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Introduction
	 Neurodevelopmental and neurometabolic childhood disorders 
present a wide spectrum of non-specific early onset abnormalities, 
including, but not confined to, intellectual disability, microcephaly, 
spasticity, epilepsy and brain malformations.

	 Next-generation sequencing technologies have paved the way to 
uncover a growing number of etiologies and the subsequent report of 
new syndromes.

	 L-serine is essential for normal neurodevelopment and its me-
tabolism is highly dependent on the Na+ dependent transporter sys-
tem ASC (ASCT1). Deleterious variants of the transporter-encoding 
SLC1A4 gene are extremely rare but have been found to cause severe 
neurodevelopmental disorders without specific symptom patterns [1].

	 To date, this genetic condition has been reported almost exclu-
sively in a limited number of Ashkenazi-Jewish (AJ) individuals and 
almost all homozygous for the p(Glu256Lys) variant. Until now, 19 
patients with SLC1A4 disease-causing variants were described, and 
only four of them are not Ashkenazi-Jewish (2 Pakistani, 1 Irish and 1 
Italian) (Table 1).

	 We present two unrelated Portuguese patients with significant 
global psychomotor developmental delay, severe progressive micro-
cephaly and spasticity, with no AJ ancestry and with variants identi-
fied by whole-exome sequencing.

Materials and Methods

	 This study was approved by the ethical committee of Hospital de 
São João (Nº365/19). Written informed consent was obtained from 
the legal guardians of the participants according to Portuguese Law.

	 DNA was extracted from peripheral blood according to standard 
protocols in the Genetics Service of Faculty of Medicine, University 
of Porto, Portugal.
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Abstract
	 The role of SLC1A4 gene on the L-serine transport from astro-
cytes to neurons (via Na+ dependent transporter system ASC) is 
already an established physiological mechanism. Disease-causing 
variants in the SLC1A4 gene have been identified as a very rare 
cause of neurodevelopmental disorder (spastic tetraplegia, thin cor-
pus callosum, and progressive microcephaly - SPATCCM, OMIM 
616657), mostly reported in patients with an Ashkenazi-Jewish back-
ground (homozygous for the p.(Glu256Lys) variant) (n=15 of the 17 
described cases).

	 We hereby report two Portuguese cases presenting with signifi-
cant global developmental delay, severe progressive microcephaly, 
spasticity and no Ashkenazi-Jewish ancestry.
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	 Whole exome sequencing identified three novel SLC1A4 variants 
as the likely cause of the disease. Patient 1 is heterozygous for two 
splice-site pathogenic variants, c.527+1G>T and c.1035-1G>T. The 
impact on splicing was confirmed by a minigene strategy. Patient 2 is 
homozygous for a probably deleterious missense variant, c.272T>C 
(p.(Leu91Pro)), classified as of uncertain clinical significance.

	 Our results support the deleterious role of SLC1A4 variants and 
highlight the need of considering this entity, regardless of ethnicity, in 
pediatric patients presenting with unexplained neurodevelopmental 
delay and progressive microcephaly, associated or not with spastic 
tetraplegia or early onset epileptic encephalopathy.
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Whole exome sequencing

	 Exome sequencing was performed using Agilent’ SureSelect Hu-
man All Exon V6 capture kit and a HiSeq sequencer (Illumina). For 
data analysis, a custom validated pipeline based on the Broad Insti-
tute’s Best Practices recommendations was applied, using bwa-mem 
for alignment to the GRCh37 build of the human genome, GATK 
HaplotypeCaller for variant calling and Ensembl VEP and GEMINI 
for annotation of the called variants. Quality control was performed 
on the resulting FASTQ (FastQC), BAM (QualiMap and samtools) 
and VCF (bcftoos) files and aggregated on a single QC report using 
MultiQC. For trio analysis, all variants were analyzed based on their 
inheritance pattern. Virtual panels (defined as the genomics regions 
corresponding to the gene’s coding exons ± 20 bps) were applied for 
the Mendeliome and disease-specific panels. Variants were then fil-
tered by their minor allele frequency (MAF, below 1% in population 
databases: NCBI’s dbSNP, 1000 Genome Project, Exome Variant 
Server and gnomAD) and consequence, with variants that resulted in 
a change at the protein level and/or were previously described in the 
Human Gene Mutation Database (HGMD) or NCBI’s ClinVar being 
prioritized. All filtered variants were further analyzed using Alam-
ut Visual (Interactive Biosoftware) for in-silico pathogenicity pre-
dictions (including SIFT, PolyPhen2, CADD and splice site predic-
tions), population frequency confirmation and visual verification of 
the called variants in the alignment. After filtering, at least the lower 
quality variant was confirmed by Sanger sequencing.

