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The conserved transport protein particle (TRAPP) complexes regulate key trafficking events and are required for autophagy.

TRAPPC4, like its yeast Trs23 orthologue, is a core component of the TRAPP complexes and one of the essential subunits for

guanine nucleotide exchange factor activity for Rab1 GTPase. Pathogenic variants in specific TRAPP subunits are associated with

neurological disorders. We undertook exome sequencing in three unrelated families of Caucasian, Turkish and French-Canadian

ethnicities with seven affected children that showed features of early-onset seizures, developmental delay, microcephaly, sensori-

neural deafness, spastic quadriparesis and progressive cortical and cerebellar atrophy in an effort to determine the genetic aetiology

underlying neurodevelopmental disorders. All seven affected subjects shared the same identical rare, homozygous, potentially

pathogenic variant in a non-canonical, well-conserved splice site within TRAPPC4 (hg19:chr11:g.118890966A4G; TRAPPC4:

NM_016146.5; c.454+3A4G). Single nucleotide polymorphism array analysis revealed there was no haplotype shared between the

tested Turkish and Caucasian families suggestive of a variant hotspot region rather than a founder effect. In silico analysis

predicted the variant to cause aberrant splicing. Consistent with this, experimental evidence showed both a reduction in full-

length transcript levels and an increase in levels of a shorter transcript missing exon 3, suggestive of an incompletely penetrant

splice defect. TRAPPC4 protein levels were significantly reduced whilst levels of other TRAPP complex subunits remained un-

affected. Native polyacrylamide gel electrophoresis and size exclusion chromatography demonstrated a defect in TRAPP complex

assembly and/or stability. Intracellular trafficking through the Golgi using the marker protein VSVG-GFP-ts045 demonstrated

significantly delayed entry into and exit from the Golgi in fibroblasts derived from one of the affected subjects. Lentiviral expres-

sion of wild-type TRAPPC4 in these fibroblasts restored trafficking, suggesting that the trafficking defect was due to reduced

TRAPPC4 levels. Consistent with the recent association of the TRAPP complex with autophagy, we found that the fibroblasts had

a basal autophagy defect and a delay in autophagic flux, possibly due to unsealed autophagosomes. These results were validated

using a yeast trs23 temperature sensitive variant that exhibits constitutive and stress-induced autophagic defects at permissive

temperature and a secretory defect at restrictive temperature. In summary we provide strong evidence for pathogenicity of this

variant in a member of the core TRAPP subunit, TRAPPC4 that associates with vesicular trafficking and autophagy defects. This is

the first report of a TRAPPC4 variant, and our findings add to the growing number of TRAPP-associated neurological disorders.
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Introduction
The process of intracellular trafficking is of critical import-

ance to cells, and this requires numerous proteins to guide

cargo, contained within carrier vesicles, to specific intracellu-

lar compartments. Such proteins include those that co-ordin-

ate vesicle formation, GTPases of the Rab family, transport

and tethering factors, and soluble N-ethylmaleimide-sensitive

factor attachment protein receptor (SNARE) proteins that me-

diate vesicle fusion with the target membrane (Cai et al.,

2007). The TRAnsport Protein Particle (TRAPP) family of

complexes act as a trafficking complex and participate in

events upstream of vesicle fusion, and in some aspects of

vesicle tethering to their correct intracellular target membrane.

In humans, the TRAPP complex is formed by the core

proteins (TRAPPC1, TRAPPC2, two of TRAPPC3,

TRAPPC4, TRAPPC5, TRAPPC6 and TRAPPC2L) that

self-assemble to form a stable core (Sacher et al., 2019).

This TRAPP core then interacts with a number of accessory

proteins to form two distinct, yet related complexes called

TRAPP II (core plus TRAPPC9 and TRAPPC10) and

TRAPP III (core plus TRAPPC8, TRAPPC11, TRAPPC12

and TRAPPC13). Both TRAPP II and TRAPP III have an

accepted function in the secretory pathway, and recent evi-

dence demonstrates that TRAPP III is also involved in

autophagy (Behrends et al., 2010; Lamb et al., 2016;

Stanga et al., 2019). Although the exact subunit compos-

ition of the human TRAPP complexes is still being resolved,

the core TRAPP proteins including human TRAPPC4 (and

the yeast homologue Trs23) are essential to the stability of

both TRAPP complexes. All of the core subunits of the

TRAPP complex are highly conserved from yeast to
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mammals (Loh et al., 2005; Sacher et al., 2008, 2019), and

some of the core subunits are essential for cell viability in

either yeast or human cells, or both, whilst the accessory

subunits are mostly conserved, but not always essential for

viability (Blomen et al., 2015; Hart et al., 2015; Wang

et al., 2015; Kim et al., 2016). The best characterized bio-

chemical function of the TRAPP complex is as a guanine

nucleotide exchange factor (GEF) to activate Ypt/Rab

GTPases (Jones et al., 2000; Wang et al., 2000; Thomas

and Fromme, 2016). The Ypt/Rab GTPases coordinate

intracellular trafficking pathways by acting as molecular

switches, which can be stimulated by GEFs to mediate dif-

ferent stages of vesicle trafficking (Segev, 2001).

Recent evidence highlights the critical importance of the

TRAPP complex to a spectrum of human diseases, now

collectively termed TRAPPopathies, which feature diverse

but also overlapping phenotypes (reviewed by Brunet and

Sacher, 2014; Kim et al., 2016; Sacher et al., 2019).

Intellectual disability and brain malformation-related

phenotypes are a common feature of TRAPPopathies.

Variants in TRAPPC9 (MIM: 611966) have been asso-

ciated with autosomal-recessive intellectual disability, thin-

ning of the corpus callosum and white matter loss,

microcephaly, dysmorphism, in some cases impaired mobil-

ity, yet rarely seizures (Mir et al., 2009; Mochida et al.,

2009; Philippe et al., 2009; Kakar et al., 2012; Marangi

et al., 2013). TRAPPC6A (MIM: 610396) variants have

been associated with Alzheimer’s disease (Hamilton et al.,

2011; Chang et al., 2015), and more recently intellectual

disability, microcephaly, hypotonia and skeletal abnormal-

ities (Mohamoud et al., 2018). TRAPPC6B (MIM:

617862) variants were identified in patients with neurode-

velopmental delay, brain abnormalities, movement disorder

and microcephaly and all cases experienced seizures

(Marin-Valencia et al., 2018). TRAPPC11 (MIM:

615356) variants have been associated with movement dis-

order and neurological abnormalities including cerebral at-

rophy, ataxia and intellectual disability and several cases

were reported with seizures and scoliosis (Bogershausen

et al., 2013; Fee et al., 2017; Koehler et al., 2017; Liang

et al., 2017; Matalonga et al., 2017; Larson et al., 2018).

Pathogenic variants in TRAPPC12 (MIM: 617669) result

in childhood encephalopathy, severe intellectual disability,

microcephaly and brain abnormalities (Milev et al., 2017).

Lastly, single cell expression profiling of dopaminergic neu-

rons identified TRAPPC4 as a differentially regulated gene

in Parkinson disease (Elstner et al., 2009) but no primary

pathogenic variants have been reported to date in

TRAPPC4. Nevertheless, collectively these studies suggest

that various TRAPP subunit variants result in a wide range

of clinical brain malformation-related phenotypes.

