
Vol.:(0123456789)1 3

Journal of Neurology (2019) 266:2657–2664 
https://doi.org/10.1007/s00415-019-09466-y

ORIGINAL COMMUNICATION

Defining the clinical‑genetic and neuroradiological features in SPG54: 
description of eight additional cases and nine novel DDHD2 variants

Francesco Nicita1   · Fabrizia Stregapede1 · Alessandra Tessa2 · Maria Teresa Bassi3 · Aleksandra Jezela‑Stanek4 · 
Guido Primiano5 · Antonio Pizzuti6 · Melissa Barghigiani2 · Marta Nardella1 · Ginevra Zanni1 · Serenella Servidei5 · 
Guja Astrea2 · Elena Panzeri3 · Cristina Maghini7 · Luciana Losito8 · Rafal Ploski9 · Piotr Gasperowicz9 · 
Filippo Maria Santorelli2 · Enrico Bertini1 · Lorena Travaglini1

Received: 23 April 2019 / Revised: 8 July 2019 / Accepted: 10 July 2019 / Published online: 13 July 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Recessive mutations in DDHD2 cause SPG54, a complex hereditary spastic paraplegia (HSP) with less than forty patients 
reported worldwide. In this retrospective, multicenter study we describe eight additional SPG54 cases harboring homozygous 
or compound heterozygous DDHD2 variants. Finally, we reviewed literature data on SPG54, with the aim to better define the 
phenotype and the brain magnetic resonance imaging (MRI) pattern as well as genotype–phenotype correlations. SPG54 is 
typically characterized by early-onset (i.e., congenital or, more frequently, infantile) delay in motor and cognitive milestones, 
coupled or followed by appearance of spasticity. Cognitive impairment is absent in adult-onset cases. Spasticity progresses 
over time. Abnormal eye movement, found in about 50% of cases, is the feature most frequently associated with spasticity 
and developmental delay. Cerebellar ataxia is a prominent sign in several patients, including one adult of this study, sug-
gesting to include SPG54 in the differential diagnosis of spastic-ataxia syndromes. Brain MRI shows thin corpus callosum 
and non-specific periventricular white matter lesions in about 90% and 70% of cases, respectively. Brain MR spectroscopy 
reveals abnormal lipid peak in 90% of investigated patients. Twenty-one pathogenic changes have been reported so far, many 
of which are nonsense or small deletion/duplication. Most mutations appear to be private, with only two mutations recurring 
in three (i.e., R287*) or more families (i.e., D660H). The identification of nine novel variants expands the molecular spec-
trum of DDHD2-related HSP and corroborates the notion of a quite homogeneous clinical and neuroradiological phenotype 
in spite of different genotypes.
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Introduction

Hereditary spastic paraplegias (HSP) are neurodegenera-
tive disorders with more than 80 disease genes identified 
so far, with both autosomal recessive (AR), autosomal 
dominant (AD), and X-linked inheritance pattern. Cur-
rently, eighty different forms are included in the Online 
Mendelian Inheritance in Men (OMIM) classification 
(e.g., SPG1 → SPG80). Clinical heterogeneity of HSP 
is characterized by variability in age of onset (i.e., from 
congenital to late-adulthood forms) and features, with pure 
HSP (pHSP) consisting of isolated pyramidal syndrome 
and complex HSP (cHSP) characterized by a more com-
posite neurological phenotype [1].

SPG54 is a complex form of HSP caused by reces-
sive mutations in the DDHD2 gene, which encodes the 
DDHD-domain-containing two proteins, one of the three 
intracellular phospholipase A1 (iPLA1) families of pro-
teins (DDHD1, DDHD2 and SEC23IP) that are involved in 
organelle biogenesis and membrane trafficking between the 
endoplasmic reticulum and Golgi body [2]. Thirty-three 
SPG54 patients have been reported worldwide [2–12].

