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SUMMARY

Background—Transport protein particle (TRAPP) is a multisubunit complex that regulates 

membrane trafficking through the Golgi apparatus. The clinical phenotype associated with 

mutations in various TRAPP subunits has allowed elucidation of their functions in specific tissues. 

The role of some subunits in human disease, however, has not been fully established, and their 

functions remain uncertain.

Objective—We aimed to expand the range of neurodevelopmental disorders associated with 

mutations in TRAPP subunits by exome sequencing of consanguineous families.
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Methods—Linkage and homozygosity mapping and candidate gene analysis were used to 

identify homozygous mutations in families. Patient fibroblasts were used to study splicing defect 

and zebrafish to model the disease.

Results—We identified six individuals from three unrelated families with a founder homozygous 

splice mutation in TRAPPC6B, encoding a core subunit of the complex TRAPP I. Patients 

manifested a neurodevelopmental disorder characterised by microcephaly, epilepsy and autistic 

features, and showed splicing defect. Zebrafish trappc6b morphants replicated the human 

phenotype, displaying decreased head size and neuronal hyperexcitability, leading to a lower 

seizure threshold.

Conclusion—This study provides clinical and functional evidence of the role of TRAPPC6B in 

brain development and function.

INTRODUCTION

Transport protein particle (TRAPP) embodies a series of protein complexes that regulate 

membrane trafficking from the endoplasmic reticulum (ER) to the Golgi and plasma 

membrane. There are three TRAPP complexes that share a core of seven subunits and 

contain additional subunits that give their specific functions (figure 1A): 1) TRAPP I 

regulates vesicle trafficking from the ER to early Golgi; 2) TRAPP II controls intra-Golgi 

trafficking and 3) TRAPP III is required for autophagy.1 Mutations in TRAPP subunits have 

been associated with several human diseases, ranging from spondyloepiphyseal dysplasia 

tarda (TrappC2 (MIM 300202); adaptor),2 limb girdle muscular dystrophy (TrappC11 (MIM 

614138); TRAPP III)3 and intellectual disability with microcephaly (TrappC9 (MIM 

611966); TRAPP II).4 However, how mutations in different TRAPP subunits lead to such 

diverse clinical phenotypes remains unclear. Efforts are required to uncover the full 

spectrum of diseases associated with individual TRAPP subunits in order to elucidate their 

cell or tissue-specific functions and their roles within and outside their respective complexes. 

In this report, we demonstrate the role of TrappC6B in human brain development by 

describing six children with microcephaly, epilepsy and autistic features who carried a 

homozygous splice site mutation in TRAPPC6B (trafficking protein particle complex, 

subunit 6B, (MIM 610397)).

RESULTS

A total of 5000 families were recruited based on the presentation of at least one child with a 

neurological disorder of likely genetic origin. Recruitment was focused in the major 

population centres of the Middle East including Morocco, Libya, Egypt, Saudi Arabia, 

Kuwait, UAE, Oman, Jordan, Pakistan, Turkey and Iran, with consanguinity rates (ie, rate of 

marriage between first or second cousins) of approximately 50% compared with <1% in the 

USA and Western Europe. Whole exome sequencing (WES) was performed on at least one 

affected member of each family as we reported previously.5 We focused on homozygous, 

rare (<0.1% allele frequency in our exome database) and potentially deleterious variants 

(genomic evolutionary rate profile score >4 or phastCons>0.9). We identified a disease-

causative mutation in the gene TRAPPC6B in six affected individuals from three unrelated 

consanguineous families (family 341, 350, 1712), who originated from different Egyptian 
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governorates (figure 1B; table 1). A local paediatric neurologist and geneticist clinically 

evaluated all patients. Samples including blood, saliva and skin biopsy were collected after 

informed consent from patients and family members. The study was consistent with 

Institutional Review Board guidelines and approved by the ethical committees of UC San 

Diego and other participating institutions.

Family 341 presented with an affected boy of 8 years (341–3–4) and a girl of 3 years (341–

3–5), family 350 presented with a girl aged 12 years (350–3–5) and a boy aged 10 years 

(350–3–6) and family 1712 presented with two male siblings aged 10 years (1712–3–1) and 

