresponds to
frequency (or support): strongest associations have traits ‘short
attention’ and ‘distractibility’, whereas ‘phobias’ and ‘compulsive’
have a support of 0.4. There are also some frequent three item sets,
e.g., ‘compulsive’, ‘short attention’ and ‘distractibility’ with a
support of 0.4.

compound heterozygous), four from Europe, one from
North America and one from Asia and NM_001080.3:
c.1226G>A, p.Gly409Asp detected in six families (seven
individuals, six homozygous) from different European
countries.

Four new pathogenic variants were identified:
NM_001080.3:c.113_114insGCCCG, p.GIn43ArgfsTer50,
NM_001080.3:c.439-2A>G, deletion 9 kb: ISCN: arr 6p22
(24.491.940-24.500.970)x1 and deletion of exon 1.

3.6 | In-silico analysis of missense
variants

Truncating, frameshift, splice site, and large deletion var-
iants were predicted to completely abolish protein activ-
ity. In order to assess the pathogenicity of missense
variants, variant predictors for reported variants (n = 13)
were used. SIFT,*® Polyphen-2,>*> CADD** and REVEL?*?
variant predictors forecasted all variants as pathogenic,
except for the previously reported p.His180Tyr variant
(Table 2).>7 Molecular models for missense variants
were constructed to assess the effect of the mutations on
the structure and function of SSADH. Figure 5 shows the
SSADH structure with the identified missense variants:
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Gly533Arg

His180Tyr
Gly196Asp
Gly176Arg

Cys93Phe
Gly268Glu

Glu306Lys

FIGURE 5 SSADH tetrameric
structure. Subunits are colored blue, pale
red, green, and yellow. Variants are shown
as orange spheres. NAD (nicotinamide
adenine dinucleotide) molecule is shown in
white.

Argl72His
Asn255Asp
Leu243Pro

Gly520Arg

Pro203Leu

eight missense mutations are located in the NAD binding
domain, four in the oligomerization domain, and one in
the catalytic domain.

The molecular models of previously reported missense
variants shows that p.Cys93Phe, p.Gly196Asp, p.Leu243Pro,
p-Asn255Asp, p.Gly409Asp and p.Gly520Arg induce a struc-
tural change that affects protein folding or conformation. p.-
Pro203Leu, p.Gly268Glu and p.Glu306Lys avoid NAD
binding affecting the overall protein activity. Finally, p.-
Argl72His, p.Glyl76Arg, p.His180Tyr and p.Gly533Arg are
located at the subunit interacting loop, affecting oligomeri-
zation. p.His180Tyr is predicted as nonpathogenic, in accor-
dance with a high enzymatic activity’ and its high
frequency in Gnomad.*® This variant is found in combina-
tion with a variant that results in a complete loss of protein
activity (loss of exon one) and consequently, all expressed
subunits present p.His180Tyr variant, affecting subunit
interaction. This is in accordance with previous studies,”
describing a SSADH patient harboring variants p.His180Tyr
and p.Prol82Leu at the oligomerization domain, that pre-
sented catalytic activity. The computational predictions of
the effect of SSADH missense variants agree with Tokatly
Latzer et al.,> for the coincident variants.

3.7 | Genotype/phenotype correlation
Figure S1 presents the occurrence of clinical endpoints
regarding the most prevalent ALDH5AI variants in the
cohort of patients with longitudinal follow-up.

The most common pathogenic variants in this cohort
were NM_001080.3:¢c.278G>T, p.Cys93Phe (seven indi-
viduals; one homozygous), NM_001080.3:c.1226G>A,
p-Gly409Asp (seven individuals, six homozygous) and

Gly409Asp

NM_001080.3:c.621delC, p.Ser208ValfsTer3 (three indi-
viduals; one homozygous, two heterozygous with
NM_001080.3:c.278G>T, p.Cys93Phe). Speech disorder,
fine motor abnormalities, coordination problems and
psychiatric symptoms were common in all groups. Indi-
viduals with NM_001080.1:c.803G>A, p.Gly208Glu or
NM_001080.3:c.278G>T, p.Cys93Phe presented with a
heterogeneous spectrum of symptoms. No sleeping
problems and epileptic seizures were observed during
follow-up visits in three individuals who were homozy-
gous for the NM_001080.3:c.1226G>A, p.Gly409Asp
variant. Three individuals with NM_001080.3:c.621delC,
p-Ser208ValfsTer3 variant did not present any move-
ment disorders.

We could not observe any genotype/phenotype corre-
lation regarding the occurrence of disease-related signs
and symptoms, including four sibling pairs in our study
population (Table S1). Due to the relatively small number
of patients, no statistical analyses could be performed.

3.8 | Treatment approaches

Treatment of epileptic seizures and behavioral problems
were the main clinical features for the medical manage-
ment in our patient cohort. For seizures, levetiracetam
(n = 6), vigabatrin (n = 3), clobazam (n = 3) and keto-
genic diet (n = 1); for behavioral problems, methylpheni-
date (n=3), antipsychotics (risperidone [n = 3],
olanzapine [n = 2], quetiapine [n = 2] and haloperidol
[n = 1]) were used. In addition, three individuals were
treated with taurine (range of 10-140 mg/kg/day). Tetra-
benazine and chloral hydrate was used to control choreati-
form movements (SSADHD_31). Levodopa/carbidopa was

5090117 SUOLLILIOD 9A1IER10 3 oo idde aU Aq peusAoB a1 Sao1Le WO ‘3N 0 S3IN 10} ARIGIT8UIIUO A3]1 U0 (SUOIIPUGO-PUB-SLLLIBILICO"AB| W ATRIGIPUIUO//ST1IY) SUONIPUOD PUE SULB | 8U) 895 *[Z02/TT/80] U0 ARiq1T8UIIUO AB1I (-0ul eAndeT) sqnopesy Aq £222T PWII/Z00T OT/10p/wioo Ao i AReiq1jeu|uoy/Sdny WwoJy papeojumoq ‘g ‘vZ0Z ‘S99ZEL5T



JULIA-PALACIOS ET AL.

applied for rigid-hypokinetic syndrome (SSADHD_14)
without any clear improvement after 2 months of treat-
ment (Table 1).