In this paper, we describe eight additional SPG54 
cases harboring homozygous or compound heterozygous 
DDHD2 variants, including nine novel variants. Finally, 
we reviewed the literature data on SPG54, with the aim to 
better define the phenotype and brain magnetic resonance 
imaging (MRI) pattern as well as genotype–phenotype 
correlations.

Patients and methods

This multicenter, retrospective study was carried out at the 
Unit of Neuromuscular and Neurodegenerative diseases, 
Bambino Gesù Research Hospital of Rome. Inclusion cri-
teria were the presence of bi-allelic mutations in DDHD2 
and accurate recording of at least one neurologic examina-
tion, at least one 1.5 T brain MRI, and clinical follow-up. 
Age at onset and type of symptoms, neurological examina-
tions, brain MRI findings and genetic data were collected 
and analyzed for each case.

Mutations in DDHD2 were detected by means of tar-
geted next-generation sequencing (tNGS) panels designed 
for HSP genes in all but one case (patient 7, Table 1), in 
which a whole exome sequencing (SureSelectXT Human 
All Exome V5, Agilent) was performed. Detailed methods 
for tNGS analysis have been previously described (in [13] 
for patients 1–3; in [3] for patients 6 and 8) or are available 
as supplementary file 1 (for patient 4 and 5). Segregation 
of the identified variants was investigated in the parents. 

Pathogenicity of the missense variants was investigated 
by in silico prediction tools, including PolyPhen-2 (https​
://genet​ics.bwh.harva​rd.edu/pph2/), SIFT (https​://sift.jcvi.
org/), Mutation Taster (https​://www.mutat​ionta​ster.org/), 
Alamut (https​://www.inter​activ​e-bioso​ftwar​e.com/) and 
CADD (https​://cadd.gs.washi​ngton​.edu/hom). Variants 
were annotated with reference to the following transcripts: 
DDHD2 (NM_015214.2). Signed written informed con-
sent for genetic analysis was obtained from all the parents 
of individuals enrolled in the study. The local ethical com-
mittee of all the involved centers approved the study.

Results

Data from eight Caucasian patients (six men, two women), 
aged between 8 and 56 years, were collected. Clinical fea-
tures, brain MRI, and genetic data of the reported patients 
are summarized in Table 1, while more detailed clinical 
descriptions of medical histories are available as supplemen-
tary file 2. Most of patients developed first symptoms of the 
disease in pediatric age, with congenital onset (i.e., < 1 year 
of age) and early infantile onset in three cases each. Remain-
ing two patients manifested spastic or spastic-ataxia syn-
drome in the fourth decade. Among pediatric-onset cases, 
delay in cognitive and motor milestones was the most com-
mon presentation, whereas adult-onset cases lack of cogni-
tive impairment but manifested gait difficulties for spasticity 
of the lower limbs. A relatively small cohort of other neu-
rological signs and symptoms was also recorded, such as 
prominent cerebellar ataxia in one of the two adults. Clini-
cal follow-up revealed an overall progressive course of the 
disease in most of cases (7 out of 8, 87.5%). Although many 
patients who presented with global developmental delay 
were able to achieve independent ambulation, they also 
manifested a progressive worsening of spasticity with loss of 
ability to walk unaided in a period between 6 and 15 years. 
Brain magnetic resonance imaging (MRI) anomalies were 
detected in seven out of eight cases (87.5%), with thinning 
of the corpus callosum (7/8) and periventricular white matter 
(WM) anomalies in FLAIR and T2-weighted images (6/8) as 
the most common findings (Fig. 1a–d). Interestingly, in both 
adult-onset patients (6 and 8) periventricular WM anoma-
lies were absent. Moreover, brain proton magnetic resonance 
spectroscopy (1H-MRS) performed in patient 8 was normal 
without evidence of the pathologic lipid peak.

