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Abstract
Trafficking protein particle (TRAPP) complexes, which include the TRAPPC4 protein, regulate membrane trafficking
between lipid organelles in a process termed vesicular tethering. TRAPPC4 was recently implicated in a recessive
neurodevelopmental condition in four unrelated families due to a shared c.454+3A>G splice variant. Here, we report 23
patients from 17 independent families with an early-infantile-onset neurodegenerative presentation, where we also identified
the homozygous variant hg38:11:119020256 A>G (NM_016146.5:c.454+3A>G) in TRAPPC4 through exome or genome
sequencing. No other clinically relevant TRAPPC4 variants were identified among any of over 10,000 patients with
neurodevelopmental conditions. We found the carrier frequency of TRAPPC4 c.454+3A>G was 2.4–5.4 per 10,000 healthy
individuals. Affected individuals with the homozygous TRAPPC4 c.454+3A>G variant showed profound psychomotor
delay, developmental regression, early-onset epilepsy, microcephaly and progressive spastic tetraplegia. Based upon RNA
sequencing, the variant resulted in partial exon 3 skipping and generation of an aberrant transcript owing to use of a
downstream cryptic splice donor site, predicting a premature stop codon and nonsense mediated decay. These data confirm
the pathogenicity of the TRAPPC4 c.454+3A>G variant, and refine the clinical presentation of TRAPPC4-related
encephalopathy.

Introduction

Trafficking protein particle (TRAPP) complexes play a vital
role in regulating membrane trafficking from the ER to the
Golgi and plasma membrane. There are two TRAPP com-
plexes identified in mammalian cells, TRAPPII and TRAP-
PIII, sharing core subunits TRAPPC1, TRAPPC2, TRAPPC3,
TRAPPC4, TRAPPC5, TRAPPC6, and TRAPPC2L, with
additional unique subunits specific to each of the complexes
[1]. Biallelic variants in genes encoding human TRAPP sub-
units cause a range of disorders known as TRAPPopathies,
including encephalopathy (TRAPPC2L, MIM:610970;
TRAPPC6B, MIM:610397; TRAPPC12, MIM:614139),
neurodevelopmental disorders (TRAPP6A, MIM:610396;
TRAPPC9, MIM:611966), encephalomyopathy (TRAPPC11,
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MIM: 614138) and spondyloepiphyseal dysplasia tarda
(TRAPPC2, MIM:300202) [2–6]. However, the phenotypic
heterogeneity remains poorly understood.

Very recently, a homozygous, variant in a well-conserved
splice donor site (hg38:11:119020256 A >G (NM_016146.5:
c.454+3A>G) within TRAPPC4 (trafficking protein particle
complex, subunit C4, (MIM:610971)) was identified in eight
affected individuals from four independent families present-
ing a neurodevelopmental disorder characterized by severe-to-
profound developmental delay/intellectual disability, micro-
cephaly, early-onset seizures, and spastic quadriparesis [7, 8].
The TRAPPC4-related phenotype acronym is known as
NEDESBA (MIM:618741), which stands for NEurodeve-
lopmental Disorder with Epilepsy, Spasticity, and Brain
Atrophy. Here, we report 23 additional cases from 17 inde-
pendent families with an early-infantile-onset neurodegen-
eration harboring the same homozygous TRAPPC4 splice site
variant, recurring in all the families from different ethnicities,
and resulting in decreased TRAPPC4 expression due to
aberrant splicing.

Materials and methods

Participant recruitment and sequencing

The institutional review boards of the University of Cali-
fornia, San Diego, as well as the respective host institution
approved this study. All study participants and/or their
parents or guardians signed informed consent forms
allowing for participation and to publishing of photographs
and other identifying information. Genomic DNA was
extracted from peripheral blood leukocytes using a QIAamp
DNA blood Midi kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol. For families 1–6, 16, and 17,
exome sequencing and data analysis were performed as
previously described [9]. For families 7–10, exome
sequencing and analysis were conducted at CENTOGENE
AG and for families 12–15, exome sequencing and analysis
were conducted at GeneDx [10, 11]. For family 15, genome
sequencing was performed through the Undiagnosed
Diseases Network. In families 11 and 12, trio genome
sequencing and proband-only RNA sequencing were
performed. Sequencing for the remaining families was
performed at the Broad Institute (Cambridge, MA, USA).
The candidate variant was confirmed, and segregation
analysis was performed by Sanger sequencing. Further
details are available in the Supplementary Material.