The brain-related phenotypes may be partly explained by

the high neuronal expression levels of some TRAPP pro-

teins. Although widely expressed throughout the body,

TRAPPC9 expression appears highest in the cerebellum

(Court et al., 2014), where it is involved in the nuclear

factor-kappa B signalling pathway (Hu et al., 2005), and

may be critical for neuronal differentiation (Zhang et al.,

2014) and neurite outgrowth (Hu et al., 2005). TRAPPC4

(also known as synbindin) is highly expressed in the CNS,

particularly in large neurons such as pyramidal neurons,

Purkinje cells, and motor neurons, where it is responsible

for postsynaptic membrane trafficking (Ethell et al., 2000).

In this report we demonstrate the critical importance of

TRAPPC4 in humans. We report a TRAPPC4 pathogenic

variant, discovered by whole exome sequencing and family-

based rare variant analyses, in three unrelated families with

children suffering from early-onset seizures, profound intel-

lectual disability, microcephaly and sensorineural hearing

loss, spastic quadriparesis, and with progressive cortical

and cerebellar atrophy on brain MRI. All children, from

different ethnicities, carried an identical homozygous

pathogenic intronic variant in TRAPPC4, which was not

due to a founder effect based on haplotype analysis of the

families we had access to analyse. We provide evidence that

a significant reduction of TRAPPC4 protein in patient

fibroblasts due to impaired splicing negatively influences

intracellular trafficking and autophagy. To mimic the

human variant in the yeast system, we characterized a tem-

perature-sensitive variant in TRS23, the yeast homologue

of TRAPPC4. This variant results in a low level of the

TRAPP subunit, affecting both secretion and autophagy.

Given our genetic findings of homozygosity for the variant

in seven affected subjects from three unrelated families, that

TRAPPC4 appears to be highly expressed in neurons, and

that pathogenic variation in genes for other TRAPP com-

plex proteins result in neurological diseases, we suggest that

the TRAPPC4 variant we have identified is the cause of the

neurological disorder in these subjects.

Materials and methods
Full materials and methods are available in the online
Supplementary material.

Subjects and variant analysis

All procedures followed were in accordance with the ethical
standards and approved by the human research ethics commit-
tee of the respective participating institutes. Exome sequencing
was used to identify candidate genes and single nucleotide
polymorphism (SNP) array analysis was used to determine if
there was a shared haplotype. Fibroblast cultures were estab-
lished from skin biopsies and compared to control fibroblasts
established from in-house controls from healthy children with-
out suspected genetic disorders.

Protein expression and TRAPP
complex stability

Fibroblast extracts were analysed by SDS-PAGE, native PAGE
or size exclusion chromatography and fractions separated by
SDS-PAGE followed by immunoblotting against TRAPPC4,
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TRAPPC8, TRAPPC12, TRAPPC2L, or TRAPPC10 as repre-
sentative subunits of the TRAPP complexes.

Reverse transcription PCR analysis

Total RNA was isolated using a commercially available kit
(Qiagen RNeasy� kit). cDNA was synthesized using Invitrogen
SuperScriptTM III first strand master mix and random hexamers.
Reverse-transcription PCR (RT-PCR) reactions were performed
using custom primers and PCR products were extracted from
agarose gels followed by Sanger sequencing.

Quantitative PCR analysis

Total RNA was isolated using a commercially available kit
(Qiagen RNeasy� kit). cDNA was synthesized (GoScriptTM

Reverse Transcription master mix with random hexamers,
Promega). Quantitative reverse-transcription PCR (qPCR) re-
actions were performed using custom primers and
AccuPower� 2X GreenstarTM qPCR Master Mix (Bioneer
Pacific) and a Roche Real Time PCR machine.

VSVG–GFP ts045 trafficking assay

The temperature sensitive vesicular stomatitis virus glycopro-
tein (VSVG)–GFP ts045 construct was used as a marker for
transport along the secretory pathway. Cells were transfected
with a plasmid containing the VSVG–GFP ts045 construct,
incubated at 40�C overnight then transferred to 32�C and
left for fixed intervals of 0, 30, 60 or 120 min. At each time
point cells were fixed, permeabilized and immunostained with
the Golgi marker anti-GM130, Alexa-595 conjugated second-
ary antibody then counterstained with the nuclear marker 40,6-
diamidino-2-phenylindole (DAPI). Co-localization of VSVG–
GFP ts045 and the Golgi maker GM130 was used to deter-
mine the kinetics of transport through the Golgi.

Cellular fractionation and protease
protection assay

Cells were cultured in either Dulbecco’s modified Eagle
medium (DMEM) with 10% foetal bovine serum (FBS; non-
starved) or Earle’s Balanced Salt Solution (EBSS) containing
200 nM bafilomycin A1, homogenized and the post-nuclear
supernatant (PN) was obtained by centrifugation at 300g.
This was further centrifuged at 7700g to generate the low
speed pellet (LP). The resulting supernatant was centrifuged
at 100 000g to generate a high-speed pellet (HP) and a high
speed supernatant (HS). The low and high speed pellets were
resuspended in the same volume of homogenization buffer. To
analyse the integrity of the membranes, the low and high speed
pellets were either left untreated or incubated with proteinase
K with or without TritonTM X-100. All samples (LP, HP and
HS) were precipitated by incubating in 10% trichloroacetic
acid, washed, resuspended in 1� Laemmli sample buffer and
processed for western analysis.

Autophagic flux assay

Cells were washed twice with phosphate-buffered saline (PBS)
and incubated with EBSS for 2 h. In some cases bafilomycin

A1 was included during a 2 h starvation to block the fusion of
autophagosomes with lysosomes. Cells starved and treated
with bafilomycin A1 were returned to nutrient-rich medium
by washing the cells twice with PBS and incubating in
DMEM with 10% FBS for 20 or 40 min. The cells were
lysed and analysed by western analysis.

Immunofluorescence microscopy

Cells were fixed, quenched with glycine, permeabilized with
TritonTM X-100, blocked then incubated with primary antibo-
dies (anti-LC3B and anti-LAMP1) followed by the appropriate
cross-adsorbed secondary antibodies and counterstained with
DAPI.

Yeast strains, plasmids and reagents

Reagents related to yeast strains, plasmids, antibodies, plasmid
construction and yeast strain generation are described in the
Supplementary material.

Yeast cell growth and analysis

Media preparation, yeast cell growth, transformation, micros-
copy and autophagy phenotype analyses, nitrogen starvation
and cargo processing, were carried out as previously described
(Lipatova et al., 2016). Endoplasmic reticulum (ER)-phagy ana-
lysis was described in Lipatova and Segev (2015), and cell via-
bility analysis was described in Zhou et al. (2019). The general
secretion assay was performed as previously published (Gaynor
and Emr, 1997), with some modifications (Jedd et al., 1995).

Yeast protein analyses

Yeast lysate preparation, immunoblot analysis and quantifica-
tion were performed as previously described (Lipatova et al.,
2016). GST-pulldown was carried out as previously described
(Lipatova et al., 2008) except that 0.2% TritonTM X-100 was
added to the wash buffer.

Statistical analysis

Statistical analyses were carried out using either a two-tailed
Student’s t-test or one-way ANOVA corrected for multiple
comparisons as appropriate (GraphPad Prism� Software).
Error bars represent the standard deviation of the mean (�
SD). A P-value 5 0.05 was considered to be statistically
significant.

Data availability

The raw data that support the findings of this study are avail-
able from the corresponding author, upon request.