Genetic results of our and previously reported patients 
are summarized in Tables 1, 2, Fig. 2 and Supplementary 
file 2. We identified ten different DDHD2 variants in eight 
patients. Nine variants (9/10) were novel, whereas one 
(D660H) had been previously reported [2]. Mutations were 
homozygous in five cases and compound heterozygous in 
three. We detected only three missense variants (G197R, 

https://genetics.bwh.harvard.edu/pph2/
https://genetics.bwh.harvard.edu/pph2/
https://sift.jcvi.org/
https://sift.jcvi.org/
https://www.mutationtaster.org/
https://www.interactive-biosoftware.com/
https://cadd.gs.washington.edu/hom
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P269L and Y699C), while the remaining six were nonsense 
or frameshift. All variants co-segregated with the disease; 
parents were always heterozygous for one DDHD2 mutation 
while all affected members carried two mutations.

All missense variants were predicted to be pathogenic 
using standard in silico prediction tools. Among missense 
variants, only one was absent in available databases, while 
two were found at very low frequency (i.e., MAF < 0.01) in 
the ExAC database.

Discussion

Spastic paraplegia type 54 has been reported in 33 patients 
from 15 unrelated families, and some clinical and neuro-
radiological clues have been highlighted for this condition 
[2–11], such as psycho-motor delay with early-onset spas-
ticity, thin corpus callosum and white matter anomalies on 
brain MRI. By reviewing the current literature (Table 2 and 
supplementary file 3 [Table S1]), it emerges that almost the 
totality of patients develops symptoms between the first and 
the tenth year of life, with only two cases presenting adult-
onset spastic-ataxia syndrome. In the congenital- or infan-
tile-onset form, the cognitive and motor developments are 
almost inexorably delayed. Spasticity and pyramidal signs 
are more often confined to lower limbs. Various additional 
features may contribute to complete the clinical picture; 
among these, abnormal ocular movements, mainly stra-
bismus, have been reported in about 50% of cases. Several 
cases may also show signs of cerebellar ataxia. Although 
optic nerve hypoplasia and short stature were hypothesized 
as possible frequent clues for SPG54 in the first descriptions 
[2, 4], they have been reported occasionally in the following 
cases. Similarly, other features may be variably encountered 
such as bulbar signs, dysarthria, microcephaly, or signs of 
neuropathy on nerve conduction studies. The clinical fea-
tures observed in our eight cases are quite similar to those 
reported in the literature, thus indicating that, although the 
overall low number (i.e., 41 cases) of patients, the SPG54 
phenotype is quite homogeneous in pediatric-onset cases, 
and clinical variability seems to be linked to the “minor” 
features above reported or to onset in adulthood. Interest-
ingly, none of the four SPG54 adult-onset cases (i.e., patients 
6 and 8 in this series and the two reported by Doi et al. [7]) 
manifested cognitive impairment, and three of them pre-
sented with an ataxic-spastic syndrome. One case (patient 
6 in Table 1) manifested an adult-onset spastic paraplegia 
without abnormalities in the brain MRI; after a follow-up 
of 6 years no other symptoms and signs appeared, except 
for evidence of a mild and asymptomatic polyneuropathy on 
nerve conduction studies, thus mimicking a pure phenotype.

Analysis of brain MRI data indicates that SPG54 is 
associated with a thin corpus callosum (TCC) in the vast Ta
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majority of the patients (90%) and presents periventricular 
white matter changes (WMCs) in about over 70% of cases. 
TCC is a well-known biomarker of a group of HSP which 
includes, besides SPG11/Spatacsin and SPG15/Spastizin [1, 
14], also other forms including SPG7/Paraplegin, SPG21/
ACP33, SPG35/FA2H, SPG44/GJC2, SPG46/GBA2, 
SPG47/AP4B1, SPG48/AP5Z1, SPG49/TECPR2, SPG56/
CYP2U1, SPG63/AMPD2, and few others [1]. Thinner 
corpus callosum is frequent but not mandatory to support 
the molecular diagnosis in most of these forms and, with 
few exceptions as in SPG11 and SPG15, clinical and other 
neuroradiological features often differ among forms [1]. 
Additionally, the involvement of WM has been well defined 
only in few HSP (e.g., “ears of lynx” sign in SPG11 and 
SPG15) [15]. This is not the case of SPG54, in which the 
WMCs appear as mild hyperintensities in the T2-weighted 
and FLAIR images mainly involving the periventricular pos-
terior areas or they may also be missing as in our adult-onset 
patients. In regard of a neuroradiological marker, use of 1H-
MRS is considered useful in SPG54 since it has identified 