4 | DISCUSSION

SSADHD is a neurometabolic disorder with onset in
infancy-early childhood and evolving clinical features over
time. This study on 31 patients with SSADHD (27 unpub-
lished cases and 26 with follow-up examinations during
their adolescence and adulthood) from the iNTD patient
registry widens the knowledge on the phenotypic spec-
trum of this disease, presents the diversifying symptoms
during disease course and expands the number of disease-
causing variants. We report a remarkably high occurrence
of movement disorders, coordination, speech and behav-
ioral problems. We also demonstrate the application of in
silico analysis based on molecular modeling and protein
stability to classify the pathogenicity of a variant.

In the context of early clinical presentation, the indi-
viduals in our study, the vast majority born in Europe,
showed an elevated rate of SGA (29%) compared to the
SGA prevalence in Europe (4.6%-15.3%).** In contrast to
previous reports, prematurity was not detected as a fre-
quent neonatal problem in our study.’

Age at diagnosis, in our study cohort younger than
reported before (3.9 years vs. 6 years®), and diagnostic
delay were affected by different initial symptoms of the
patients. The timely diagnosis after birth by three individ-
uals because of an affected sibling had an influence on
this observation. However, together with our observation
of a tendency to a significantly shortened diagnostic delay
in correlation with more recent birth dates, it can be
assumed that the broadened availability of (genetic) diag-
nostic tools,”* especially the implementation of next-
generation sequencing-based diagnostics, and higher
awareness of SSADHD have a positive impact on the
length of the diagnostic process.

Starting in late childhood and with increasing fre-
quency during adolescence and adulthood, epilepsy was
reported as co-morbid in half of the patients with
SSADHD.***** In our cohort, the frequency of seizures
aligns with findings from previous studies. Additionally,
to date five sudden unexplained death in epilepsy
(SUDEP)-related deaths of SSADH deficient patients
have been documented, all occurring in adults and in
the context of worsening seizure control**; however, no
instances of SUDEP were observed in our cohort.
ALDH5A]1 variants reported in four SUDEP cases were
¢.1015-2A>C; c.1005C>A (p.Asn335Lys), ¢.1226G>A (p.-
Gly409Asp), and ¢.608C>G (p.Pro203Arg).>** These vari-
ants were also identified in eight individuals in the

present study; however, only one of them is older than
12 years. Therefore, the probability of SUDEP in this
group of patients cannot be ruled out at the current stage.

Short attention span and distractibility also occurred
predominantly in our study cohort,**** although impul-
siveness, problems communicating wishes or needs and
compulsive behavior were the strongest aspects interfer-
ing with family life. Our study confirms a uniform
approach in different countries and reveals that the major
goal of the treatment is the management of seizures and
different severe behavioral disturbances mentioned
above.

Brain imaging results revealed a broad spectrum
ranging from normal finding to increased T2-weighted
MRI signal affecting globus pallidus, cerebellar dentate
nucleus, and subthalamic nucleus with variable cerebral
and cerebellar atrophy, complementary to previous
reports.*® Involvement of cerebellar dentate nucleus was
observed together with movement disorders (action
tremor, hypokinesia and dystonia/chorea) or coordina-
tion problems. However, in case of globus pallidum
involvement and atrophy of corpus medullare, both clini-
cal and radiological signs were also observed indepen-
dently from each other.

We observed a remarkably high rate of occurrence of
movement disorders in our study population (40%,
e.g., dystonia, chorea, tremor or hypokinesia). Movement
disorders in SSADH deficiency have been scarcely
reported, apart from previously described ataxia. In partic-
ular, choreoathetosis, dystonia, and myoclonus have been
described only in a few individuals with earlier-onset and
more severe disease manifestation.'**’~*° Clinical presen-
tation with acute onset of generalized hypotonia and cho-
reiform movement following upper-respiratory tract
infection is one of these reported early severe manifesta-
tions.>*' However, the vast majority of the patients in our
study did not present an early severe onset or any clinical
regression but developed different types of movement dis-
orders over time. These movement disorders were classi-
fied as mild or moderate. Transitory or stable courses were
observed commonly, except in one case with severe pro-
gression of hypokinesia. The mildness and transient char-
acter of the movement disorders are most likely the reason
that no specific drug treatment was indicated in most
cases. This evolving spectrum of the phenotype should be
taken into consideration of differential diagnoses in chil-
dren presenting with movement disorders discussed above
together with developmental delay, impairment of expres-
sive language, coordination problems, behavioral abnor-
malities, or epilepsy.

Mechanisms that cause movement disorders in
SSADHD have not been elucidated. Its pathophysiology
is predominantly shaped by the supra-physiological
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accumulation of two key metabolites: GHB and GABA.
The increase in GHB could have two parallel effects: on
one hand, GHB inhibits presynaptic dopamine release
with  subsequent  alterations in  dopaminergic
transmission,>? a central neurotransmitter affected in
many movement disorders. On the other hand, at non-
physiologic levels (i.e., SSADHD) GHB acts predomi-
nantly at the GABAg receptor.”>* Its tonic activation
leads to a compensatory down-regulation of pre- and
postsynaptic ~GABAgp  receptor-mediated  function.
Together with GHB, GABA itself could contribute to the
movement disorders phenotype in SSADHD. GABA pro-
vides strong inhibition to the striatum by directly inhibit-
ing the striatal medium spiny projection neurons (MSNs)
through activation of GABA, receptors. The increased
GABA concentrations found in SSADHD may result in a
tonic inhibition of MSNs, contributing both to the afore-
mentioned down-regulation of GABAg receptors and to a
decreased dopamine release. Both dopamine and GABA
are crucial neurotransmitters in the basal ganglia. We
hypothesize that GHB and GABA dysregulation will
result in altered dopamine homeostasis in midbrain cell
groups, underlying, in some way, the aggravation of
movement disorders observed in SSADHD.

Additional mechanisms are likely to contribute to the
complex clinical picture. A recently published hypothesis
on the role of dopamine D2 receptors (D2R) in cerebel-
lum in regulation of social behavior highlights a new
aspect of underlying pathophysiology,® considering the
cerebellar involvement in SSADHD. Cutando et al
showed that D2R deletion or overexpression does not
affect cerebellar motor function but sociability and pref-
erence for social novelty.””> As further relevant mecha-
nisms should be considered the impairment in
mitochondrial degradation®® and elevation of reactive
oxygen species in both patients and in the murine
SSADHD model, implicating oxidative stress as well as
defects in autophagy,” mediated by altered signaling
through the mTOR. Since globus pallidus is metabolically
very active with high mitochondrial energy demand, it is
especially vulnerable towards oxidative damage and
impaired autophagy. That susceptibility is consistent with
neuroimaging findings observed in SSADHD’ and may
contribute, in part, to the motor phenotype observed in
SSADH deficient patients.