Results

Case descriptions

We report seven subjects from three unrelated families,

the subjects originating from Caucasian, Turkish and

TRAPPC4 and intellectual disability BRAIN 2020: 143; 112–130 | 115



French-Canadian backgrounds. All affected subjects car-

ried an identical homozygous variant in TRAPPC4. The

predominant clinical features of the affected subjects

included normal birth followed by feeding difficulties

during the neonatal period. Most subjects developed pro-

gressive microcephaly, severe to profound developmental

disability, seizures, spastic quadriparesis, and progressive

scoliosis with some subjects requiring surgical treatment.

The majority of affected subjects had common clinical

features of microcephaly, facial dysmorphism with bitem-

poral narrowing and a long philtrum (Fig. 1A). A shared

similar gestalt for facial dymorphology is perhaps emer-

ging; however, a clinically recognizable pattern is not yet

delineated.

Brain MRI showed that Subject 1:II-1 had progressive

generalized severe cerebral atrophy, particularly affecting

white matter, with relative sparing of the basal ganglia

(Fig. 1B). Subject 1:II-3 had progressive large extra-axial

spaces and enlarged ventricles, plagiocephaly involving

the occipital parietal region, with a thin corpus callosum

and wide Sylvian fissures (Fig. 1C). Subject 2:II-5 showed

severe cerebral atrophy, relatively milder cerebellar atro-

phy, with preservation of deep grey matter structures

(Fig. 1D), and Subject 3:II-2 showed cerebral atrophy in

the first year of life (Fig. 1E). Hypothalamic dysfunction

(hypothermia, premature adrenarche), optic atrophy and

cortical visual impairment were present in some subjects.

Detailed clinical reports of all cases are available in the

Supplementary material and Supplementary Table 1.

Fibroblasts were collected from one of the affected chil-

dren (Subject 1:II-1) and both parents for ongoing

studies.

Sequencing and in silico analysis

The researchers for all families were connected using

GeneMatcher (Sobreira et al., 2015). Exome sequencing

analysis was undertaken using DNA extracted from blood

of the affected subjects and their parents (Fig. 2A). After

alignment to the reference human genome (UCSC Genome

Browser hg19) and variant calling, several filtering steps

were applied (Supplementary material) for rare variant

family based genomic analyses applied (Supplementary ma-

terial). The affected subjects were confirmed to be homozy-

gous for the trafficking protein particle complex 4 gene

[TRAPPC4; hg19:11:g.118890966A-4G; NM_016146.5;

c.454+3A4G; p.(Leu120Aspfs�9)] by Sanger sequencing,

whilst in all cases parents were heterozygous for this vari-

ant and unaffected siblings were either heterozygous for the

variant, or homozygous for the wild-type variant (Fig. 2A)

consistent with autosomal recessive inheritance. The

TRAPPC4 variant was located in a putative, highly con-

served splice site within TRAPPC4 (Fig. 2B). Human

Splicing Finder (HSF v3.1) analysis (Desmet et al., 2009)

predicted that the wild-type donor site would be disrupted,

and most likely affect splicing (Fig. 2C). The total minor

allele frequency according to gnomAD was 0.0002419,

with a total of 68 heterozygotes, and no homozygotes re-

ported. The allele count for other variants in TRAPPC4

splicing donor and/or splicing acceptor sites was very low

(Fig. 2D). The heterozygote TRAPPC4 cases in gnomAD

are reported in European, Latino, South Asian and African

populations.

Single nucleotide polymorphism
array analysis

The phasing results revealed that there was no haplotype

shared in this region involving contributing ‘recurrent al-

leles’ from Subjects 1:II-1 and 1:II-3 (affected siblings) in

the first family and Subject 2:II-5 in the second fam-

ily from distinct world populations. We detected absence

of heterozygosity (AOH) regions from SNP array data

with BafCalculator (https://github.com/BCM-Lupskilab/Baf

Calculator) (Karaca et al., 2018). In the first family, we

identified an �1.51 Mb AOH region (chr11:118022107-

119537683) in Subjects 1:II-1 and 1:II-3 affected siblings

including the TRAPPC4 recurrent allele. In the second

family, we identified an �4.5 Mb AOH region

(chr11:117469122-121971098) in Subject 2:II-5 that

included the TRAPPC4 recurrent allele.

mRNA analysis confirms altered
splicing in Subject 1:II-1 fibroblasts

Because the TRAPPC4 c.454+3A4G variant was pre-

dicted to alter splicing, we determined the effect on the

mature TRAPPC4 transcript using RT-PCR and primers

to amplify exons 2–4, followed by Sanger sequencing of

the resulting fragments. In four different control fibro-

blasts one product of 362 bp was observed, representing

the wild-type TRAPPC4 transcript with exons 2, 3 and 4

properly spliced. In fibroblasts from Subject 1:II-1, two

RT-PCR products were apparent, representing the wild-

type TRAPPC4 transcript as well as a shorter 258 bp

PCR amplicon containing TRAPPC4, which lacked exon

3. The shorter product was not visually detected in four

paediatric control fibroblast lines, nor in the two parental

lines (Fig. 2E). Sanger sequencing confirmed skipping of

exon 3 (Fig. 2F). The TRAPPC4 c.454+3A4G variant

was further quantitatively investigated. Quantitative PCR

using primers designed specific to the wild-type splice

product (forward primer spanned the exon 2–3 boundary)

or to the aberrant splice product (forward primer spanned

the exon 2–4 boundary) revealed that fibroblasts from

Subject 1:II-1 only had 6% of the regular splice product

as compared with control fibroblasts (100%). There was

also a significant reduction (54% of controls) of the regu-

lar splice product in the mother (Subject 1:I-2).

Additionally, there was a 387% increase in the transcript

abundance of the aberrant splice product in patient
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fibroblast from Subject 1:II-1 compared to controls

(100%, Fig. 2G). From this we can conclude that the

TRAPPC4 c.454+3A4G variant leads to a splicing

defect that results in skipping of exon 3, and a loss of

96% of the intact TRAPPC4 transcript that contributes

to the phenotype of the patient.

Figure 1 Clinical and brain imaging features of affected subjects with TRAPPC4-related neurological disorder. (A) Frontal clinical

images of affected subjects, noting the common features of microcephaly, facial dysmorphism, bitemporal narrowing and long philtrum. (B) T2-

weighted axial images show that between 6 months and 2 years of age Subject 1:II-1 had progressive generalized severe cerebral atrophy,

particularly affecting white matter, with relative sparing of the basal ganglia. (C) T2-weighted images showed that between 3 weeks and 6 years

Subject 1:II-3 had progressive large extra-axial spaces and enlarged ventricles, plagiocephaly involving the occipital parietal region, with a thin

corpus callosum and wide Sylvian fissures. (D) T2 FLAIR SE axial image of Subject 2:II-5 at 6 months of age showing severe cerebral atrophy, and

relatively milder cerebellar atrophy. There was preservation of deep grey matter structures. (E) T2-weighted images of Subject 3:II-2 in the first

year of life showed cerebral atrophy. Full clinical features are described in Supplementary Table 1.
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Figure 2 Pedigrees of families and genetic findings in TRAPPC4-deficient families. (A) Pedigrees of Families 1–3 all with a recessive

inherited c.454+3A4G variant in TRAPPC4. Confirmatory Sanger sequencing in the three families shows a homozygous c.454+3A4G TRAPPC4

variant in the affected subjects, a heterozygous variant in each parent and homozygous wild-type or heterozygous configuration in unaffected

tested siblings. Asterisk indicates exome sequencing. (B) Multiple sequence alignment surrounding the variant was performed using the Multiz

Alignment of 100 vertebrates in the UCSC browser shows that the c.454+3A4G TRAPPC4 variant is a highly conserved intronic residue
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TRAPPC4 protein level is reduced in
fibroblasts derived from Subject 1:II-1

The homozygous c.454+3A4G variant leading to skipping

of exon 3 is predicted to result in a frameshift and early

truncation of the TRAPPC4 protein p.(Leu120Aspfs�9)

likely resulting in nonsense-mediated decay. However,

RT-PCR confirmed some wild-type TRAPPC4 transcript

was still produced in fibroblasts from Subject 1:II-1.