abnormal lipid peak at 1.3 ppm (in the basal ganglia and the 
thalamus) in all but one (i.e., patient 8 in our series) of the 
explored patients [2, 7, 8, 11]. This finding is considered to 
be related to the underlying pathophysiological mechanism 
of SPG54, as observed in other diseases caused by abnormal 
lipid metabolism (e.g., Sjogren–Larsson syndrome) [7]. It 
is not clear if the spectroscopic data are exclusive of SPG54 
or may be shared by others HSP linked to genes involved in 
lipid metabolisms (e.g., SPG5/CYP7B1, SPG28/DDHD1, 
SPG35/FA2H, SPG39/PNPLA6, SPG46/GBA2, and SPG56/
CYP2U1) [1]. None of these have been studied by mean 
of 1H-MRS, with the exception of a single case report for 
SPG28 in which no abnormal lipid peak was detected [16]. 
On the other hand, in our cohort the only patient that was 
investigated with 1H-MRS was negative to this biomarker, 
suggesting that the specificity of this finding needs confirma-
tion in a larger number of patients.

In this study, we identified ten DDHD2 variants of which 
nine were novel, raising to 21 the number of distinct patho-
genic changes so far reported [2, 4, 9]. Most variants appear 

Fig. 1   a–d Brain MRI, sagittal 
T1-weighted (a, c) and axial 
FLAIR sections (b, d); patient 
8 (performed at age of 51) 
showed thin corpus callosum 
(arrows) without WM abnor-
malities. Thin corpus callosum 
with agenesis of splenium 
(arrows) and periventricular 
WM hyperintensity (arrowhead) 
are observed in a 24-year-old 
boy with SPG54 (patient HSP-4 
reported in [3])
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to be private, with only two mutations recurring in three 
(R287*) or more families (D660H) [2, 5, 6]. A broad range 
of mutations have been reported, most of which were non-
sense or small deletion/duplications. These variants lead to 
the formation of a premature stop codon in the open read-
ing frame of DDHD2 mRNA, suggesting a loss of function 
mechanism due to the production of an inactive protein or 

to the degradation of mRNA by nonsense-mediated mRNA 
decay [2, 9]. A total of six missense changes were described; 
among these, the D660H was the most frequent recurring in 
5 of 22 families [2, 5, 6]. This mutation falls within a highly 
conserved residue in the DDHD domain of the DDHD2 pro-
tein. This multifunctional domain, together with the SAM 
domain, is essential for the phospholipase activity (PLA1) 

Table 2   Summary of main 
clinical, neuroradiological 
and genetic features of SPG54 
patients

NR not reported
a These data may be underestimated since in many cases clinical descriptions are scarce and many features 
are not clearly specified or not reported

Features This paper Reported patients Total (%)

Sex (M/F) 6 M, 2 F 14 M, 19 F 41
Sporadic/familial 7 sporadic, 1 familial 3 sporadic, 30 familial 

(15 families)
10 sporadic 31 familial

Age of onset
 < 1 year 3/8 7/33 10/41 (24.4)
 1–5 years 3/8 23/33 26/41 (63.4)
 6–10 years – 1/33 1/41 (2.4)
 11–20 years – – –
 > 20 years 2/8 2/33 4/41 (9.8)