The analysis of genetic variants, including 12 missense
variants, revealed a high correlation between the applied
in silico scoring system, protein activity and pathogenic-
ity. Molecular modeling of mutant proteins provides an
excellent approach to understand how a variant causes
loss of enzymatic activity due to conformational changes,
inhibition of NAD binding or defective oligomerization.
This approach is able to predict also how the effect of a

variant with a high enzymatic activity (i.e. variant p.-
His180Tyr in this study) can be pathogenic due to its
effect in the oligomerization domain.*® In line with previ-
ous reports, no overall correlation between gene variant
and phenotype could be observed in our cohort,”” even in
siblings. The exact cause of this variability despite a simi-
lar genetic background is not yet known. Due to the rela-
tively small number of patients in individual groups with
recurrent variants and the heterogeneity of the clinical
presentation, no correlation analyses could be performed.
The potential of computational approaches for clinical
use can be improved by (i) defining specific clinical end-
points based on disease severity (ii) application in larger
patient cohorts and (iii) combined evaluation with under-
lying molecular mechanisms. Functional studies of new
pathogenic variants reported in this study are subject of
further publications.

Although having some limitations due to the small
study group size and missing availability of results of
standardized neurodevelopmental testing, our study
underlines the relevance of a longitudinal and standard-
ized approach and the value of international collabora-
tions to study rare disorders.

In conclusion, our results widen the knowledge on
the phenotypic spectrum of SSADHD, highlight the
evolving symptomatic characteristics over time and
the occurrence of movements disorders, discuss thera-
peutic approaches, and emphasize a reliable application
of in silico approaches.

AUTHOR CONTRIBUTIONS

Natalia Alexandra Julia-Palacios: drafting/revision of the
manuscript for content, including medical writing for con-
tent; major role in the acquisition of data, study concept or
design; analysis or interpretation of data; additional contri-
butions: writing-original draft. Oya Kuseyri Hiibschmann:
drafting/revision of the manuscript for content, including
medical writing for content; major role in the acquisition
of data, study concept or design; analysis or interpretation
of data; additional contributions: writing-original draft,
project administration, visualization. Mireia Olivella: draft-
ing/revision of the manuscript for content, including med-
ical writing for content; analysis or interpretation of data;
additional contributions: writing-original draft, software,
visualization. Roser Pons: drafting/revision of the manu-
script for content, including medical writing for content;
major role in the acquisition of data. Gabriella Horvath:
dafting/revision of the manuscript for content, including
medical writing for content; major role in the acquisition
of data. Thomas Liicke: drafting/revision of the manu-
script for content, including medical writing for content;
major role in the acquisition of data. Cheuk-Wing Fung:
drafting/revision of the manuscript for content, including

35UB01] SUOWILLID A TR |ea!jddle 3 Ag peuiionoh a1 1L YO 88N 0 S3[MJ 10} ARIGIT BUIIUO A3IM UO (SUO 1 IPUOD-PUR-SLLLIBI OO A3 | 1M ATRIq][BU 1 |UO//STIY) SUORIPUOD PUe SWie L 8L 89S *[1Z02/TT/80] Uo AReiqi8uliuo AB]1m ‘(‘oul eAnde ) 2anopesy Aq £2.2T Putl/Z00T OT/I0p/LIc" 8| AReiq1 Ul uO//SANY WOJJ pepeo|umMod °€ ‘Z0Z ‘S99ZELST



JULIA-PALACIOS ET AL.

WILEY_L

medical writing for content; major role in the acquisition
of data. Suet-Na Wong: drafting/revision of the manuscript
for content, including medical writing for content; major
role in the acquisition of data. Elisenda Cortes-Saladela-
font: drafting/revision of the manuscript for content,
including medical writing for content; major role in the
acquisition of data. M. Mar Rovira-Remisa: drafting/
revision of the manuscript for content, including medical
writing for content; major role in the acquisition of data.
Yilmaz Yildiz: drafting/revision of the manuscript for con-
tent, including medical writing for content; major role in
the acquisition of data. Saadet Mercimek-Andrews: draft-
ing/revision of the manuscript for content, including med-
ical writing for content; major role in the acquisition of
data. Birgit Assmann: drafting/revision of the manuscript
for content, including medical writing for content; major
role in the acquisition of data. Galina Stevanovic: drafting/
revision of the manuscript for content, including medical
writing for content; major role in the acquisition of data.
Filippo Manti: drafting/revision of the manuscript for
content, including medical writing for content; major
role in the acquisition of data. Heiko Brennenstuhl:
drafting/revision of the manuscript for content, includ-
ing medical writing for content; major role in the acqui-
sition of data. Sabine Jung-Klawitter: drafting/revision
of the manuscript for content, including medical writing
for content; major role in the acquisition of data.
Kathrin Jeltsch: drafting/revision of the manuscript for
content, including medical writing for content; major
role in the acquisition of data, project administration.
H. Serap Sivri: drafting/revision of the manuscript for
content, including medical writing for content; major
role in the acquisition of data. Sven F. Garbade: analysis
or interpretation of data; additional contributions:
formal analysis, methodology, software, visualization.
Angels Garcia-Cazorla: drafting/revision of the manu-
script for content, including medical writing for content;
major role in the acquisition of data, study concept or
design; additional contributions: writing-original draft,
project administration. Thomas Opladen: drafting/
revision of the manuscript for content, including medi-
cal writing for content; major role in the acquisition of
data, study concept or design; additional contributions:
writing-original draft, project administration.