Minigene assay

	 The SLC1A4 minigene constructs were obtained by cloning ex-
onic and intronic sequences flanking the variants of interest into the 
pCMVdi vector, kindly provided by Alexandra Moreira, using the 
Gibson assembly method [3]. Briefly, exons 1 and 2 with intronic 
regions (for c.527+1G>T variant) or exons 5, 6 and 7 with intron-
ic regions (for c.1035-1G>C) were PCR amplified from patient’s 
genomic DNA. In addition, the sequence of intron 1 was modified 
by site-directed mutagenesis to generate the wild-type construct, us-
ing the QuikChange II Kit (Agilent Technologies), according to the 
manufacturer’s protocol. HEK293T cells (kindly provided by Elsa 
Logarinho, IBMC/i3S, Porto) were grown in DMEM high glucose 
GlutaMAX™ supplemented with 10% fetal bovine serum (FBS) and 
1% antibiotic-antimycotic (Gibco, Life technologies) at 37°C in a hu-
midified 5% CO2 atmosphere. Cells were transiently transfected with 
the indicated constructs using jetPRIME (Polyplus-transfection) ac-
cording to the manufacturer’s protocol. RNA was extracted 48h after 
transfection, using NZYol (Nzytech) as per manufacturer’s recom-
mendations, followed by purification of the RNA aqueous phase us-
ing the RNeasy mini kit (Qiagen). RNA quantification was performed 
on NanoDrop 2000 (Thermo Scientific). cDNA was synthesized by 
reverse transcription-PCR of 2 µg total RNA with oligo(dT) using 
SuperScript III first-strand synthesis system (Invitrogen), according 
to the manufacturer’s protocol. The resulting cDNA was amplified by 
PCR using specific primers and loaded on agarose gel for extraction 
with the Zymoclean Gel DNA Recovery Kit (Zymo Research). The 
resulting products were sequenced by Sanger sequencing using Big  

Table 1: The clinical profile of all reported patients with SLC1A4 disease-causing variants - Adapted from [2].
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Dye Terminator Cycle Sequencing v1.1 (Applied Biosystems) and an 
ABI 3130xl Genetic Analyzer (Applied Biosystems)

Results
Case 1

	 The first patient is a 9-year-old boy, the youngest of two children 
born from non-consanguineous non-Ashkenazi-Jewish parents. (Fig-
ure 1). He was born at term, after an uneventful pregnancy and de-
livery, with a normal head circumference (OFC=34cm). Hypotonia, 
global developmental delay and acquired microcephaly (OFC=37cm, 
-3.5 SD, below the 1st percentile) became evident at 4 months 
and by 12 months of age, he began to present midline stereotypies 
(hand-washing and hand-mouthing), similar to those observed in pa-
tients with Rett Syndrome. He never acquired gait or language.

	 Later at 6 years of age, neurological examination revealed spastic 
tetraparesis, with generalized brisk reflexes. Additionally, the patient 
displayed, jerky movements of the upper limbs.

	 At the current age of 9 years, he presents severe microcephaly 
(OFC=47cm, -4.3 SD, lower than 1st percentile) with some dysmor-
phic features such as hypertelorism, prominent ears, broad flat phil-
trum, large mouth, thin upper lip and everted lower lip, congenital 
pectus excavatum and scoliosis. Severe developmental delay is most 
remarkable. He holds objects for a limited time but does not crawl or 
sit unsupported. He has consistent eye contact only with caregivers 
and babbles a limited amount of guttural and monosyllabic sounds. 
He does not have social laughter and maintains the midline stereo-
typies with reduced purposeful hand movements. He presents spastic 
tetraparesis, brisk reflexes in the four limbs, hypersensitivity to touch, 
irritability and aggressiveness. He maintains disrupted sleep-wake cy-
cles. No hearing or vision impairments were identified. Other clinical 
features include astigmatism, bruxism, severe osteoporosis and left 
hip dysplasia which required replacement. Family history was un-
eventful.

He had a normal EEG and no history of epilepsy.

	 Comprehensive metabolic screening and electromyogram were 
normal. CSF studies were not performed.

	 Brain Magnetic Resonance Imaging (MRI) performed at 10 
months of age revealed a thin corpus callosum.