RNA preparation and short read RNA sequencing

RNA was isolated from cultured fibroblasts obtained from
a skin biopsy from patient 15, in addition to 24 unrelated

controls. RNA sequencing was performed at the Broad
Institute (Cambridge, MA, USA). Libraries were prepared
using a TruSeq Stranded mRNA Library Prep Kit (Cat.
No. RS-122-2101, RS-122-2102, and RS-122-2103).
Paired-end sequencing was performed using a read length
of up to 100 bp on an Illumina HiSeq4000 instrument
to achieve a minimum sequencing depth of 50 million
paired-end reads.

RNA sequencing reads were processed using a Bpipe
(Version 0.9.9.6, release 21/07/2018) pipeline for quality
control checks, trimming, and alignment [12]. FastQC and
Trimmomatic were used for sequencing quality checks and
trimming of poor-quality reads [13]. Alignment was per-
formed using STAR (version 2.7.3a, release 08 October
2019), in two-pass mode for read alignment to the Human
Reference Genome Build 38 (excluding “ALT” contigs)
[14]. Duplicate reads were marked with Picard MarkDu-
plicates and quantification was performed using Feature-
Counts from the R Subread package Version 1.34.7, release
03/01/2019) [15]. Differential expression analysis was
performed using the DESeq2 package (version 1.25.9,
release 31 July 2019) comparing expression of the affected
individual to 24 unrelated control samples [16]. Sashimi
plots were prepared using ggsashimi [17].

Results

We report a cohort of 23 patients from 17 families with a
TRAPPC4-related neurodevelopmental disorder (Fig. 1a).
The families are of different ancestries (Iranian, Egyptian,
Portuguese, English, mixed European-American) and were
identified through collaboration among the involved study
centers.

Identification of a homozygous TRAPPC4 c.454
+3A>G variant

Among a collective cohort of over 10,000 patients with
mostly recessive neurodevelopmental disease from the
University of California, San Diego and University College
London cohorts, ~50% remain unsolved after whole-exome
sequencing. Among these, there were 23 patients from
17 families where both university groups independently
identified the homozygous c.454+3A>G variant
(hg38:11:119020256 A > G (NM_016146.5, rs375776811)
in intron 3 of TRAPPC4, among a search for potential
variants affecting splicing (Fig. 1b–d). TRAPPC4 encodes
for Trafficking Protein Particle Complex Subunit 4
(TRAPPC4). No other clinically relevant variants in
TRAPPC4 were identified in any of the remaining unsolved
families. This variant had been initially filtered out from
exome analysis because the allele frequency (AF) rose
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above our 0.02% AF-cutoff. It was encountered as homo-
zygous only in affected members, and not in any unaffected
members, and segregated with the phenotype consistent
with a recessive mode of inheritance with full penetrance in

each of the 17 families. Comparison of the exome calls
among the probands of these families did not identify any
shared haplotype, suggesting that either it is recurrently
mutated or is an ancient genetic variant [7].
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Search for the TRAPPC4 c.454+3A>G in clinical
exome and genome databases

The gnomAD (v2.1.1) reports the minor allele frequency
(MAF) of the TRAPPC4 c.454+3A>G variant to be 0.024%
with 68 heterozygotes reported with representation in the
South Asian, European, and African populations. In the
GeneDx® database of patients referred for molecular diag-
nostics, there were four individuals that were homozygous
for the TRAPPC4 c.454+3A>G variant (Table S1, families
12, 13, 14, and 15), all of whom consented to publication.
In the Centogene® database, comprising clinically ascer-
tained exomes from 47,811 individuals, there were eight
individuals homozygous for the TRAPPC4 c.454+3A>G
variant, and among these, consent to publish was obtained
for four (Table S1, families 7, 8, 9, 10). All known indi-
viduals homozygous for the variant were found to be
clinically affected, suggesting full penetrance, and bringing
the total number of patients reported here to 27.

In addition to the patients carrying a homozygous
TRAPPC4 c.454+3A>G variant, the same variant was
found heterozygous in two individuals in our Middle
Eastern cohort of over 5000 individuals (MAF= 0.040%)
who underwent whole-exome sequencing, and in whom a
causative gene other than TRAPPC4 was identified or
families remain unsolved [18, 19]. In the GeneDx® unaf-
fected adult cohort, TRAPPC4 c.454+3A>G was hetero-
zygous in 64 out of 189,846 alleles (MAF= 0.033%). In
the 100 K Genomes Project, the variant was seen in 64 of
59,464 participants (all heterozygous, MAF= 0.054%). In