AFFILIATIONS

Inborn Errors of Metabolism Unit, Department of
Neurology, Institut de Recerca Sant Joan de Déu and
CIBERER-ISCIII, Barcelona, Spain

“Center for Pediatric and Adolescent Medicine
Department I, Division of Pediatric Neurology and
Metabolic Medicine, Heidelberg University, Medical
Faculty Heidelberg, Heidelberg, Germany

*Bioinfomatics and Medical Statistics Group, University
of Vic-Central University of Catalonia, Vic, Spain

“First Department of Pediatrics, Aghia Sofia Hospital,
University of Athens, Athens, Greece

>Division of Biochemical Genetics, Department of
Pediatrics, BC Children's Hospital, University of British
Columbia, Vancouver, British Columbia, Canada

°St. Josef-Hospital, University Children's Hospital, Ruhr-
University Bochum, Bochum, Germany

"Department of Pediatrics and Adolescent Medicine,
The Hong Kong Children’s Hospital, Hong Kong,

Hong Kong

8Unit of Inherited Metabolic Diseases and Child
Neurology, Department of Pediatrics, Hospital Germans
Trias i Pujol, Badalona and Faculty of Medicine,
Universitat Autonoma de Barcelona, Barcelona, Spain
Division of Pediatric Metabolism, Department of
Pediatrics, Faculty of Medicine, Hacettepe University,
Ankara, Turkey

19The Hospital for Sick Children, Toronto, Ontario,
Canada

"Department of Medical Genetics, Faculty of Medicine
and Dentistry, Women and Children’s Health Research
Institute, Stollery Children's Hospital, University of
Alberta, Edmonton, Alberta, Canada

!2Clinic of Neurology and Psychiatry for Children and
Youth, School of Medicine, University of Belgrade,
Belgrade, Serbia

13Unit of Child Neurology and Psychiatry, Department of
Human Neuroscience, Universita degli Studi di Roma La
Sapienza, Rome, Italy

“Institute of Human Genetics, Heidelberg University,
Medical Faculty Heidelberg, Heidelberg, Germany

ACKNOWLEDGMENTS

We thank all individuals and their families for their con-
tributions to this study and for their trust. We are grate-
ful for fruitful collaboration with the following clinical
partners: Dr. Beatriz Bernardino and Dr. Luis Gutierrez-
Solana from the Unit of Child Neurology, Department
of Pediatrics, Hospital Infantil Universitario Nifio Jesus,
Madrid, Spain, Dr. Pedro Moreno from Internal Medi-
cine, Hospital Clinic de Barcelona, Barcelona, Catalu-
nya, Spain, Dr Ramén Velasquez from the Pediatric
Neurology Department, Hospital Universitario La Paz,
Madrid, Spain and Dr. Nuria Gutierrez from Hospital
Severo Ochoa, Leganés, Spain. We thank Dr. Daniel
Hiibschmann, Computational Oncology group, Molecu-
lar Precision Oncology Program, National Centre for
Tumor Diseases Heidelberg and German Cancer
Research Center, for critical reading and statistical
advice. Open Access funding enabled and organized by
Projekt DEAL.

35UB01] SUOWILLID A TR |ea!jddle 3 Ag peuiionoh a1 1L YO 88N 0 S3[MJ 10} ARIGIT BUIIUO A3IM UO (SUO 1 IPUOD-PUR-SLLLIBI OO A3 | 1M ATRIq][BU 1 |UO//STIY) SUORIPUOD PUe SWie L 8L 89S *[1Z02/TT/80] Uo AReiqi8uliuo AB]1m ‘(‘oul eAnde ) 2anopesy Aq £2.2T Putl/Z00T OT/I0p/LIc" 8| AReiq1 Ul uO//SANY WOJJ pepeo|umMod °€ ‘Z0Z ‘S99ZELST



460

JULIA-PALACIOS ET AL.

FUNDING INFORMATION

A. G. C. and N. J. P. are supported by FIS P118/00111
and FI21/0073 “Instituto de Salud Carlos III (ISCIII)”
and “Fondo Europeo de Desarrollo Regional (FEDER)”.
T. O., K. J. and O. K. H. were supported, in part, by the
Dietmar Hopp Foundation, St. Leon-Rot, Germany. O. K.
H. was supported by the Medical Faculty of the Ruprecht
Karl University of Heidelberg, grant F.206871. The work
on SSADHD at the University Children Hospital Heidel-
berg was supported, in part, by the German SSADH-
Defizit e.V. The work on SSADHD at the Sant Joan de
Deu was supported, in part, by De Neu. Asociacion
de Enfermedades de Los Neurotransmisores.

CONFLICT OF INTEREST STATEMENT
Natalia Alexandra Julia-Palacios has received support for
attending meetings from PTC therapeutics. Roser Pons has
served as advisory board member and has received hono-
raria or research support from PTC Therapeutics, Genesis
and Novartis Gene Therapy and serves as consultant from
Teva and Neurocrine. Elisenda Cortes-Saladelafont has
received honoraria from Takeda and Lucane Pharma as a
speaker, for lectures and travel and congress expenses.
Angels Garcia-Cazorla has received honoraria for lectures
from PTC Therapeutics International GT, Immedica, Recor-
dati Rare Diseases Foundation and Nutricia, she is a co-
founder of the Hospital Sant Joan de Déu start-up “Neuro-
protect Life Sciences”. Thomas Opladen received travel sup-
port from GC Pharma, South Korea. The authors confirm
independence from the sponsors; the content of the article
has not been influenced by the sponsors. Oya Kuseyri
Hiibschmann, Mireia Olivella, Gabriella Horvath, Thomas
Liicke, Cheuk-Wing Fung, Suet-Na Wong, M. Mar Rovira-
Remisa, Yilmaz Yildiz, Saadet Mercimek-Andrews, Birgit
Assmann, Galina Stevanovi¢, Filippo Manti, Heiko Bren-
nenstuhl, Sabine Jung-Klawitter, Kathrin Jeltsch, H. Serap
Sivri and Sven F. Garbade declare that they have no conflict
of interest.

DATA AVAILABILITY STATEMENT

The data sets in the registry are not publicly available.
Data is owned by the members of the iNTD and its avail-
ability for specific research purposes is subject to the con-
sent of the INTD executive board and members. All
requests for raw and analyzed data for specific research
purposes will be reviewed by the iNTD executive board
and respective iNTD members within 72 h.

ETHICS STATEMENT

iNTD registry study was approved by the Institutional
Research Ethics Board (IRB) Heidelberg University
Hospital (S-471/2014) on December 22, 2014, and sub-
sequently by all contributing centers. All procedures
followed were in accordance with the Helsinki

Declaration of 1975, as revised in 2013. Written
informed consent was obtained from all study patients
or their legal guardians. This study was approved by all
participating iNTD members. iNTD is an independent
academic organization without any involvement or
sponsorship from industry.