2 years (1712–3–3), respectively (figure 1B). All patients manifested microcephaly from 

birth, global developmental delay, intellectual disability, autistic features such as poor social 

interaction, language impairment and repetitive automatism behaviours and generalised 

tonic-clonic seizures (table 1). By the time of evaluation, all patients had reduced head 

circumference (more than −3 SD) and short stature (−2 to −3 SD), although weight was 

average for age and gender. No obvious facial dysmorphism was noted besides prominent 

ears owing to small head size (figure 1C). Neurological examination was remarkable for 

global hypotonia, generalised weakness with normal muscle bulk, brisk deep tendon reflexes 

in all extremities and ataxic gait in all six patients. Patient 1712–3–3 was still not yet 

walking at the last evaluation at 2 years of age. Three patients had mild horizontal 

nystagmus, four manifested resting and postural hand tremors and one patient showed jaw 

and perioral dystonia (350–3–6, see online Supplementary video). Two patients (350–3–5 

and 350–3–6) manifested worsening of ataxic gait, lost the capability to eat by themselves 

and became overall more dependent at 23 and 21 years of age, respectively, suggesting a 

slowly progressive course. Brain MRI was available from families 350 and 1712 (figure 1C), 

which showed cortical atrophy (350–3–5, 350–3–6, 1712–3–3), thin corpus callosum (all 

patients) and cerebellar and brainstem atrophy (350–3–5, 350–3–6). In patient 350–3–5, 

these structural findings worsened over time as compared with imaging at younger age (see 

online Supplementary figure 1), consistent with a potential neurodegenerative course of the 

disease. Interictal EEG was available in four patients, and all showed intermittent multifocal 

epileptiform discharges (table 1), despite the clinical appearance of generalised seizures.

WES analysis of each affected member from family 341 and 350 detected a homozygous 

mutation in a putative, well-conserved splice site in TRAPPC6B (hg19:14:g.

39628756T>C:TRAPPC-6B:NM_177452) (figure 1D, table 1), falling in a linkage peak 

with LOD >2 identified in both families (see online Supplementary figure 2). The same 

mutation was subsequently identified in the affected members of family 1712 (see online 

Supplementary figure 2). Haplotype analysis for families 341, 350 and 1712 identified a 

maximal potential sharing of about 32 kb surrounding the TRAPPC6B splice site variant 

(see online Supplementary figure 2), suggesting a common founder mutation. The minor 

allele frequency according to gnomAD was 0.00004991, and the allele frequency of our 

internal database of 2608 Egyptians was 0.0023. However, since most of the sequenced 

individuals in our database were selected based on developmental disorders, this value might 

overestimate the allele frequency of the resident Egyptian population. The identified 

TRAPPC6B variant in our patients was predicted to interfere with mRNA splicing. Thus, we 

obtained dermal fibroblasts from affected and unaffected members of families 350 and 1712 

and tested TRAPPC6B mRNA stability. As predicted in silico, dermal fibroblasts from 
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affected individuals showed an abnormal shorter transcript (figure 1E). DNA from PCR 

bands was extracted for sequencing, which confirmed that the shorter transcript skipped 

exon 2, leading to a reading frame shift and protein truncation (p.E28Vfs*11) (figure 1F). 

Fibroblasts from patients did not show obvious differences, neither in the ER or Golgi 

morphology, nor defects in trafficking using time lapse analysis of transfected cDNA 

encoding vesicle stomatitis virus ts045 G protein fused to green fluorescent protein (VSVG-

GFP) (see online Supplementary figures 4 and 5).

To further investigate whether TRAPPC6B is required for neurodevelopment in vertebrates, 

we designed a zebrafish model. In humans, TRAPPC6B is expressed in many tissues, 

including the fetal brain and different regions of the adult brain and spinal cord (figure 1G). 

In zebrafish, trappc6b transcript was detected in the central nervous system as early as 24 

hours postfertilisation (see online Supplementary figure 5). To mimic the mutation carried 

by our patients in zebrafish, we knocked down trappc6b using two different morpholinos 

(MOs), a translation blocking (trappc6b-atg, GAAAAAGAGCCTCATCTGCCATCTC) and 

a splice blocking MO (trappc6b-splice, ATTCCAATACTGTGCAAACCTGGT). The 

trappc6b-splice MO was designed to mask the splice-donor site of exon 2, the same exon 

which is abnormally spliced in patients carrying the TRAPPC6B mutation. Trappc6b-atg 

morphants manifested a decreased survival rate, and both the trappc6b-atg and the trappc6b-

splice morphants had reduced head size but normal body length (figure 2A–B). In addition, 

trappc6b morphants showed an increased number of apoptotic cells when stained with 

acridine orange (see online Supplementary figure 5), indicating that the reduction in head 

size might result from cell death during early development.

Since patients manifested seizures, we used the zebrafish model to test the effect of trappc6b 
knockdown on neuronal excitability and assess seizure threshold using pentylenetetrazol 

(PTZ). In order to monitor seizure-like phenotypes, we employed an automatic tracking 

system and compared fish behaviour in the presence of increasing PTZ concentrations. 