Western blot analysis detected full-length TRAPPC4 pro-

tein in this subject (predicted size of 24.3 kDa) (Fig. 3A),

but the TRAPPC4 protein levels were significantly reduced

compared to heterozygous carrier parental fibroblast sam-

ples and paediatric controls (Fig. 3B). There were no smal-

ler protein products detected using an antibody against the

N-terminal region of TRAPPC4, which would detect the

protein product missing exon 3. Therefore, the shortened

transcript is likely unstable and subject to nonsense-

mediated decay. Further analysis of TRAPPC2 and

TRAPPC12, two other TRAPP complex subunits, did not

show any reduction in protein levels under denaturing con-

ditions (Fig. 3C–F). Thus, this TRAPPC4 variant leads to a

reduced level of the TRAPPC4 protein without affecting

protein levels of other representative TRAPP proteins.

TRAPPC4 c.454+3A4G leads to a
reduction in the levels of TRAPP
complexes

As the TRAPPC4 c.454+3A4G variant resulted in a sig-

nificant reduction of full-length protein on denaturing

PAGE, and TRAPPC4 is a core subunit of the TRAPPII

and TRAPPIII complexes, we used native PAGE and size

exclusion chromatography to determine whether reduced

levels of the core TRAPPC4 protein in fibroblasts affected

the overall levels and/or stability of assembled TRAPP com-

plexes. Proteins were extracted and either separated by

native PAGE to retain protein complex integrity or sepa-

rated on size exclusion chromatography and fractions

immunoblotted. Native PAGE analysis of TRAPP com-

plexes in Subject 1:II-1 fibroblasts revealed three major

bands detected with an anti-TRAPPC4 antibody, corres-

ponding to 41000 kDa, �800 kDa and �500 kDa,

which could correspond to the TRAPP III and TRAPP II

complexes, and a subassembly product (Fig. 3G). The in-

tensity of the anti-TRAPPC4-detected bands was lower in

Subject 1:II-1 compared to controls and parental samples.

The relative intensity of both the ponceau-stained mem-

brane (representing total cellular protein levels, data not

shown) and GAPDH protein level was comparable in all

samples, and the detected GAPDH band in fibroblast lys-

ates had an apparent molecular size of �720 kDa, as pre-

viously described for cultured cells (Kunjithapatham et al.,

2015). When Subject 1:II-1 and a control fibroblast sample

were separated by size exclusion chromatography, there

was a significant shift in the migration of TRAPP-contain-

ing complexes in fibroblasts from Subject 1:II-1 compared

to control fibroblasts with the proteins shifting towards a

smaller molecular size [smaller molecular sizes appear in

the higher numbered (later) fractions] (Fig. 3H).

Collectively, using two independent methodologies, we

have demonstrated that lysates from an individual with a

TRAPPC4 c.454+3A4G variant have reduced levels of

fully-assembled TRAPP complexes.

Altered VSVG-GFP trafficking in
fibroblasts from an affected subject

As the TRAPP complexes are required for several steps in

the biosynthetic pathway, and variants in other TRAPP

genes are known to affect secretion (Bogershausen et al.,

2013; Koehler et al., 2017; Milev et al., 2017, 2018), we

investigated whether the reduced levels of TRAPPC4 pro-

tein affected secretion in Subject 1:II-1 fibroblasts. To de-

termine whether secretion was delayed between the ER,

Golgi and plasma membrane we used a temperature sensi-

tive form of VSVG fused to GFP (VSVG–GFP ts045) as a

marker protein for movement along the secretory pathway

(Bergmann and Singer, 1983; Hirschberg et al., 1998). This

commonly used protein construct misfolds at higher tem-

peratures (40�C) and accumulates in the ER. When cells are

returned back to permissive temperature, the construct exits

the ER and is transported via the Golgi to the cell surface

Figure 2 Continued

(surrounded by red box). (C) The structure of TRAPPC4 (NM_016146.5) with the reference sequence of exon-intron junctions shown, and the

c.454+3A4G variant indicated in red. (D) The heat map showing the allele count in gnomAD for the variants in splicing donor (SD) and splicing

acceptor (SA) sites in TRAPPC4. Yellow colour shows higher frequency and blue colour shows the lower frequency allele counts. (E) RT-PCR

analysis demonstrated a splicing defect leading to incomplete exon skipping and formation of an additional PCR product in an affected subject

(Subject1:II-1, patient marked with a red arrow) that was not present in the affected subject’s parents (Subjects 1:I-1 and 1:I-2) or four controls

(C1–C4). (F) Sanger sequencing of the RT-PCR fragments in E confirmed the sequence of the 362-bp product contained exons 2, 3 and 4 in

controls, and in the affected subject (Subject 1:II-1), whilst the lower band only present in the affected subject confirmed skipping of exon 3.

(G) Quantitative real-time PCR in control, parental and subject fibroblasts showed a significant decrease in the regular splice product of TRAPPC4

in Subject 1:II-1 fibroblasts and one of the parents (Subject 1:I-2) compared to controls. Additionally, there is a significant increase in levels of the

aberrant transcript in fibroblasts from Subject 1:II-1 compared to controls. Statistical significance was determined using one-way ANOVA with

Bonferroni correction for multiple comparisons. Data show mean, upper and lower limits of n = 3 independent biological collections. �P 5 0.05;
���P 5 0.001 versus C1.
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Figure 3 Decreased protein levels and impaired TRAPP complex assembly in fibroblasts from an affected subject with

TRAPPC4 c.454+3A`G homozygous variant. (A) Western blot of TRAPPC4 and GAPDH levels in four paediatric controls (C1–C4), as well

as fibroblasts from an affected subject with c.454+3A4G homozygous variant (Subject 1:II-1) and parents (heterozygous for the same variant;

Subjects1:I-1 and 1:I-2) in triplicate. (B) Quantification of the western blots in A demonstrate that there was a significant decrease in endogenous

TRAPPC4 protein levels normalized to GAPDH in fibroblasts from an affected subject (Subject 1:II-1) compared to both parental fibroblasts

(Subjects 1:I-1 and 1:I-2) and paediatric control fibroblasts. (C) Western blot of TRAPPC2 and GAPDH in control fibroblasts and an affected

subject (Subject 1:II-1) and (D) quantification of western blots in C demonstrate no difference in protein levels of TRAPPC2 in Subject 1:II-1. (E)

Western blot of TRAPPC12 and GAPDH in a control fibroblast and an affected subject (Subject 1:II-1) and (F) quantification of western blots in E

demonstrate no difference in protein levels of TRAPPC12 in Subject 1:II-1. (G) Native PAGE electrophoresis revealed decreased levels of

TRAPPC4-containing complexes in fibroblasts from Subject 1:II-1 relative to parental fibroblasts (Subjects 1:I-1 and 1:I-2) and paediatric control

fibroblasts (C1–C4). Molecular size standards are indicated to the left. (H) Size exclusion chromatography of fibroblasts from Subject 1:II-1 and
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(Bergmann and Singer, 1983). In as little as 25–30 min the

construct appears in the Golgi, then reaches the cell surface

after 90–120 min (Hirschberg et al., 1998). We determined

secretion by transfecting fibroblasts with the VSVG–GFP

ts045 construct, then cells were held at restrictive tempera-

ture (40�C) overnight, followed by release back to permis-

sive temperature (32�C). Cells were fixed at regular

intervals then counterstained with the Golgi marker

GM130 (Supplementary Figs 1 and 2) and the degree of

co-localization was examined. In control cells VSVG–GFP

ts045 co-localization with the Golgi peaked at 30 min, and

progressively reduced with extended time points and only

23% remained in the Golgi after 120 min (Fig. 4A and B).