INFORMED CONSENT

All procedures followed were in accordance with the eth-
ical standards of the responsible committee on human
experimentation (institutional and national) and with
the Helsinki Declaration of 1975, as revised in 2000.
Informed consent was obtained from all patients for
being included in the study. Proof that informed consent
was obtained must be available upon request.

ORCID
Natalia Alexandra Julia-Palacios
0000-0002-2560-3970

https://orcid.org/

Oya Kuseyri Hiibschmann ‘© https://orcid.org/0000-0001-
6576-6566
Mireia Olivella "® https://orcid.org/0000-0002-6035-3399

Roser Pons 2 https://orcid.org/0000-0001-6749-1906
Gabriella Horvath  https://orcid.org/0000-0003-2573-
2489

Cheuk-Wing Fung ‘© https://orcid.org/0000-0002-0105-
1673

Elisenda Cortés-Saladelafont
0002-8604-2230

Saadet Mercimek-Andrews

https://orcid.org/0000-

https://orcid.org/0000-0001-

8396-6764

Birgit Assmann ‘© https://orcid.org/0000-0003-0458-953X
Filippo Manti "© https://orcid.org/0000-0002-2012-8410
Heiko Brennenstuhl ‘“ https://orcid.org/0000-0002-6909-
0003

Sabine Jung-Klawitter (= https://orcid.org/0000-0001-
8851-672X

H. Serap Sivri
Sven F. Garbade
Thomas Opladen
7662

https://orcid.org/0000-0001-8260-9984
https://orcid.org/0000-0002-7420-4757
https://orcid.org/0000-0003-4349-

REFERENCES

1. Gupta M, Hogema BM, Grompe M, et al. Murine succinate
semialdehyde dehydrogenase deficiency. Ann Neurol. 2003;
54(S6):S81-S90. doi:10.1002/ana.10625

2. Lakhani R, Vogel KR, Till A, et al. Defects in GABA metabo-
lism affect selective autophagy pathways and are alleviated by
mTOR inhibition. EMBO Mol Med. 2014;6(4):551-566. doi:10.
1002/emmm.201303356

3. Walters DC, Lawrence R, Kirby T, et al. Postmortem analyses
in a patient with succinic semialdehyde dehydrogenase defi-
ciency (SSADHD): II. Histological, lipid, and gene expression
outcomes in regional brain tissue. J Child Neurol. 2021;36(13-
14):1177-1188. d0i:10.1177/0883073820987742

35UB01] SUOWILLID A TR |ea!jddle 3 Ag peuiionoh a1 1L YO 88N 0 S3[MJ 10} ARIGIT BUIIUO A3IM UO (SUO 1 IPUOD-PUR-SLLLIBI OO A3 | 1M ATRIq][BU 1 |UO//STIY) SUORIPUOD PUe SWie L 8L 89S *[1Z02/TT/80] Uo AReiqi8uliuo AB]1m ‘(‘oul eAnde ) 2anopesy Aq £2.2T Putl/Z00T OT/I0p/LIc" 8| AReiq1 Ul uO//SANY WOJJ pepeo|umMod °€ ‘Z0Z ‘S99ZELST


https://orcid.org/0000-0002-2560-3970
https://orcid.org/0000-0002-2560-3970
https://orcid.org/0000-0002-2560-3970
https://orcid.org/0000-0001-6576-6566
https://orcid.org/0000-0001-6576-6566
https://orcid.org/0000-0001-6576-6566
https://orcid.org/0000-0002-6035-3399
https://orcid.org/0000-0002-6035-3399
https://orcid.org/0000-0001-6749-1906
https://orcid.org/0000-0001-6749-1906
https://orcid.org/0000-0003-2573-2489
https://orcid.org/0000-0003-2573-2489
https://orcid.org/0000-0003-2573-2489
https://orcid.org/0000-0002-0105-1673
https://orcid.org/0000-0002-0105-1673
https://orcid.org/0000-0002-0105-1673
https://orcid.org/0000-0002-8604-2230
https://orcid.org/0000-0002-8604-2230
https://orcid.org/0000-0002-8604-2230
https://orcid.org/0000-0001-8396-6764
https://orcid.org/0000-0001-8396-6764
https://orcid.org/0000-0001-8396-6764
https://orcid.org/0000-0003-0458-953X
https://orcid.org/0000-0003-0458-953X
https://orcid.org/0000-0002-2012-8410
https://orcid.org/0000-0002-2012-8410
https://orcid.org/0000-0002-6909-0003
https://orcid.org/0000-0002-6909-0003
https://orcid.org/0000-0002-6909-0003
https://orcid.org/0000-0001-8851-672X
https://orcid.org/0000-0001-8851-672X
https://orcid.org/0000-0001-8851-672X
https://orcid.org/0000-0001-8260-9984
https://orcid.org/0000-0001-8260-9984
https://orcid.org/0000-0002-7420-4757
https://orcid.org/0000-0002-7420-4757
https://orcid.org/0000-0003-4349-7662
https://orcid.org/0000-0003-4349-7662
https://orcid.org/0000-0003-4349-7662
info:doi/10.1002/ana.10625
info:doi/10.1002/emmm.201303356
info:doi/10.1002/emmm.201303356
info:doi/10.1177/0883073820987742

JULIA-PALACIOS ET AL.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Knerr I, Gibson KM, Jakobs C, Pearl PL. Neuropsychiatric
morbidity in adolescent and adult succinic semialdehyde dehy-
drogenase deficiency patients. CNS Spectr. 2008;13(7):598-605.
Pearl PL, Gibson KM, Acosta MT, et al. Clinical spectrum of
succinic semialdehyde dehydrogenase deficiency. Neurology.
2003;60(9):1413-1417. d0i:10.1212/01.wnl.0000059549.70717.80
DiBacco ML, Pop A, Salomons GS, et al. Novel ALDH5A1 vari-
ants and genotype: phenotype correlation in SSADH defi-
ciency. Neurology. 2020;95(19):€2675-e2682. d0i:10.1212/WNL.
0000000000010730

Pearl PL, Novotny EJ, Acosta MT, Jakobs C, Gibson KM. Succi-
nic semialdehyde dehydrogenase deficiency in children and
adults. Ann Neurol. 2003;54(Suppl 6):S73-S80. doi:10.1002/ana.
10629