Notably, trappc6b morphants showed abnormal behaviour in all tested conditions (see online 

Supplementary figure 5), indicating a lower PTZ-induced seizure threshold and underscoring 

reduced baseline motility. Furthermore, we were interested in studying how the observed 

behaviour could be explained by abnormal neuronal activity. Thus, we monitored basal 

neuronal activity employing functional calcium imaging in GCaMP5-expressing zebrafish.6 

Trappc6b morphants manifested a significant increase in spontaneous neuronal firing, as 

well as an increased activity in response to low dose of PTZ (figure 2C–E). Calcium 

transients in trappc6b morphants were found to be significantly more frequent, longer and of 

higher intensity. Increase in calcium transient length correlated with a slower calcium 

transient ramp-up and decay time. Altogether, trappc6b disruption in zebrafish impairs brain 

growth, leads to neuronal hyperexcitability and lowers seizure threshold.

DISCUSSION

This work expands the range of representative diseases associated with TRAPP subunits. In 

contrast to most TRAPP-associated conditions, our patients manifested a 

neurodevelopmental disorder of childhood onset characterised by impaired brain growth, 

severe psychomotor delay, epilepsy and autistic features. Other relevant findings include 
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extrapyramidal symptoms such as hand tremors and dystonia, motor stereotypies and 

unstable gait (table 1). The two siblings from family 350 manifested signs of disease 

progression, such as worsening of ataxic gait and loss of some psychomotor skills in their 

early 20s, which indicates that this condition may have a neurodegenerative course. The 

clinical worsening of these two patients correlates well with the severe cerebellar atrophy 

and the moderate cortical and brainstem atrophy, as compared with previous brain imaging 

at younger age (see online Supplementary figure 1). Recently, a splice site mutation in 

TRAPPC6B of likely dominant inheritance was reported in one family with restless leg 

syndrome (RLS),7 an extrapyramidal condition characterised by the uncontrollable urge to 

move the legs due to dysfunction of the dopaminergic system. In our patient cohort, a formal 

diagnosis of RLS could not be established, but the presence of the aforementioned extra-

pyramidal symptoms and the fact that most patients manifested hyperactive behaviour may 

indicate that mutations in this gene could compromise the dopaminergic system, in addition 

to other neural structures.

Thus far, TrappC9 and TrappC11 are the other subunits that have been associated with 

disorders of brain development.38–13 Besides its role in membrane trafficking as part of 

complex TRAPP II, TrappC9 is also involved in the nuclear factor-kappa B signalling 

pathway.114 This protein has been implicated in neural differentiation,15 and inactivation in 

PC12 cells prevents nerve growth factor-induced neurite outgrowth.14 Its expression is 

highest in the human cerebellum, suggesting that TrappC9 may have a brain-specific 

signalling function outside of its general role in membrane trafficking.16 Several children 

with intellectual disability and microcephaly have been found to carry mutations in 

TRAPPC9.8–1117 The clinical phenotype is similar to that of our patients, consisting of 

moderate-to-severe intellectual disability, microcephaly and focal and generalised seizures. 

In contrast to our cohort, none of the TRAPPC9 patients show autistic features or 

extrapyramidal symptoms, and the disease does not worsen over time. Brain MRI reveals 

similar structural abnormalities to TRAPPC6B patients, including thin corpus callosum and 

global brain atrophy (mostly of cortex and cerebellum), and also shows brainstem 

hypoplasia. On the contrary, the clinical phenotype of patients with mutations in TRAPPC11 
is widespread, involving primarily the skeletal muscle, bone and brain. Patients manifest 

childhood-onset limb girdle muscular dystrophy, hip dysplasia and scoliosis, intellectual 

disability, choreiform movements and truncal ataxia.31213 Brain imaging is normal in some 

patients, and in others it shows brain atrophy.312 The molecular mechanism underlying 

TRAPPC11-associated pathology involves disruption of the anterograde transport of 

secretory proteins.3 Patients’ fibroblasts have disrupted Golgi architecture and delayed exit 

of vesicles from the Golgi to the plasma membrane. The involvement of several organs in 

this condition indicates that TrappC11 may have a widespread membrane trafficking 

regulatory function as part of the TRAPP III complex, in contrast to TrappC6B in which the 

clinical phenotype involves primarily the nervous system and in which patient fibroblasts do 

not show obvious structural or trafficking defects. Our results in zebrafish corroborate the 

specific role of TRAPPC6B in brain growth and excitability as seen in patients. Further 

studies are needed to uncover its function at the cellular level in the brain.