The trafficking dynamics we observed in control fibroblasts

corresponded to previous findings where VSVG–GFP ts045

reached the Golgi at �30 min (Koehler et al., 2017; Milev

et al., 2017, 2018) and secreted to the cell surface after 90–

120 min (Hirschberg et al., 1998). Lentiviral transduction

of wild-type TRAPPC4 into control cells had no obvious

effect. In fibroblasts from Subject 1:II-1, VSVG-GFP ts045

co-localization with the Golgi was significantly delayed

compared to control cells with a peak accumulation occur-

ring at 60 min. There was also delayed exit from the Golgi,

where after 120 min 62% of VSVG–GFP ts045 still re-

mained in the Golgi (Fig. 4A and B). Lentiviral transduc-

tion with wild-type TRAPPC4 construct into fibroblasts

from Subject 1:II-1 completely restored the trafficking

defect to that of control cells. These experiments suggest

that there is a secretory defect that can be explained by the

reduced levels of TRAPPC4 protein.

Autophagic flux is affected in
fibroblasts from an affected subject

The TRAPPC4 protein is a critical subunit of the core

TRAPP complex, which is central to both the TRAPP II

and III complexes. As the TRAPP III complex has been

implicated in starvation-induced autophagy (Behrends

et al., 2010; Lamb et al., 2016; Ramirez-Peinado et al.,

2017; Stanga et al., 2019) we examined whether the

reduced levels of TRAPPC4 in the affected subject resulted

in an autophagy defect. As shown in Fig. 5A, the levels of

the autophagic marker LC3-II in the fibroblasts from the

affected subject were elevated even prior to starvation. An

increase in LC3-positive structures was also seen by im-

munofluorescence microscopy (Fig. 5B). While starvation

resulted in a further increase in LC3-II, upon return to

nutrient-rich medium there was no significant reduction in

LC3-II compared to control, suggesting an autophagic flux

defect. As LC3-positive autophagic membranes ultimately

fuse with the lysosome, we examined the cells for overlap

between LC3 and the lysosomal marker LAMP1.

Consistent with an autophagic flux defect, the percentage

of overlap between these two markers was reduced both

prior to and following starvation in fibroblasts from the

affected subject (Fig. 5B and C). We have recently shown

that the TRAPP III protein TRAPPC11 is involved in seal-

ing of isolation membranes into autophagosomes (Stanga

et al., 2019). Given the reduced levels of assembled TRAPP

III (Fig. 3), we examined if the LC3-II-positive membranes

were defective in sealing into closed autophagosomes using

a protease protection assay. The assay examines the resist-

ance of LC3-II to proteinase K as an indication of sealed

autophagosome closure in both high speed and low speed

pellet fractions (HP and LP, respectively). As shown in

Fig. 5D, while LC3-II in both the high-speed and low-

speed supernatants from the control was largely resistant

to degradation by proteinase K treatment, that from the

affected subject was sensitive to the protease treatment.

Suspecting that the incomplete sensitivity in the affected

subject was due to reduced, but not absent, levels of

TRAPPC4, we reduced the levels of TRAPPC4 to nearly

undetectable levels in HeLa cells by RNA interference. In

this case, virtually all of the LC3-II in the high speed and

low speed pellet fractions was sensitive to proteinase K

treatment. These results suggest that the reduced levels of

TRAPPC4 in the affected subject result in a partial defect in

both basal and starvation-induced autophagy, partly due to

a defect in autophagosome formation.

Low levels of Trs23 in yeast result in
a reduction of the core TRAPP
complex level

The essential role of the core TRAPP complex in yeast cell

viability, secretion and autophagy is well-established (Kim

et al., 2016). We wanted to extend our findings in human

cells in a eukaryotic model organism. To address this, we

used a temperature sensitive variant in TRS23, trs23ts.

Temperature-sensitive variants of the four core-TRAPP sub-

units, bet3ts, bet5ts, trs23ts and trs31ts, were constructed

in a high-throughput study (Ben-Aroya et al., 2008). These

variants were used to show an effect on autophagy (Zou

et al., 2018); however, the trs23ts variant has not been

Figure 3 Continued

control fibroblasts. The TRAPP proteins TRAPPC8, TRAPPC12 and TRAPPC2L are shifting to a smaller molecular size in fibroblasts from the

affected subject compared to control fibroblasts. The numbers at the top represent the fraction off the column, with smaller numbers indicating

larger molecular size. Data in B, D and F are box-and-whisker plots showing median, interquartile interval, minimum and maximum of n 4 3 per

measurement from at least three biological collections of an affected subject and at least two independent experiments. Statistical significance was

determined using one-way ANOVA with Bonferroni correction for multiple comparisons. �P 5 0.05; ��P 5 0.01; ���P 5 0.001. Molecular weight

standards are indicated on the right (kDa).
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further characterized. We confirmed the temperature-sensi-

tive growth phenotype of trs23ts mutant cells and the com-

plementation of this defect by the wild-type TRS23

expressed from the plasmid (Fig. 6A). Sequencing of

trs23ts mutant cells revealed that the five C-terminal

amino acids of the protein, 215–219, are deleted and the

M214 is changed to W. The yeast Trs23 and its human

orthologue TRAPPC4 share 22% identity; however, with

Figure 4 Impaired Golgi trafficking in fibroblasts from an affected subject is rescued by lentiviral transduction of wild-type

TRAPPC4. Control fibroblasts and fibroblasts derived from Subject 1:II-1 were either untransduced (Untx) or stably transduced with wild-type

TRAPPC4 lentivirus (TRAPP). Cells were then transfected with a temperature-sensitive vesicular stomatitis virus glycoprotein VSVG–GFP ts045,

then incubated at the non-permissive temperature of 40�C overnight. Cells were then shifted to the permissive temperature of 32�C for the time

intervals indicated, fixed with PFA then immunostained with the Golgi marker GM130 and counterstained with the nuclear marker DAPI. VSVG-

GFP ts045 co-localization with GM130 was determined for a minimum of 60 cells per time point and treatment. (A) There was no difference in

trafficking in naı̈ve control cells or those transduced with TRAPPC4 lentivirus. However, in fibroblasts from the affected subject there was a

significant delay in VSVG-GFP ts045 entering the Golgi, and a significant delay in exiting the Golgi compared to control cells. Golgi trafficking in

fibroblasts from the affected subject was restored back to levels of control upon transduction with wild-type TRAPPC4 lentivirus. (B)

Representative confocal images of intracellular trafficking (blue, DAPI; green, VSVG-GFP ts045; red, GM130). More representative figures can be

found in Supplementary Figs 1 and 2. Data are average � SD, n 4 60 cells per treatment and time point. Significance was measured by a two-way