Tokatly Latzer I, Bertoldi M, DiBacco ML, et al. The presence
and severity of epilepsy coincide with reduced y-aminobutyrate
and cortical excitatory markers in succinic semialdehyde dehy-
drogenase deficiency. Epilepsia. 2023;64(6):1516-1526. doi:10.
1111/epi.17592

Tokatly Latzer I, Hanson E, Bertoldi M, et al. Autism spectrum
disorder and GABA levels in children with succinic semialde-
hyde dehydrogenase deficiency. Dev Med Child Neurol. 2023;
65(12):1596-1606. doi:10.1111/dmcn.15659

Gupta M, Jansen EEW, Senephansiri H, et al. Liver-directed
adenoviral gene transfer in murine succinate semialdehyde
dehydrogenase deficiency. Mol Ther. 2004;9(4):527-539. doi:10.
1016/j.ymthe.2004.01.013

Vogel KR, Ainslie GR, Walters DC, et al. Succinic semialde-
hyde dehydrogenase deficiency, a disorder of GABA metabo-
lism: an update on pharmacological and enzyme-replacement
therapeutic strategies. J Inherit Metab Dis. 2018;41(4):699-708.
doi:10.1007/s10545-018-0153-8

Lee HHC, McGinty GE, Pearl PL, Rotenberg A. Understanding
the molecular mechanisms of succinic semialdehyde dehydro-
genase deficiency (SSADHD): towards the development of
SSADH-targeted medicine. Int J Mol Sci. 2022;23(5):2606. doi:
10.3390/ijms23052606

Lee HHC, Pearl PL, Rotenberg A. Enzyme replacement therapy
for succinic semialdehyde dehydrogenase deficiency: relevance
in y-aminobutyric acid plasticity. J Child Neurol. 2021;36(13-
14):1200-1209. doi:10.1177/0883073821993000

Pearl PL, Capp PK, Novotny EJ, Gibson KM. Inherited disor-
ders of neurotransmitters in children and adults. Clin Biochem.
2005;38(12):1051-1058. doi:10.1016/j.clinbiochem.2005.09.012
Opladen T, Cortés-Saladelafont E, Mastrangelo M, et al. The
international working group on neurotransmitter related disor-
ders (iNTD): a worldwide research project focused on primary
and secondary neurotransmitter disorders. Mol Genet Metab
Rep. 2016;9:61-66. doi:10.1016/j.ymgmr.2016.09.006

Spong CY. Defining “term” pregnancy: recommendations from
the defining “term” pregnancy workgroup. JAMA. 2013;
309(23):2445-2446. doi:10.1001/jama.2013.6235

Leviton A, Holmes LB, Allred EN, Vargas J. Methodologic
issues in epidemiologic studies of congenital microcephaly.
Early Hum Dev. 2002;69(1-2):91-105. do0i:10.1016/s0378-3782
(02)00065-8

Sharma D, Shastri S, Sharma P. Intrauterine growth restriction:
antenatal and postnatal aspects. Clin Med Insights Pediatr.
2016;10:67-83. d0i:10.4137/CMPed.S40070

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Keller M, Brennenstuhl H, Kuseyri Hiibschmann O, et al.
Assessment of intellectual impairment, health-related quality
of life, and behavioral phenotype in patients with neurotrans-
mitter related disorders: data from the iNTD registry. J Inherit
Metab Dis. 2021;44(6):1489-1502. d0i:10.1002/jimd.12416
Fenton TR, Kim JH. A systematic review and meta-analysis to
revise the Fenton growth chart for preterm infants. BMC
Pediatr. 2013;13:59. doi:10.1186/1471-2431-13-59

Hahsler M, Griin B, Hornik K. Arules - a computational envi-
ronment for mining association rules and frequent item sets.
J Stat Softw. 2005;14(15):1-25. doi:10.18637/jss.v014.i15
Adzhubei I, Jordan DM, Sunyaev SR. Predicting functional
effect of human missense mutations using PolyPhen-2. Curr
Protoc Hum Genet. 2013;76:7.20.1-7.20.41. doi:10.1002/
0471142905.hg0720s76

Ioannidis NM, Rothstein JH, Pejaver V, et al. REVEL: an
ensemble method for predicting the pathogenicity of rare mis-
sense variants. Am J Hum Genet. 2016;99(4):877-885. doi:10.
1016/.ajhg.2016.08.016

Kircher M, Witten DM, Jain P, O'Roak BJ, Cooper GM,
Shendure J. A general framework for estimating the relative
pathogenicity of human genetic variants. Nat Genet. 2014;
46(3):310-315. doi:10.1038/ng.2892

Kim YG, Lee S, Kwon OS, et al. Redox-switch modulation of
human SSADH by dynamic catalytic loop. EMBO J. 2009;28(7):
959-968. doi:10.1038/emb0j.2009.40

Abraham MJ, Murtola T, Schulz R, et al. GROMACS: high per-
formance molecular simulations through multi-level parallel-
ism from laptops to supercomputers. SoftwareX. 2015;1-2:19-25.
doi:10.1016/j.s0ftx.2015.06.001

PyMOL | pymol.org. Accessed December 11, 2020. https://
pymol.org/2/

Ng PC, Henikoff S. SIFT: predicting amino acid changes that
affect protein function. Nucleic Acids Res. 2003;31(13):3812-
3814. doi:10.1093/nar/gkg509

Akaboshi S, Hogema BM, Novelletto A, et al. Mutational spec-
trum of the semialdehyde dehydrogenase
(ALDH5A1) gene and functional analysis of 27 novel disease-
causing mutations in patients with SSADH deficiency. Hum
Mutat. 2003;22(6):442-450. doi:10.1002/humu.10288

Hu C, Li X, Zhao L, et al. Clinical and molecular characteriza-
tion of pediatric mitochondrial disorders in south of China. Eur
J Med Genet. 2020;63(8):103898. d0i:10.1016/j.ejmg.2020.103898
Akiyama T, Osaka H, Shimbo H, et al. SSADH deficiency possi-
bly associated with enzyme activity-reducing SNPs. Brain and
Development. 2016;38(9):871-874. doi:10.1016/j.braindev.2016.
03.008

Jung R, Rauch A, Salomons GS, et al. Clinical, cytogenetic and
molecular characterization of a patient with combined succinic
semialdehyde dehydrogenase deficiency and incomplete
WAGR syndrome with obesity. Mol Genet Metab. 2006;88(3):
256-260. doi:10.1016/j.ymgme.2006.02.003