The other TRAPP subunit associated with brain disease is TrappC6A, a paralog of 

TrappC6B and also part of complex TRAPP I. A haplotype at the TRAPPC6A locus has 
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been implicated in non-verbal reasoning in individuals lacking the APOE ε4 allele, 

suggesting that it may play a role in Alzheimer’s disease (AD).18 It has been shown that the 

N-terminal internal deletion isoform, TrappC6AΔ, forms aggregates in the brain 

extracellular matrix, particularly in the cortex and hippocampus of patients with AD.19 This 

process is prevented by tumour suppressor WW domain-containing oxidoreductase 

(WWOX), such that its downregulation, as observed in the hippocampus of patients with AD 

and in the brain of WWOX knockout mice,1920 favours TrappC6AΔ aggregation, plaque 

formation and neuronal death. This mechanism may explain the potential TRAPPC6A-

associated neurodegeneration and its different clinical course compared with patients with 

mutations in TRAPPC6B, despite the fact that both subunits are part of the same complex. 

The challenge for the future will be to further elucidate the role of each individual subunit 

within and outside of the TRAPP complex in different cell types. As more patients carrying 

mutations in these subunits are reported, we will better understand their tissue-specific 

functions and their role in such divergent clinical conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A homozygous mutation in TRAPPC6B leads to a distinctive clinical phenotype. (A) 

Subunit composition of the different transport protein particle (TRAPP) complexes.1 The 

subunit mutated in our patients is highlighted in green. (B) Pedigrees of families 341, 350 

and 1712 show consanguinity (first cousins). (C) Patient faces and their available sagittal 

and axial brain MRIs. All individuals were microcephalic without other facial or cranial 

dysmorphisms. Abnormal brain structural findings included cortical atrophy (350-3-5 (23 

years of age), 350-3-6 (21 years of age) and 1712-3-3 (2 years of age), yellow arrow), 
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enlarged lateral ventricles (350-3-5, 350-3-6 and 1712-3-3), hypoplasia of corpus callosum 

(all patients (1712-3-1, at 3 years of age), white arrow) and cerebellar and brainstem atrophy 

(350-3-5 and 350-3-6, red star). (D) DNA sequence and splice site conservation of 

TRAPPC6B in vertebrates. (E) Expression of TRAPPC6B transcript in dermal fibroblasts 

from control, unaffected (U) and affected (A) individuals by RT-PCR flanking internal 

regions of exon 1 and exon 3 (primers sequences are available on request). Note decreased 

and absent coding transcript in unaffected and affected individuals, respectively, compared 

with control, and the presence of the mutated transcript in both unaffected and affected 

individuals. Sequence of PCR bands demonstrate skipping of exon 2 in the mutated 

transcript. The top band represents a non-coding transcript that includes part of intron 2. (F) 

Scheme of the two transcripts of human TRAPPC6B (transcript 1: NM_001079537.1, 

transcript 2: NM_177452.3) and of the human protein. The splice site mutation is predicted 

to shift the reading frame in both transcripts, resulting in a truncated protein. (G) RT-PCR 

covering internal regions of exons 3–5 shows that both TRAPPC6B transcripts are expressed 

ubiquitously in human tissues, transcript 1 being the most predominant.
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Figure 2. 
Trappc6b zebrafish model shows neurodevelopmental abnormalities and brain 

hyperexcitability. (A) The survival rate of trappc6b-atg morphants was lower than scramble 

morphants and non-injected (NI) fish, mostly with higher concentrations of morpholino. (B) 

Trappc6b translation blocking (Trapp-atg) and splice blocking (Trapp-splice) morpholinos 

caused reduced head size relative to scramble morpholino at 2 and 5 dpf. Head size was 

normalised to scramble at the same developmental stage. In contrast, no differences in body 

length were observed between groups. (C) Neuronal activity was measured by quantification 
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of calcium transients in the telencephalon, tectum and hindbrain of 5 dpf 

Tg(elavl3:GCaMP5G) fish injected with scramble or trappc6b-atg morpholinos. Baseline 

neuronal activity was calculated for a period of 3 min. At the end of the baseline recording, 

pentylenetetrazol (PTZ) was added at the final concentration of 5 mM and activity was 

recorded for additional 15 min. Representative traces for three scramble and three trappc6b-

atg morphants are shown. Purple arrows indicate PTZ addition. Trappc6b-atg morphants 

showed a significant increase in spontaneous neuronal activity (baseline) as well as a 

significant increase in transients when exposed to 5 mM PTZ. (D) Quantification of average 

duration of each transient event, maximum intensity, decay time and time to reach the 

maximum intensity showed values significantly different for the trappc6b-atg morphants 

when compared with controls. *p<0.05, ***p<0.005 (t-test). n>2 experiments for a total of 

n=9 animal per genotype. Error bars represent SD. (E) Representative whole brain Ca2+ 

imaging of 5 dpf trappc6b-atg morphants treated with 5 mm PTZ (MM:SS). Pictures were 

captured at specific time points in order to register the burst of fluorescence.
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