ANOVA with Sidak multiple comparisons correction. ���P 5 0.001, ����P 5 0.0001. Scale bar = 20 mm.
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Figure 5 Autophagy is defective in fibroblasts from an affected subject. (A) Control fibroblasts and fibroblasts derived from a subject

with the homozygous c.454+3A4G variant in TRAPPC4 (Subject 1:II-1) were either unstarved (0) or transferred into starvation medium (EBBS)

for 2 h without (2) or with (2B) bafilomycin A1. The bafilomycin A1-treated cells were then transferred into nutrient-rich (DMEM) medium for 20

or 40 min (indicated as 20 and 40). Lysates were prepared and LC3 and tubulin were detected by western analysis. The ratio of LC3-II:tubulin was

calculated and is plotted in the graph with a representative western analysis shown. (B) The same fibroblasts as in A were either left in nutrient-

rich medium or starved for 2 h. The cells were the processed for immunofluoerescence microscopy as described in the ‘Materials and methods’

section. (C) The per cent overlap between LC3 and LAMP1 from the cells in B was calculated using Imaris for n = 10 cells in all cases. (D) The

same fibroblasts as in A were grown in starvation (EBSS) medium for 2 h in the presence of bafilomycin A1. Lysates were prepared and processed

for the membrane sealing assay as described in the ‘Materials and methods’ section. Prior to fractionation, some samples were treated with

proteinase K (ProK) or with ProK in the presence of 1% Triton X-100 (TX). The fractions, composed of a postnuclear supernatant (PN), low-

speed pellet (LP), high-speed pellet (HP) and high-speed supernatant (HS) were probed for LC3. The reduction in LC3-II following proteinase K

was �50% in lysates from the affected subject. Data are a box-and-whisker plot showing median, interquartile interval, minimum and maximum of

n 4 3 per measurement from at least three biological collections of an affected subject and at least two independent experiments. Significance

was measured by a one-way ANOVA with a Tukey’s post hoc HSD analysis. NS = not significant. ��P 5 0.01.
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omission of the PDZL domain there is 45% sequence iden-

tity (Kim et al., 2016). We termed this allele trs23ts-1.

When modelling this modification on the 3D structure of

Trs23 in the context of the core-TRAPP complex, it seems

that the interactions of Trs23 with the other core-TRAPP

subunits, or with its substrate Ypt1 (Fig. 6B and C) would

not be affected. However, the M214W replacement might

affect the folding of the Trs23 protein itself and thereby

affect protein stability.

The level of the Trs23 protein was compared in wild-type

and trs23ts-1 mutant cells using immunoblot analysis and

anti-Trs23 antibody. The level of the mutant Trs23 was

Figure 6 The yeast trs23ts-1 variant results in low level of the Trs23 protein and impaired assembly of the TRAPP core.

(A) Wild-type and trs23-1 mutant cells were transformed with an empty CEN plasmid (Ø) or a plasmid expressing TRS23 with its own promoter

and terminator. Cells were grown at permissive (26�C) or restrictive (37�C) temperature. The trs23ts-1 cells had a growth defect at 26�C and

were non-viable at 37�C, which was rescued by introduction of the wild-type plasmid. Shown are two independent colonies for wild-type (top)

and trs23-1 (bottom), transformed with empty plasmid (Ø) or plasmid expressing TRS23. (B and C). The interaction of the trs23ts-1 mutant

protein with other TRAPP complex subunits is shown in 3D; Trs23 (green), Bet3 (yellow and light pink), Bet5 (magenta), and Trs31 (cyan),

associated with Ypt1 (grey). In Trs23, the deleted five amino acids are highlighted in orange. The deleted five amino acids are not in a region of

Trs23 that associates with other TRAPP complex proteins (Bet3 and Bet5) and is on the opposite side of its interaction surface with Ypt1. Ribbon

3D diagram was rendered using PyMOL. (C) Focuses on the mutated domain of trs23ts-1 (180� rotation from B) and shows the 214W side chain.

(D) Wild-type and trs23-1 mutant cells were transformed with an empty CEN plasmid (Ø) or a plasmid expressing TRS23. Lysates were collected

and probed for Trs23 and G6PDH as a loading control. The numbers beneath each lane represent the relative levels of Trs23 compared to control.

Quantification of a minimum of three such immunoblots normalized to G6PDH is shown. (E) Wild-type and trs23ts cells expressing Trs31-yEGFP

were transformed with a plasmid expressing GST or GST-Bet5. Cell lysates were subjected to GST pulldown followed by immunoblot analysis.

The cartoon shows the architecture of core TRAPP complex. Bet5 was revealed using anti-GST, Trs31 was revealed with anti-GFP and the

remainder of the subunits were revealed with subunit-specific antibodies. G6PDH was used to ensure equal loading of the lysates (not shown).

Molecular size standards are indicated on the right (kDa). Results in D are presented as a box-and-whisker plot showing median, interquartile

interval, minimum and maximum of n 4 3 per measurement from at least three biological collections.
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3-fold lower than that of the wild-type protein, and expres-

sion of wild-type Trs23 from a plasmid resulted in an in-

crease of the total Trs23 protein in mutant cells (Fig. 6D).

Thus, even though at the protein sequence level the yeast

variant is not similar to that of the human mutant protein

described above, the overall effect on the protein level is

similar in that both variants result in a significant reduction

in Trs23/TRAPPC4 protein level.

We hypothesized that a low level of Trs23 protein in the

trs23ts-1 mutant cells would result in a reduction in the

level of the core TRAPP complex that would likely affect

the levels of the holocomplexes. It was previously shown

that when the six TRAPP subunits, Bet3, Bet5, Trs23,

Trs31, Trs20 and Trs33, are expressed in the same cells,

they form a stable complex (Kim et al., 2006). In addition,

partial TRAPP complexes that contain Bet3-Bet5 and Trs33

can also form a stable sub-TRAPP complex in the absence

of Trs23 (Kim et al., 2006). To determine whether the

TRAPP core complexes were reduced in the yeast model,

wild-type and mutant cells were transformed with a plas-

mid expressing GST-tagged Bet5 and interacting proteins

were captured on glutathione-agarose beads. The level of

the other TRAPP subunits in cell lysates and their co-

precipitation with GST-Bet5 was compared by immunoblot

analysis using antibodies against specific subunits or their

tag. Similar levels of Bet3 and Trs33 were present in wild-

type and trs23ts-1 mutant cells and co-precipitated with

GST-Bet5. However, the levels of Trs31-GFP and Trs20

proteins that co-precipitated with GST-Bet5 were much

lower in trs23ts-1 mutant cells when compared to wild-

type cells. The level of Trs31-GFP was lower in trs23ts-1

mutant cells when compared to wild-type (the anti-Trs20

antibody was not clean enough to identify the protein in

cell lysates) (Fig. 6E). Thus, while partial complexes that

contain Bet5, Bet3 and Trs33 can form in trs23ts-1 mutant

cells, the level of the complete core TRAPP complex was

reduced due to the low level of Trs23 mutant protein. The

low level of Trs31 in mutant cells is probably due to the

fact that it is not incorporated into the core TRAPP com-

plex, which results in its degradation. Therefore, a reduc-

tion in the level of Trs23 affects the assembly of the core

TRAPP complex and likely affects assembly of TRAPP II

and TRAPP III in yeast.

Reduced Trs23 levels cause secretion
and autophagy defects in yeast

We next determined the effect of the trs23ts-1 variant on

general secretion in yeast cells. Secreted proteins can be

detected in the cell medium using pulse-chase followed by

denaturing gel electrophoresis analysis (Gaynor and Emr,

1997). When wild-type and trs23ts-1 yeast were grown at

25�C, both showed the same pattern of secreted proteins

(Fig. 7A), although some lower molecular weight secreted

proteins were not fully rescued by wild-type TRS23 at

25�C but were fully complemented at 39�C. When the

cells were subjected to heat stress (39�C for 1 h), trs23ts-

1 mutant cells, but not wild-type, exhibited a severe block

in general secretion. This block was complemented by ex-

pression of wild-type TRS23 from a plasmid (Fig. 7A).