Attri SV, Singhi P, Wiwattanadittakul N, et al. Incidence and
geographic distribution of succinic semialdehyde dehydroge-
nase (SSADH) deficiency. JIMD Rep. 2017;34:111-115. doi:10.
1007/8904_2016_14

Brennenstuhl H, Didiasova M, Assmann B, et al. Succinic semi-
aldehyde dehydrogenase deficiency: in vitro and in silico char-
acterization of a novel pathogenic missense variant and

succinate

35UB01] SUOWILLID A TR |ea!jddle 3 Ag peuiionoh a1 1L YO 88N 0 S3[MJ 10} ARIGIT BUIIUO A3IM UO (SUO 1 IPUOD-PUR-SLLLIBI OO A3 | 1M ATRIq][BU 1 |UO//STIY) SUORIPUOD PUe SWie L 8L 89S *[1Z02/TT/80] Uo AReiqi8uliuo AB]1m ‘(‘oul eAnde ) 2anopesy Aq £2.2T Putl/Z00T OT/I0p/LIc" 8| AReiq1 Ul uO//SANY WOJJ pepeo|umMod °€ ‘Z0Z ‘S99ZELST


info:doi/10.1212/01.wnl.0000059549.70717.80
info:doi/10.1212/WNL.0000000000010730
info:doi/10.1212/WNL.0000000000010730
info:doi/10.1002/ana.10629
info:doi/10.1002/ana.10629
info:doi/10.1111/epi.17592
info:doi/10.1111/epi.17592
info:doi/10.1111/dmcn.15659
info:doi/10.1016/j.ymthe.2004.01.013
info:doi/10.1016/j.ymthe.2004.01.013
info:doi/10.1007/s10545-018-0153-8
info:doi/10.3390/ijms23052606
info:doi/10.1177/0883073821993000
info:doi/10.1016/j.clinbiochem.2005.09.012
info:doi/10.1016/j.ymgmr.2016.09.006
info:doi/10.1001/jama.2013.6235
info:doi/10.1016/s0378-3782(02)00065-8
info:doi/10.1016/s0378-3782(02)00065-8
info:doi/10.4137/CMPed.S40070
info:doi/10.1002/jimd.12416
info:doi/10.1186/1471-2431-13-59
info:doi/10.18637/jss.v014.i15
info:doi/10.1002/0471142905.hg0720s76
info:doi/10.1002/0471142905.hg0720s76
info:doi/10.1016/j.ajhg.2016.08.016
info:doi/10.1016/j.ajhg.2016.08.016
info:doi/10.1038/ng.2892
info:doi/10.1038/emboj.2009.40
info:doi/10.1016/j.softx.2015.06.001
https://pymol.org/2/
https://pymol.org/2/
info:doi/10.1093/nar/gkg509
info:doi/10.1002/humu.10288
info:doi/10.1016/j.ejmg.2020.103898
info:doi/10.1016/j.braindev.2016.03.008
info:doi/10.1016/j.braindev.2016.03.008
info:doi/10.1016/j.ymgme.2006.02.003
info:doi/10.1007/8904_2016_14
info:doi/10.1007/8904_2016_14

462

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

JULIA-PALACIOS ET AL.

analysis of the mutational spectrum of ALDHS5A1. Int J Mol
Sci. 2020;21(22):8578. doi:10.3390/ijms21228578

Stessman HA, Xiong B, Coe BP, et al. Targeted sequencing
identifies 91 neurodevelopmental-disorder risk genes with
autism and developmental-disability biases. Nat Genet. 2017;
49(4):515-526. doi:10.1038/ng.3792

Didiasova M, Banning A, Brennenstuhl H, et al. Succinic semi-
aldehyde dehydrogenase deficiency: an update. Cells. 2020;9(2):
477. doi:10.3390/cells9020477

Martin K, McConnell A, Elsea SH. Assessing prevalence and
carrier frequency of succinic semialdehyde dehydrogenase defi-
ciency. J Child Neurol. 2021;36(13-14):1218-1222. doi:10.1177/
08830738211018902

Karczewski KJ, Francioli LC, Tiao G, et al. The mutational con-
straint spectrum quantified from variation in 141,456 humans.
Nature. 2020;581(7809):434-443. doi:10.1038/s41586-020-2308-7
Tokatly Latzer I, Roullet JB, Gibson KM, Pearl PL. Establish-
ment and validation of a clinical severity scoring system for
succinic semialdehyde dehydrogenase deficiency. J Inherit
Metab Dis. 2023;46(5):992-1003. doi:10.1002/jimd.12635

Lee ACC, Katz J, Blencowe H, et al. National and regional esti-
mates of term and preterm babies born small for gestational age in
138 low-income and middle-income countries in 2010. Lancet Glob
Health. 2013;1(1):e26-e36. doi:10.1016/S2214-109X(13)70006-8
Wright CF, FitzPatrick DR, Firth HV. Paediatric genomics:
diagnosing rare disease in children. Nat Rev Genet. 2018;19(5):
253-268. doi:10.1038/nrg.2017.116

DiBacco ML, Roullet JB, Kapur K, et al. Age-related phenotype
and biomarker changes in SSADH deficiency. Ann Clin Transl
Neurol. 2019;6(1):114-120. doi:10.1002/acn3.696
Lapalme-Remis S, Lewis EC, De Meulemeester C, et al. Natural
history of succinic semialdehyde dehydrogenase deficiency
through adulthood. Neurology. 2015;85(10):861-865. doi:10.
1212/WNL.0000000000001906

Pearl PL, Shukla L, Theodore WH, Jakobs C, Michael GK. Epi-
lepsy in succinic semialdehyde dehydrogenase deficiency, a dis-
order of GABA metabolism. Brain and Development. 2011;
33(9):796-805. doi:10.1016/j.braindev.2011.04.013

Colijn MA. The characterization of psychotic symptoms in succi-
nic semialdehyde dehydrogenase deficiency: a review. Psychiatr
Genet. 2020;30(6):153-161. doi:10.1097/YPG.0000000000000264
Afacan O, Yang E, Lin AP, et al. Magnetic resonance imaging
(MRI) and spectroscopy in succinic semialdehyde dehydroge-
nase deficiency. J Child Neurol. 2021;36:1162-1168. doi:10.1177/
0883073821991295

Yamakawa Y, Nakazawa T, Ishida A, et al. A boy with a severe
phenotype of succinic semialdehyde dehydrogenase deficiency.
Brain and Development. 2012;34(2):107-112. doi:10.1016/j.
braindev.2011.05.003

Leuzzi V, Di Sabato ML, Deodato F, et al. Vigabatrin improves
paroxysmal dystonia in succinic semialdehyde dehydrogenase
deficiency. Neurology. 2007;68(16):1320-1321. doi:10.1212/01.
wnl.0000259537.54082.6d

49.