	 Clinical exome sequencing revealed two heterozygous variants in 
the SLC1A4 gene, c.527+1G>T and c.1035-1G>C, with possible im-
plications in the phenotype of this patient (Figure 1). Both are novel 
variants predicted to result in abnormal splicing. Patient parents were 
not available for segregation analysis, nevertheless, the compatibility 
with the clinical presentation supports that this patient is a compound 
heterozygote for the described variants.

	 To understand the potential effect of the two novel variants on 
splicing, we performed minigene assays. Minigenes contain the ge-
nomic sequence flanking the SLC1A4 variants (Fig. 2), as described 
in the material and methods section. Analysis of the first variant 
(c.527+1G>T), showed that expression of the wild-type construct 
produced a full-length transcript (about 670 bp), while the mutant 
rendered a main transcript with higher size (about 2890 bp). Sanger 
sequencing confirmed the latter to retain intron 1 (Figure 2). There-
fore, the variant seems to affect splicing by causing the loss of donor 
splice site of exon 1. Results regarding the second variant (c.1035-
1G>C) showed that expression of the wild-type construct produced 
the canonical transcript (about 620 bp), while the mutant produced 
two main transcripts (about 620 bp and 750 bp). Sanger sequencing 
showed that one transcript has a 5 bp deletion in exon 6 and the other 
a insertion of 19 bp (from intron 5). Therefore, the variant caused the 
loss of 3’ splice site (acceptor splice site of exon 6), leading to the use 
of inappropriate 3´splice sites within exon 6 or intron 5 (Figure 2). 
Given the alteration of splicing, both variants are expected to result in 
a frameshifts and lead to truncated proteins.

Case 2

	 The second patient is a 9-year-old girl, only child of consanguine-
ous parents (first cousins) of non-Ashkenazi Jewish ancestry (Figure 
1B). She was born at term following an unremarkable pregnancy and 
delivery.

Figure 1: Families pedigrees, patient pictures and schematic representations of 
SLC1A4 protein. (A) Pedigree of the individual carrying the splice site variants 
(c.527+1G>T and c.1035-1G>C) and pictures of case 1, at 9 years of age, supported 
by the mother, showing microcephaly and midline stereotypies. (B) Pedigree with 
segregation analysis of the missense variant (c.272C>T; p.(Leu91Pro)) and pictures 
of case 2, at 9 years of age, sitting unsupported. Black symbols represent affected 
individuals. (C) Schematic representation of the SLC1A4 protein (NP_003029.2). 
Variants found is this study are highlighted in bold. Variants previously associated 
with SLC1A4-related disorders are also shown. TM, transmembrane domain. (D) Lo-
cation of the amino acid Pro91 on an alpha-helix, predicted to destabilize the protein, 
as seen on HOPE report. (E) Sequence alignment of the residues surrounding Leu91 
of human SLC1A4 against other species using the Clustal Omega program.
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Patient 2 was normocephalic at birth (OFC=33cm).

	 At the age of 18 months, she presented bilateral spasticity of the 
lower limbs, with brisk patellar reflexes and exhaustible ankle clonus 
on the right. Additionally, she presented a high degree of psychomo-
tor agitation. On repeated examinations, it was noted a severe pro-
gressive microcephaly (OFC=45cm/5th percentile at 2 years of age, 
47,5cm/2nd percentile at 5 years of age and 49cm/lower the 2nd per-
centile at 9 years of age). No craniofacial dysmorphic features were 
noted.

	 She presented a milder delay when compared to patient 1. At 9 
months of age, she could sit unsupported and at 18 months could walk 
independently with ataxic gate, showing internal rotation of both hips 
and pes valgus (both more severe on the right side). At 24 months of 
age, she was verbal and currently, at the age of 9, communicates with 
two/three-word phrases and attends school with an adapted curricu-
lum, being able to recognize some pictures, colors and doodling. She 
can feed herself independently. Additionally, she presents hyperkinet-
ic behavior with a lack of concentration on specific tasks, but these 
characteristics have improved with age and she is becoming more 
social. She shows brisk reflexes in the lower limbs.

	 No hearing or vision impairments were identified. Family history 
was uneventful.

	 At the age of 5, EEG recording showed epileptogenic activity, 
namely spike-wave bursts predominantly with a left parieto-temporal 
focus, evident during sleep, which appears also in the homologous 
contralateral region in lesser density. Clinical manifestations were not 
noted but she was medicated for epilepsy. At the age of 8, myoclo-
nus during sleep were reported. In a new EEG, multifocal discharges 
were described in the front central and frontotemporal regions, either 
awake and in half of the sleep time.