An autophagy defect for the trs23ts-1 mutant cells has

been previously reported at the permissive temperature in a

high-throughput analysis (Zou et al., 2018). Therefore, we

further characterized autophagy defects in the mutant cells

following two different autophagy processes. First, we

showed that trs23ts-1 mutant cells exhibit a mild defect

in cell viability during nitrogen starvation compared to

the severe defect exhibited by ypt1-1 mutant cells as a posi-

tive control (Fig. 7B). Second, cargo-processing defects of

trs23ts-1 mutant cells were also tested under nitrogen star-

vation at the permissive temperature. In agreement with

previous observations, processing of GFP-Atg8 to GFP

was defective in trs23ts-1 mutant cells, and the phenotype

was partially complemented by TRS23 expressed from a

plasmid (back to �45% of the wild-type level) (Fig. 7C).

In the cytosol-to-vacuole (CVT) pathway, preApe1 is pro-

cessed to mature (mm)Ape1 during normal growth.

Processing of preApe1 to mApe1 was partially defective

in trs23ts-1 mutant cells under nitrogen starvation (�2-

fold lower than wild-type). This phenotype was completely

complemented by TRS23 expressed from a plasmid

(Fig. 7D). We also tested the ER-phagy phenotype of

trs23ts-1 mutant cells during normal growth at the permis-

sive temperature. In this assay, accumulation of an over-

expressed membrane protein, GFP-Snc1-PEM, in the ER is

assessed using immunoblot analysis and fluorescence mi-

croscopy (Lipatova and Segev, 2015). As we have previ-

ously reported for ypt1-1 and trs85� mutant cells

(Lipatova et al., 2016), the level of GFP-Snc1-PEM was

increased in trs23ts-1 mutant cells (Fig. 7E). Moreover,

�60% of the mutant cells (compared to �10% of wild-

type cells) accumulated intracellular GFP-Snc1-PEM, which

completely co-localized with the ER marker Sec61

(Fig. 7F).

Together, our results demonstrated that yeast cells ex-

pressing low levels of the Trs23 protein exhibit defects in

autophagy, both in nutrient-rich and -depleted conditions,

even at the permissive temperature. In contrast, the secre-

tory defect of these mutant cells was only evident under

extreme conditions of high temperature. Therefore, as

seen in the fibroblasts with reduced levels of TRAPPC4,

reduced levels of Trs23 in yeast affect secretion and

autophagy.

Discussion
This work expands the increasing number of TRAPP genes

associated with human disease, where we identify the first

subjects with a pathogenic variant in TRAPPC4. The af-

fected subjects manifested early onset seizures, profound

intellectual disability, microcephaly, sensorineural hearing

loss, spastic quadriparesis and cerebral and cerebellar
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Figure 7 trs23ts-1 cells display secretory and autophagy defects. (A) trs23ts-1 cells exhibit a general secretion defect at 39�C (right) but

not at 25�C (left). S35-labelled proteins from media of cells grown at 25�C or 39�C were precipitated with trichloroacetic acid (TCA) and analysed

by SDS-PAGE and Phosphoimager (see ‘Materials and methods’ section). Shown from left to right for each temperature: wild-type, trs23ts-1,

trs23ts-1 transformed with a plasmid expressing TRS23, and trs23ts-1 transformed with an empty plasmid (Ø). (B) Wild-type, trs23ts-1 and ypt1-1

were starved in medium lacking nitrogen. Cell survival was determined by vital staining with trypan blue. (C) Cells (wild-type or trs23ts-1)

expressing GFP-Atg8 were transformed with an empty CEN plasmid (Ø) or a plasmid expressing TRS23. Transformants were grown in selective

medium containing nitrogen (+N2, left) or incubated for 4 h in medium without nitrogen (–N2, right). Cell lysates were subjected to immunoblot

analysis using anti-GFP (top) and anti-G6PDH (as a loading control). The per cent GFP detected for each condition is shown beneath each lane

along with the standard deviation. (D) Cell lysates from C were subjected to an immunoblot analysis using anti-Ape1 and anti-G6PDH (as a

loading control) to determine preApe1 (pApe1) and mature Ape1 (mApe1) levels. The per cent mApe1 detected in each condition is indicated

beneath each lane along with the standard deviation. (E) Wild-type and trs23ts were transformed with a 2-m plasmid for expression of GFP-Snc1-

PEM and grown at 26�C. GFP-Snc1-PEM levels were determined by immunoblot analysis with anti-GFP antibody. G6PDH was included as a

loading control. The level of GFP-Snc1-PEM relative to wild-type is indicated beneath each lane along with the standard deviation. (F) Wild-type

(top) and trs23ts (bottom) cells expressing endogenously-tagged Sec61-mCherry and GFP-Snc1-PEM from a plasmid were grown as in E and cells

were visualized by confocal fluorescence microscopy. Shown from left to right: DIC (cell contour), GFP channel, mCherry channel, merge. The

percentage of cells with intracellular GFP-Snc1-PEM (�SD) and per cent co-localization of GFP-Snc1-PEM with Sec61-mCherry are indicated to

the right of the fluorescence micrographs. Scale bar = 1 mm. Molecular size standards are indicated to the right of the gels and immunoblots in A,

C, D and E. Results in this figure represent three independent experiments.
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atrophy revealed by brain MRI. The clinical manifestations

in these subjects correlate well with subjects with patho-

genic variants in other TRAPP complexes, collectively

termed TRAPPopathies (Sacher et al., 2019). Intellectual

disability, regression or developmental delay, brain

abnormalities, microcephaly and in some cases seizures,

are common features of TRAPPopathies (Table 1), with

the exception of TRAPPC2 variants, which are associated

with the skeletal disorder spondyloepiphyseal dysplasia

tarda (SEDT; reviewed by Sacher et al., 2019).

Brain MRIs from the subjects reported in this study re-

vealed cortical and cerebellar atrophy, which was similar

to subjects with TRAPPC6B variants, who displayed thin

corpus callosum, cortical, cerebellar and/or brainstem at-

rophy (Marin-Valencia et al., 2018) and subjects with

TRAPPC9 variants, who had a thin corpus callosum,

hypoplasia of cerebellum and corpus callosum, white

matter loss and microcephaly (Mir et al., 2009; Mochida

et al., 2009; Philippe et al., 2009; Marangi et al., 2013).

This is somewhat distinct from the broader neurological

phenotype of subjects with TRAPPC11 variants, where

only a subgroup of subjects had cerebral atrophy

(Bogershausen et al., 2013; Koehler et al., 2017).

Subjects with pathogenic TRAPPC6A variants also feature

intellectual disability and microcephaly (Mohamoud et al.,

2018). TRAPPC6A was also associated with Alzheimer’s

disease (Hamilton et al., 2011), by forming extracellular

matrix plaques in the cortex and cerebellum (Chang et al.,

2015). The subjects in the present study had spastic quad-

raparesis and visual impairment, which has featured in

other TRAPPopathies (Table 1). Collectively we provide

a comprehensive analysis of some shared and unique clin-

ical features of the TRAPPopathies, although specific

genotype-phenotype associations remain to be established

with larger patient cohorts.