the NHLBI Exome Sequencing Project database the
MAF= 0.046%, and in the UK10K database the MAF=
0.03%. The Centogene® database comprising clinically
ascertained exomes of 47,811 individuals, we identified 14
carriers from unrelated families, with MAF= 0.026%. In the
Baylor Genetics Laboratories database, of 14,775 sequenced
individuals, 13 heterozygous individuals were identified
(MAF= 0.088%). Six further heterozygous individuals were
found in the data set of ~15,500 exomes of the Queen
Square Genomic Center database (MAF= 0.039%).
Accordingly, the carrier frequency of the TRAPPC4 c.454
+3A>G variant ranges from 2.4–5.4 per 10,000 individuals
in our collective cohort consisting mostly of individuals with
neurological disease. There was no reported health con-
sequence of carrying the heterozygous variant.

TRAPPC4 mRNA analysis reveals defective splicing

The c.454+3A>G variant occurred immediately following
exon 3, suggesting defective splicing may result. RNA
sequencing of dermal fibroblasts from patient 15 revealed
TRAPPC4 as the only genome-wide significant differen-
tially expressed gene, compared with 24 similarly
sequenced controls (Adjusted p value= 0.016) (Fig. 1e), a
finding that helped identify the TRAPPC4 c.454+3A>G
variant as the cause in these families. Inspection of reads
mapping to TRAPPC4 revealed exon 3 skipping in ~46% (7
of 15) of transcripts utilizing the acceptor splice site of exon
4 (Fig. 1f). This splice junction was also observed at low
levels in the sequenced control samples where it was uti-
lized by an average 3% of transcripts. A further small
percentage (13%) of reads in the patient contain the
NM_016146.5; c.454+3A>G variant and use a novel donor
splice site at position c.454+41, resulting in a 40-nucleotide
extension of exon 3. In summary, more than half (59%) of
expressed TRAPPC4 transcripts from patient 15 fibroblasts
display aberrant splicing while wild-type splicing of exon 3
was supported by 41% of reads. Both of the aberrant tran-
scripts detected predict a frameshift and nonsense mediated
decay, consistent with the observed decrease in TRAPPC4
expression. Real-time polymerase chain reaction (RT-PCR)
and subsequent Sanger sequencing analysis of the RT-PCR
fragments have been described by Van Bergen et al. [7].

Clinical evaluation of the affected individuals

Following a generally uncomplicated pregnancy and neonatal
course, in the first few months of life all affected individuals
developed a severe, progressive encephalopathy character-
ized by motor, language, and social developmental stagna-
tion. Psychomotor regression was further observed in some
cases (Table S1). With disease progression, patients experi-
enced a critical cognitive decline and demonstrated acquired

Fig. 1 Pedigrees, chromatogram, TRAPPC4 gene and protein, and
mRNA analysis. a Pedigrees of the 17 families, including an extended
Iranian family composed of three smaller distantly related subfamilies
(family 5). Double bar: consanguinity. Slash: deceased. b Sanger
sequence chromatograms with the c.454+3A>G variant (NM_016146.5)
in a healthy control (Healthy Ctrl), heterozygous carrier (Father) and
patient from family 5 (Affected). c Schematic of NM_016146.5
TRAPPC4 transcript with five predicted exons and the c.454+3A>G
variant (red) identified in the 17 families. Exons were numbered using
the UC Santa Cruz (UCSC) Genome Browser as a reference.
d TRAPPC4 219 amino-acid length protein (NP_057230.1) with pre-
dicted beta strands (B1–B13) and alpha helices (A1–A5). e Volcano plot
illustrating total RNA transcript level of all transcripts mapped to the
reference genome for fold change vs. adjusted p value of RNA
sequencing from fibroblasts derived from Patient 15 compared with 24
control fibroblasts lines. TRAPPC4 (red dot) was the only gene sig-
nificantly differentially expressed with a log2-fold change between 2 and
4 and a minus-log10 adjusted P value above genome-wide significance
(gray dashed line) between 1 and 2. f Sashimi plot depicting individual
reads from patient 15 (top) compared with sum of 24 controls (bottom)
mapped to the reference genome from exon 2 to exon 4 of TRAPPC4.
Site of location is shown with arrow. In control, splicing from exon 2 to
4 occurs in only 3% of reads in control but 46% of reads in patient 15.
A novel splice donor site 40 bp downstream of the canonical site in exon
3 was seen in 13% of reads in patient 15, and not seen in control.
Splicing from the canonical exon 3 donor site was seen in 97% of
transcripts in controls but 41% in patient 15.
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microcephaly. The degree of microcephaly was generally
severe, with a mean occipito-frontal circumference of
−5.77 standard deviations (SDs) at around 5 years of age as a
mean. Subtle and non-specific facial dysmorphic features,