	 Comprehensive metabolic screening and electromyogram were 
normal. CSF studies were not performed.

	 An MRI performed at the age of 5 was normal without anoma-
lies of the corpus callosum or myelination. aCGH (Microarray-based 
Comparative Genomic Hybridization) test identified a microdeletion 
- 20q13.33 that was inherited from her healthy father and classified 
as probably benign. NGS panel for intellectual disability showed a 
variant in the gene CDH1 inherited from her healthy mother.

	 Trio-based WES sequencing was performed and a homozygous 
variant in SLC1A4 gene c.272T>C (p.(Leu91Pro) was detected (Fig-
ure 1B). This substitution replaces a leucine by a proline at position 
91, predicted to be probable damaging by different bioinformatic 
analysis software (PolyPhen-2, SIFT, CADD and MutationTaster). 
The mutated residue is located within a transmembrane domain 
(Figure 1C) and it is predicted to disrupt an alpha-helix (Figure 1D), 
which can have severe effects on the structure of the protein [4]. 
Moreover, the Leu91 residue of human SLC1A4 is conserved across 
different species (Fig. 1E). This variant is extremely rare, with only 
one allele reported, at population databases namely at gnomAD, 1000 
Genomes, ESP, or dbSNP. Importantly, this variant has an entry at 
ClinVar (VCV000801718.1) associated with spastic tetraplegia, thin 
corpus callosum and progressive microcephaly, and classified as like-
ly pathogenic. Both parents were heterozygotes for this variant.

Discussion
	 The SLC1A4 related neurological disease (OMIM #616657) rep-
resents an extremely rare autosomal recessive neurodevelopmental 
condition, only first described in 2015, with a high percentage of 
heterozygous carriers in Ashkenazi-Jewish population (0,7%) for 
the founder mutation p.E256K. Since then, other pathogenic variants 
have been described as probable causes for this disorder [5-7]. From 
a historical point of view, it is important to mention that the Ashke-
nazi-Jewish population moved between German and Eastern Europe-
an territories while Iberia received a migration of Sephardi Jews who 
do not share the same pool of variants [8]. A comparative analysis of 
the clinical features of all patients with SLC1A4 disease-causing vari-
ants reported in the literature, including our two patients, is present in 
table 1.

	 Patient 1 had a clinical picture that overlaps with most of the 
characteristics described by Damseh (Table 1). The hand stereotypies 
showed by our patient have been reported by Heimer et al., in two 
cases [6]. Damseh et al., described one patient with a more severe hip 
dysplasia [5] (Table 1). Epilepsy was not present in patient 1 where-
as in patient 2 the EEG showed paroxistic activity. This disparity is 
consistent with previous reports where only roughly half of the cas-
es presented epilepsy [9,10]. Additionally, patient 1 exhibited, at 3 
months of age, progressive microcephaly and midline stereotypies 
(hand-washing and hand-mouthing) typically observed in females  

Figure 2: Analysis of SLC1A4 splice site variants by minigene splicing assays. 
Agarose gel electrophoresis of transcripts generated by the WT and mutant mini-
gene constructs, Sanger sequencing of the corresponding transcripts and schematic 
representation of resulting splicing events are shown. (A) Analysis of c.527+1G>T 
variant shows that it causes retention of intron 1. (B) The c.1035-1G>C variant lead 
to inappropriate 3´splice sites usage within exon 6 or intron 5.
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with Rett syndrome and previously reported by Heimer at al., and 
Abdelrahman et al., [2,6]. His evolution from the initial hypotonia to 
hypertonia and spasticity is consistent with previous descriptions of 
children with serine transport defects [11-13].

	 Patient 2 presents a milder presentation of SPATCCM, with a bet-
ter functional level when compared not only to patient 1 but also to all 
patients previously reported with this condition (Table 1). On verbal 
skills, babbling was present in some patients reported by Damseh et 
al., and Heimer et al., and one patient, described by Damseh et al. was 
able to say short sentences as a teenager (Table 1). Regarding loco-
motion, besides our patient 2, only four patients were reported to walk 
independently [5-7,14]. The clinical picture of this patient (develop-
mental delay, poor speech and progressive microcephaly) associated 
with normal MRI, might be related to milder functional effects of 
the variant found in this patient. However, further MRI studies might 
show progressive corpus callosum abnormalities.