The homozygous TRAPPC4 c.454+3A4G splicing defect

was incompletely penetrant as revealed by a significant re-

duction in the production of the wild-type transcript as well

as an increase in the levels of a mutant transcript lacking

exon 3. Aberrant splicing and reduced protein levels have

also been reported in other TRAPPopathies including spli-

cing variants in TRAPPC11 (Bogershausen et al., 2013;

Koehler et al., 2017), TRAPPC9 (Kakar et al., 2012) and

TRAPPC6B (Marin-Valencia et al., 2018). The

c.454+3A4G variant resulted in a significant reduction in

full-length TRAPPC4 protein levels, but this did not affect

the total levels of either TRAPPC2 (part of the core TRAPP

complex) or TRAPPC12 (part of the TRAPP III complex).

The reduced TRAPPC4 protein levels also affected the as-

sembly of the TRAPP complex as might be expected, as

TRAPP complex assembly is likely dependent upon

TRAPPC4 levels. The mammalian TRAPP complex exists

in two distinct forms, TRAPP II and TRAPP III (Bassik

et al., 2013; Zhao et al., 2017). Although yeast has been

reported to have an additional TRAPP I complex, its exist-

ence in vivo (Brunet et al., 2012; Thomas et al., 2018), as

well as a human equivalent, have been challenged (Sacher

et al., 2019). The TRAPP II complex has been reported as a

complex of �670 kDa in humans (Yamasaki et al., 2009)

and yeast (Brunet et al., 2012). The yeast TRAPP III com-

plex was estimated to be 41000 kDa (Choi et al., 2011;

Brunet et al., 2012). The TRAPP complexes can undergo

homotypic or heterotypic oligomerization (Choi et al.,

2011) to form higher ordered structures (Kim et al.,

2016). Additionally, the method of extraction can signifi-

cantly influence the molecular weight of the holocomplex

(Brunet et al., 2012). Therefore, it is consistent that reduced

levels of TRAPPC4, a core subunit of the TRAPP complex,

affect the overall levels and/or stability of fully assembled

TRAPP complexes.

Table 1 Clinical summary of affected family members with TRAPPC4-related neurological disorder and comparison

to other TRAPPopathy disorders

TRAPPC4 TRAPPC2L TRAPPC6A TRAPPC6B TRAPPC9 TRAPPC11 TRAPPC12

References This report Milev

et al.,

2018

Mohamoud

et al.,

2018

Marin-Valencia

et al., 2018

Mir et al., 2009;

Mochida et al., 2009;

Philippe et al., 2009;

Kakar et al., 2012;

Marangi et al., 2013

Bogershausen et al., 2013;

Koehler et al., 2017;

Matalonga et al., 2017;

Larson et al., 2018

Milev

et al.,

2017

Seizures 7/7 2/2 n/a 6/6 2/15 8/13a 2/3

Intellectual disability 7/7 2/2 3/3 6/6 15/15 11/13a 3/3

Regression or

developmental delay

7/7 2/2 n/a 6/6 11/15 11/13a 3/3

Brain abnormalities

on MRI

4/4a 2/2 n/a 4/4a 9/11a 9/13a 3/3

Microcephaly 7/7 2/2 3/3 6/6 13/15 1/1a 3/3

Impaired mobility 7/7 2/2 n/a 6/6 4/10a 12/13 3/3

Hearing loss 2/6a n/a 0/3 n/a n/a 1/1a 3/3

Vision issues 3/6a 2/2 0/3 6/6 n/a 6/11a 3/3

aInformation not available for some cases. More detailed clinical information for all TRAPPC4 cases are provided in Supplementary Table 1 and Supplementary material, full case

reports.
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To determine whether the reduced TRAPPC4 levels block

membrane trafficking and secretion we monitored move-

ment of VSVG–GFP ts045 along the secretory pathway

(Bergmann and Singer, 1983). Membrane trafficking dys-

function was apparent in fibroblasts from an affected sub-

ject, and was completely restored by lentiviral transduction

with wild-type TRAPPC4. To validate our findings in a

model organism, a temperature-sensitive Saccharomyces

cerevisiae yeast trs23ts mutant strain was developed.

Because the yeast gene does not have introns, the best

way to model the disease in yeast is to have a mutant

that results in a low level of the Trs23 protein. This was

possible with the temperature-sensitive trs23ts variant. In

this mutant, both the level of the Trs23 protein and the

full TRAPP complex are low. TRAPP subunits fell into two

groups: the protein level of members of the first group

(Bet3, Bet5 and Trs33) was similar in wild-type and the

trs23ts mutant cells, and in mutant cells they collectively

formed a subcomplex. In contrast, members of the second

group (Trs23, Trs31 and Trs20) did not join the subcom-

plex in mutant cells and the protein level of Trs23 and

Trs31 was lower. At restrictive temperature the yeast

trs23ts strain displayed a secretory defect much like the

patient fibroblasts. This defect could be complemented by

reintroduction of the wild-type TRAPPC4 gene in a rescue

plasmid. The trafficking delay due to decreased TRAPPC4/

Trs23 levels is consistent with membrane trafficking dys-

function from reduced levels of other TRAPP proteins asso-

ciated with human disease (Bogershausen et al., 2013;

Koehler et al., 2017; Milev et al., 2017, 2018).

Aside from the well accepted function of TRAPP com-

plexes in secretion, emerging evidence implicates both the

yeast and mammalian TRAPP III in autophagy (Behrends

et al., 2010; Lynch-Day et al., 2010; Scrivens et al., 2011;

Brunet et al., 2013; Taussig et al., 2014; Lamb et al., 2016;

Ramirez-Peinado et al., 2017; Zhao et al., 2017; Stanga

et al., 2019). Although, currently the only evidence to con-

nect human disorders and autophagy defects is due to

pathogenic variants in TRAPPC11 (Stanga et al., 2019).

Here, for the first time, we clearly demonstrate defects in

autophagy due to a variant in TRAPPC4 that are likely

caused by to a reduced level of one of the core TRAPP

subunits, TRAPPC4. Fibroblasts from an affected subject

had defects in sealing of autophagosome membranes, and

an increase in LC3-II levels prior to starvation. These find-

ings were validated using the temperature-sensitive

S. cerevisiae yeast trs23ts mutant strain, which had an

autophagy defect both at restrictive and permissive tem-

peratures. The yeast autophagy defects could be comple-

mented with the wild-type gene. Together, these results

reflect a defect in basal autophagy, and a delay in autop-

hagy flux due to reduced TRAPPC4 levels in patient

fibroblasts.

In conclusion, we provide evidence that perturbations of

a core TRAPP subunit are associated with a distinct neuro-

logical disorder. The TRAPPC4 c.454+3A4G splicing

variant in fibroblasts from an affected subject leads to

reduced TRAPPC4 protein levels, a decrease in TRAPP

complex abundance, secretory defects and a delay in autop-

hagy flux. We speculate that the reduced levels of all

TRAPPC4-containing complexes (which include TRAPP II

and III) account for the cellular phenotypes and the pleio-

tropic clinical phenotypes. Ongoing research is likely to

identify other subjects with pathogenic TRAPPC4 variants,

and development of animal models with reduced levels of

the core TRAPP subunits including TRAPPC4 would pro-

vide important insight into the collective disease mechan-

isms for TRAPPopathies. Given that TRAPPC4 and other

TRAPP complex subunits are highly expressed in neurons,

and variants in other TRAPP complex subunits are asso-

ciated with neurological disorders, we propose that the

pathogenic TRAPPC4 variant is likely to be the cause of

the neurological disease in the presented subjects.
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