including bitemporal narrowing, thick eyebrows, full cheeks,
long philtrum, wide mouth, thin and tented upper lip, and
pointed chin (Fig. 2a, b) were observed in most cases, in
addition to all previously reported cases over 2 years of
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age [7, 8]. In all patients, seizure onset was in the first
6 months of life with highly variable seizure types (e.g.,
infantile spasms and focal, tonic-clonic, atonic, and tonic
seizures) and frequencies. In most cases, there was a partial
response to antiepileptic drugs (AEDs), including levetir-
acetam and clobazam, but seizures were refractory in patients
9 and 19. Electroencephalographic features were not specific,
showing generalized disorganization and epileptiform dis-
charges. Neurologic examination revealed spastic tetraplegia
and hyperreflexia in all subjects (Video S1 and S2), similar to
previously reported subjects where data were available [7, 8].
Abnormal movements mainly consisting of ataxia and dys-
tonia were observed in patients 5, 6, 16, and 18. Patients 14,
15, and 18 showed bilateral cataracts. Despite the presence of
visual fixation in most individuals, visual pursuits were
almost invariably absent, suggesting impaired visual function
probably independent of cataracts (Video S3). Hearing loss
was observed in patients 11 and 12. Early death owing to
infections occurred in five out of the 23 reported individuals
at a mean of 8.8 years.

Brain Magnetic resonance imagings (MRIs) showed a
variable degree of cerebral atrophy in all cases (Fig. 2c).
This was also evident in five out of the eight previously
reported cases where MRIs were available [7, 8]. In many
subjects, loss of white matter, ventriculomegaly, and cere-
bellar atrophy were also dramatic, and appeared more
severe in older children, suggestive of progressive atrophy.
The degree of ventriculomegaly varied considerably, but all
subjects showed enlarged subarachnoid spaces and widely
spaced cortical gyri. Hypoplasia of the corpus callosum and
brainstem were also observed (Table S1).

Discussion

This study supports the pathogenicity of the recurrent c.454
+3A>G variant in TRAPPC4 as the cause of a severe
developmental encephalopathy characterized by a profound

global developmental delay, and frequent psychomotor
regression and lethality, and delineates the carrier fre-
quencies throughout sampled populations. Affected indivi-
duals developed debilitating motor impairments, with
spastic tetraplegia, cognitive decline, and movement dis-
orders. Common facial dysmorphism includes bitemporal
narrowing, thick eyebrows, full cheeks, long philtrum, wide
mouth, thin and tented upper lip, and pointed chin. Our
report of additional affected individuals helps clarify the
expressivity in NEDESBA.

Early-onset epilepsy with variable seizure phenotypes
and electroencephalographic findings is a feature of
NEDESBA. In most subjects, there is a partial response to
AEDs, however refractory seizures were observed in some
patients. Interestingly, two affected siblings with gelastic
seizures and episodes of temperature dysregulation have
been previously reported, one of whom also had premature
adrenarche and osteopenia [7]. These findings, suggestive
of hypothalamic dysregulation, have not been observed in
the other cases or in our cohort. Similarly, dystonia or ataxia
were only observed in some affected individuals. Accord-
ingly, NEDESBA might have a wide phenotypic spectrum,
and variable expressivity. The report of our further cases
helps to clarify the expressivity of these rare features.

An additional critical aspect of NEDESBA involves
psychomotor regression. In previous reports, this condition
was mainly described as a progressive encephalopathy.
Most subjects from our cohort showed absent development
of motor, verbal, and social skills. Although, some children
attained developmental milestones in the first few months of
life, these were invariably lost with disease progression.
Psychomotor regression was observed in all phenotyped
individuals, representing a cardinal feature of this disorder
(Table S1). Together with the progressive course of the
neuroimaging abnormalities, this observation suggests that
TRAPPC4 encephalopathy displays early-onset neurode-
generative features.