	 In both cases WES analysis identified novel SLC1A4 deleterious 
variants, two heterozygous variants, c.527+1G>T and c.1035-1G>T 
in patient 1, and a homozygous c.272T>C, p.(Leu91Pro) in patient 2. 
These variants were found to be extremely rare or absent in several 
population databases and multiple prediction tools, as well as struc-
tural analysis, support their pathogenicity. The p.(Leu91Pro) variant 
is predicted to disrupt an alpha-helix, which may alter the structure 
and function of the ASCT1 transporter [4]. Indeed, a previous study 
showed the p.(Arg457Trp) and p.(Glu256Lys) variants to impair 
L-serine transport [5]. Additionally, minigene assays for the splice-
site variants confirmed their impact in splicing with loss of exon 1 
donor splice-site and intron 1 retention, as a result of the c.527+1G>T 
substitution, and loss of exon 6 acceptor splice-site with inappropriate 
3’ splicing sites in exon 6 and intron 5, resulting from the c.1035-
1G>T variant. Both variants are expected to result in a frameshift that 
can either lead to the targeting of the mRNA to nonsense mediated 
decay or result in a truncated protein.

	 This notion is further strengthened by the correlation of phenotype 
severity with the effect of the SLC1A4 disease-causing variant, mean-
ing that a patient who harbors a frameshift variant is more severely 
affected than the one who is homozygous for a missense variant. The 
patients here reported lay on distinct extremes of the global develop-
ment delay spectrum which foresees a spectrum of genotype-pheno-
type correlations.

	 SLC1A4 encodes the neutral amino acid transporter ASCT1 (Na+ 
dependent transporter system ASC), the main L-serine transporter in 
the brain. L-serine is classified as a non-essential amino acid, although 
it has a central role in a broad range of cellular processes, including 
its function as a potent neuronal trophic factor, namely neural surviv-
al, growth, differentiation, and dendritic elongation, branching and 
synaptogenesis by maintaining sphingolipid and phosphatidylserine 
synthesis. Additionally, it also provides precursors for the synthesis 
of essential compounds such as amino acids (as L-cysteine), proteins, 
nucleotides, neuromodulators (as D-serine and glycine), neurotrans-
mitters and L-serine derived lipids [15-17].

	 L-serine can be derived from different sources: the most important 
results from diet and the other is de novo biosynthesis from glycolyt-
ic intermediate 3-phosphoglycerate. The alternatives, namely direct 
synthesis from glycine or turnover of proteins and phospholipids, 
are usually not large enough to compensate for defects in the serine 

biosynthesis pathway. However, the relative contribution of these 
sources is still unknown and varies depending on tissue type and de-
velopmental stage. Within neural tissues its major source is synthesis 
de novo, due to limited permeability of the blood-brain barrier for 
L-serine, behaving almost as an essential amino acid on this tissue 
[1,12]. In neural tissues, L-serine is synthesized in the astrocytes, 
from the glycolytic intermediate 3-phosphoglycerate through the se-
quential catalytic reactions of hydroxyprostaglandin dehydrogenase 
15 (15-PGDH), Phosphohydroxythreonine Aminotransferase (PSAT) 
and Phosphoserine Phosphatase (PSPH). The generated L-serine is 
then shuttled from its site of synthesis by the dedicated transporter, 
ASCT1 (with higher affinities for Alanine, Serine and Cysteine) to 
the extracellular spaces and from there ultimately to its site of action, 
the neuronal cells.

	 During the embryonic stage, neural progenitor cells express the 
biosynthetic enzyme PGDH, which allows the L-serine synthesis and 
degradation directly on its site of action that is not dependent on trans-
porter ASCT1. This might explain the lack of congenital microceph-
aly in patients reported to date, with a few exceptions. After birth, 
neurons lack this enzyme and are dependent on the production of ser-
ine on the astrocytes and its effective transport via ASCT1. When the 
latter fails, L-serine is not able to reach neurons thus compromising 
its neurotrophic effects, which might explain the progressive micro-
cephaly reported in most patients with SLC1A4 pathogenic variants 
and also the epileptic manifestations.

Conclusion
	 The report of two patients with new pathogenic variants is import-
ant to confirm the role of SLC1A4 in the pathophysiology of unex-
plained severe neurodevelopmental delay, spasticity and progressive 
microcephaly, providing further insights for more precise diagnosis of 
patients with similar clinical features.

	 It is also important to emphasize that, as aforementioned, the high-
er carrier rates of a specific disease-causing variant for this disease 
among the AJ population should not undermine the investigation of 
SLC1A4 deficiency on any patient with unexplained neurodevelop-
mental delay and progressive microcephaly, regardless of their ethnic 
background.
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