Cognitive delay 6/8 31/33 37/41 (90)
Motor delay 6/8 18/22 + (NR 11) 24/30 (80)
Abnormal eye movements 4/8 18/33 22/41 (53.6)
Microcephaly 1/8 3/33a 4/41 (9.8)a

Pyramidal signs 8/8 33/33 41/41 (100)
Extrapyramidal signs 2/8 1/33a 3/41 (7.3)a

Bulbar signs 4/8 7/33a 11/41 (27)a

Behavioral problems 4/8 3/33a 7/41 (17)a

Phenotype
 Complex HSP 7/8 33/33 40/41 (97.5)
 Pure HSP 1/8 – 1/41 (2.5)

Course
 Progressive 7/8 28/28 (NR 5) 35/36 (97)
 Non-progressive 1/8 – 1/36 (3)

MRI findings
 Normal 1/8 0/28 1/36 (2.7)
 CC hypoplasia 5/8 25/28 30/36 (83.3)
 CC dyplasia 1/8 2/28 3/36 (8.3)
 WM hyperintensity 6/8 19/28 25/36 (69.4)
 WM reduction – 4/28 4/36 (11.1)
 Cerebellar atrophy – 4/28 4/36 (11.1)
 Brainstem atrophy – 3/28 3/36 (8.3)
 Syrinx – 2/6 2/6 (33.3)
 MRS lipid peak 0/1 10/10 10/11 (91)

Type mutation
 Missense 3/9 3/12 6/21 (28.6)
 Nonsense 2/9 3/12 5/21 (23.8)
 Frameshift 3/9 4/12 7/21 (33.3)
 Duplication 1/9 – 1/21 (4.7)
 Splice site – 2/12 2/21 (9.5)
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of the DDHD2 protein [7]. Functional studies have shown a 
marked reduction in PLA1 activity for D660H and two other 
missense variants falling with the SAM–DDHD domain, 
indicating that the loss of PLA1 activity significantly con-
tributes to SPG54 pathogenicity [7]. In this study, we report 
three novel missense variants, of which only one (Y699C) 
resides in the DDHD domain and for which it is possible 
to hypothesize the same pathogenic mechanism. The other 
two mutations not falling into the SAM–DDHD domain 
(G197R and P269L) are predicted to have deleterious effect 
on protein function by different in silico tools. In the future, 
functional studies will help us to understand the pathogenic 
mechanism of these missense variants. As shown by our 
series and by review of published cases, the DDHD2-associ-
ated phenotype is quite homogeneous regardless of the type 
of mutation. A total of five variants have been described in 
the four adult-onset cases, and all but the p.Y699C fall in a 
region of the protein located between the domains WWE and 
lipase motif (Fig. 2). However, five other variants occurring 
in pediatric-onset cases have been found in the same region 
and at present no further conclusions can be drawn about the 
genotype–phenotype correlations or potential pathomecha-
nisms for adult-onset SPG54 patients.

Conclusion

SPG54 represents a subtype of complex HSP with TCC. 
Phenotype is rather homogeneous and characterized by 
early-onset (i.e., congenital or, more frequently, infantile) 
delay in motor and cognitive milestones, coupled or fol-
lowed by appearance of spasticity. Patients show progres-
sion of spasticity over time, and they may eventually require 
a wheelchair. Abnormal eye movements, found in about 
50% of cases, are the feature most frequently associated 
with the spastic paraplegia and developmental delay. Other 

neurological symptoms may include cerebellar ataxia, and 
DDHD2 analysis should be also considered in the differ-
ential diagnosis of spastic-ataxia syndromes, especially for 
adult cases. Brain MRI shows thin corpus callosum and non-
specific periventricular WMCs in most cases; brain 1H-MRS 
can be a useful biomarker of this condition, but the specific-
ity of this technique needs confirmation in a larger number 
of patients. The identification of novel variants expands the 
array of DDHD2 mutations and suggest that all lead to a 
common loss-of-function mechanism giving rise to the spe-
cific features seen in SPG54.
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