An individual with TRAPPC4 variant displaying severe
muscle involvement associated with biochemical alterations
suggestive of episodic rhabdomyolysis (increased plasma
lactate, creatine phosphokinase, and transaminases) has
been very recently reported, resembling the progressive
early-onset encephalopathy with episodic rhabdomyolysis
(PEERB, MIM:618331) caused by recessive TRAPPC2L
variants (MIM:618331) [8]. Muscle wasting was observed
in our cohort, most likely secondary to the profound lim-
itation of voluntary movements. In one case (patient 19),
blood tests revealed elevated lactate on one occasion (level
424 U/L, reference range 20–200 U/L), but this was not
observed on repeat testing. Although primary muscle
involvement is still possible, many TRAPPC4 subjects also
present clinical manifestations, which might lead to a
transient increase in serum muscle enzymes (e.g., seizures,

Fig. 2 Clinical and radiological characterization of TRAPPC4
patients. a Clinical features of patients carrying the homozygous c.454
+3A>G TRAPPC4 variant showing subtle and non-specific dys-
morphic features (sloping forehead, thick eyebrows with medial
sparing, depressed nasal bridge, long philtrum, wide mouth with tented
upper lip, pointed chin, and uplifted earlobes), and motor deficits
including associated contractures. Reduced muscle mass was evident
in all patients, as evidenced by images of patients 6, 11, 12, and 14.
Patient 14 also had foot anomalies mainly consisting of severe clin-
odactyly of the 5th toes and sandal gap toes. b Bar graph showing the
distribution of the most relevant clinical features from the 17 ascer-
tained families and the eight patients identified from clinical testing
facilities. Orange: number of patients out of 27 showing each feature.
Gray: data not available. c Brain MRI scans showing global cerebral
atrophy in all patients, including cortex, corpus callosum (arrow in
Patient 1), cerebellum (double arrows in patient 4), and ventricular
enlargement (asterisk in patient 17).
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spasticity, and dystonia). Accordingly, the assessment of
biochemical alterations for creatine kinase and other muscle
enzymes on a case-by-case basis is essential.

Although not pathognomonic, the neuroimaging features
of TRAPPC4 subjects demonstrate consistent cerebral
atrophy with predominant involvement of subcortical white
matter and ventricular enlargement, often in association
with basal ganglia, cerebellar, and brainstem atrophy. The
remarkable white matter involvement is also supported by
observation of thin corpus callosum evident in most
patients. However, in contrast to cases from a previous
report [7], a significant sparing of the basal ganglia was not
noted in our cohort. Accordingly, the exact progression of
the neurodegenerative process and the temporal relationship
between cerebral basal ganglia, brainstem, and cerebellar
atrophy remain to be elucidated.

The c.454+3A>G variant is relatively common across
populations worldwide, as shown by the relatively high car-
rier frequency in public and private databases. This is also
supported by the absence of consanguinity in some of our
families (9, 11, 12, 13, and 15) and in one previously reported
family [19]. This variant might have derived from a possible
shared common ancestor, however, neither our study nor
previous studies were able to detect a shared haplotype. We
showed that this variant leads to a failed splicing based on the
presence of TRAPPC4 aberrant transcripts. These findings
support the pathogenicity of the TRAPPC4 variant as the
cause of the disorder in the studied subjects. Furthermore, the
identification of the c.454+3A>G variant in RNAseq data in
patient 15 stresses the power of RNAseq as an ancillary
diagnostic tool in individuals with undiagnosed rare diseases,
especially in cases where exome-sequencing yields negative
results [20].

A range of conditions are now described in the TRAP-
Popathies primarily involving the developing brain and
muscle (Table S2). Our study highlights the involvement of
this relatively common single allele as the cause for a severe
recessive neurological disease characterized by progressive
microcephaly, profound cognitive decline, infantile-onset
epilepsy, and progressive spastic tetraplegia. Our observa-
tions expand the spectrum of TRAPPopathies, supporting
the existence of phenotypic overlap in this complex group
of disorders. To date, ~23 families of European, Medi-
terranean, Middle Eastern, and Indian ancestries are known
to be homozygous for the c.454+3A>G variant in
TRAPPC4. The highest frequency of this variant is found in
individuals with European and Mediterranean ancestries,
whereas it appears to be rare in African and East Asian
populations. The commonality of the c.454+3A>G variant
in the general human population warrants the search for
TRAPPC4 variants in children with microcephaly, espe-
cially when associated with neurodegenerative features. The
frequency of this variant in European and Mediterranean

basin populations suggests that a genetic screening-based
approach might prove useful in early carrier detection.

Data availability

The identified TRAPPC4 variant was submitted to the
LOVD database at https://databases.lovd.nl (Individual
ID #00306235, https://databases.lovd.nl/shared/individuals/
00306235; genomic variant ID #0000673996, https://databa
ses.lovd.nl/shared/variants/0000673996). The accession
number for this variant in ClinVar is VCV000812649.1. The
accession numbers in dbGAP are phs001272 and phs000744.
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