50.

51.

52.

53.

54.

55.

56.

57.

Pearl PL, Wiwattanadittakul N, Roullet JB, Gibson KM. Succi-
nic semialdehyde dehydrogenase deficiency. In: Adam MP,
Mirzaa GM, Pagon RA, et al., eds. GeneReviews((R)). University
of Washington; 1993.

Wang KY, Barker PB, Lin DD. A case of acute onset succinic
semialdehyde dehydrogenase deficiency: neuroimaging find-
ings and literature review. Childs Nerv Syst. 2016;32(7):1305-
1309. doi:10.1007/s00381-015-2942-9

Zeiger WA, Sun LR, Bosemani T, Pearl PL, Stafstrom CE.
Acute infantile encephalopathy as presentation of succinic
semialdehyde dehydrogenase deficiency. Pediatr Neurol. 2016;
58:113-115. doi:10.1016/j.pediatrneurol.2015.10.009

Maitre M. The gamma-hydroxybutyrate signalling system in
brain: organization and functional implications. Prog Neuro-
biol. 1997;51(3):337-361. doi:10.1016/s0301-0082(96)00064-0
Colombo G, Agabio R, Carai MA, et al. Characterization of
the discriminative stimulus effects of gamma-hydroxybutyric
acid as a means for unraveling the neurochemical basis of
gamma-hydroxybutyric acid actions and its similarities to
those of ethanol. Alcohol. 2000;20(3):237-245. doi:10.1016/
s0741-8329(99)00087-7

Nava F, Carta G, Bortolato M, Gessa GL. Gamma-
Hydroxybutyric acid and baclofen decrease extracellular acetyl-
choline levels in the hippocampus via GABA(B) receptors. Eur
J Pharmacol. 2001;430(2-3):261-263. doi:10.1016/s0014-2999
(01)01163-3

Cutando L, Puighermanal E, Castell L, et al. Cerebellar dopa-
mine D2 receptors regulate social behaviors. Nat Neurosci.
2022;25(7):900-911. d0i:10.1038/s41593-022-01092-8

Kim KJ, Pearl PL, Jensen K, et al. Succinic semialdehyde
dehydrogenase: biochemical-molecular-clinical disease mech-
anisms, redox regulation, and functional significance. Anti-
oxid Redox Signal. 2011;15(3):691-718. doi:10.1089/ars.2010.
3470

Pearl PL, DiBacco ML, Papadelis C, et al. Succinic semialde-
hyde dehydrogenase deficiency: review of the natural history
study. J Child Neurol. 2021;36(13-14):1153-1161. doi:10.1177/
0883073820981262

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Julia-Palacios NA,
Kuseyri Hiibschmann O, Olivella M, et al. The
continuously evolving phenotype of succinic
semialdehyde dehydrogenase deficiency. J Inherit
Metab Dis. 2024;47(3):447-462. d0i:10.1002/jimd.
12723

35UB01] SUOWILLID A TR |ea!jddle 3 Ag peuiionoh a1 1L YO 88N 0 S3[MJ 10} ARIGIT BUIIUO A3IM UO (SUO 1 IPUOD-PUR-SLLLIBI OO A3 | 1M ATRIq][BU 1 |UO//STIY) SUORIPUOD PUe SWie L 8L 89S *[1Z02/TT/80] Uo AReiqi8uliuo AB]1m ‘(‘oul eAnde ) 2anopesy Aq £2.2T Putl/Z00T OT/I0p/LIc" 8| AReiq1 Ul uO//SANY WOJJ pepeo|umMod °€ ‘Z0Z ‘S99ZELST


info:doi/10.3390/ijms21228578
info:doi/10.1038/ng.3792
info:doi/10.3390/cells9020477
info:doi/10.1177/08830738211018902
info:doi/10.1177/08830738211018902
info:doi/10.1038/s41586-020-2308-7
info:doi/10.1002/jimd.12635
info:doi/10.1016/S2214-109X(13)70006-8
info:doi/10.1038/nrg.2017.116
info:doi/10.1002/acn3.696
info:doi/10.1212/WNL.0000000000001906
info:doi/10.1212/WNL.0000000000001906
info:doi/10.1016/j.braindev.2011.04.013
info:doi/10.1097/YPG.0000000000000264
info:doi/10.1177/0883073821991295
info:doi/10.1177/0883073821991295
info:doi/10.1016/j.braindev.2011.05.003
info:doi/10.1016/j.braindev.2011.05.003
info:doi/10.1212/01.wnl.0000259537.54082.6d
info:doi/10.1212/01.wnl.0000259537.54082.6d
info:doi/10.1007/s00381-015-2942-9
info:doi/10.1016/j.pediatrneurol.2015.10.009
info:doi/10.1016/s0301-0082(96)00064-0
info:doi/10.1016/s0741-8329(99)00087-7
info:doi/10.1016/s0741-8329(99)00087-7
info:doi/10.1016/s0014-2999(01)01163-3
info:doi/10.1016/s0014-2999(01)01163-3
info:doi/10.1038/s41593-022-01092-8
info:doi/10.1089/ars.2010.3470
info:doi/10.1089/ars.2010.3470
info:doi/10.1177/0883073820981262
info:doi/10.1177/0883073820981262
info:doi/10.1002/jimd.12723
info:doi/10.1002/jimd.12723

	The continuously evolving phenotype of succinic semialdehyde dehydrogenase deficiency
	1  INTRODUCTION
	2  METHODS
	2.1  Data description
	2.2  Statistical analysis
	2.3  In silico analysis

	3  RESULTS
	3.1  Description of the study population
	3.2  Initial presentation and diagnostic work-up
	3.3  Evolving phenotype
	3.4  Brain imaging
	3.5  Variants in ALDH5A1
	3.6  In-silico analysis of missense variants
	3.7  Genotype/phenotype correlation
	3.8  Treatment approaches

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	INFORMED CONSENT
	REFERENCES


