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AbsTrACT 
background the combination of febrile illness-induced 
encephalopathy and rhabdomyolysis has thus far only 
been described in disorders that affect cellular energy 
status. in the absence of specific metabolic abnormalities, 
diagnosis can be challenging.
Objective the objective of this study was to identify and 
characterise pathogenic variants in two individuals from 
unrelated families, both of whom presented clinically with a 
similar phenotype that included neurodevelopmental delay, 
febrile illness-induced encephalopathy and episodes of 
rhabdomyolysis, followed by developmental arrest, epilepsy 
and tetraplegia.
Methods Whole exome sequencing was used to identify 
pathogenic variants in the two individuals. Biochemical and 
cell biological analyses were performed on fibroblasts from 
these individuals and a yeast two-hybrid analysis was used 
to assess protein-protein interactions.
results Probands shared a homozygous TRAPPC2L 
variant (c.109g>t) resulting in a p.asp37tyr missense 
variant. traPPc2l is a component of transport protein 
particle (traPP), a group of multisubunit complexes that 
function in membrane traffic and autophagy. Studies in 
patient fibroblasts as well as in a yeast system showed that 
the p.asp37tyr protein was present but not functional and 
resulted in specific membrane trafficking delays. the human 
missense mutation and the analogous mutation in the 
yeast homologue tca17 ablated the interaction between 
traPPc2l and traPPc10/trs130, a component of the 
traPP ii complex. Since traPP ii activates the gtPase 
raB11, we examined the activation state of this protein 
and found increased levels of the active raB, correlating 
with changes in its cellular morphology.
Conclusions Our study implicates a raB11 pathway 
in the aetiology of the traPPc2l disorder and has 
implications for other traPP-related disorders with 
similar phenotypes.

INTrOduCTION
The current era of genome-wide genetic analyses 
offers unprecedented diagnostic opportunities and 
confronts us with a daunting number of underlying 
genetic causes of cognitive impairment. Interest-
ingly, addition of a single unusual clinical clue may 

suffice to reduce the number of known causes to a 
handful, or even less. The combination of febrile 
illness-induced encephalopathy and rhabdomyolysis, 
for example, has thus far only been described in 
disorders that affect cellular energy status, partic-
ularly those affecting long chain fatty acid metab-
olism directly (eg, VLCADD)1 2 or indirectly (eg, 
TANGO2).3 4 Metabolic analyses usually provide 
tell-tale abnormalities that facilitate diagnosis. In the 
absence of these metabolic abnormalities, diagnosis 
can be challenging.

Here, we describe two unrelated individuals that 
exhibited febrile illness-induced encephalopathy 
and recurrent rhabdomyolysis with subsequent 
neuronal damage as evidenced by progressive 
microcephaly, epilepsy, tetraplegia and dystonia. 
Whole exome sequencing revealed a bi-allelic 
variant in TRAPPC2L (MIM: 610970). Biochem-
ical and cell biological analyses implicate a RAB11 
pathway in the disease process.

MeThOds
All individuals or their guardians gave written 
informed consent before undergoing evaluation and 
testing. The full clinical spectrum for the subjects in 
this study is reported in table 1.

exome sequencing
Next-generation whole exome sequencing (WES)5 
was performed on DNA extracted from peripheral 
blood from probands and their parents. In brief, 
coding regions were enriched using a SureSelect 
Human All Exon V5 kit (Agilent) or TruSeq (Illu-
mina) followed by sequencing as 100 bp paired-end 
runs on an Illumina HiSeq4000. Reads were aligned 
to the human reference genome (UCSC Genome 
Browser build hg19) using Burrows-Wheeler Aligner 
(V.0.7.5a).6 Single-nucleotide variants and small 
insertions and deletions (indels) were detected with 
SAMtools (V.0.1.19).7 Depth of coverage for all reads 
is presented in online supplementary table S1. Sanger 
sequencing was used to confirm the identified vari-
ants and test the carrier status of unaffected family 
members.
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Table 1 Clinical report and features of individuals with bi-allelic TRAPPC2L variants

subject 1 (s1) subject 2 (s2)

Sex Female Female

Age (years) 3 16

Ancestry Italian Austrian

Parental relatedness Second-degree cousins Not related; however, TRAPPC2L lies in a 1.9 Mb region of 
homozygosity

Family history Unremarkable, only child Unremarkable, healthy sister

Pregnancy/gestation Uneventful Intrauterine dystrophy, preterm labour

Perinatal distress Yes Yes

Presenting symptom Developmental delay (9 months) Regression following infection (9 months)

Illness provoked regression Yes Yes

No. of illness provoked regression events 2 (16 and 39 months), multiple minor events 1 at 9 months, later pneumonias and infections (gall bladder), but 
already tetraparesis

Development prior to first event Delayed Normal

Development after first event Regression Regression

Creatine kinase (CK) during illnesses 
(in U/L)

Up to 16 000 Up to 5500

Intermittent CK levels Fluctuating: normal range/up to 1000 In normal range

First MRI Delayed myelination (10 months) Delayed myelination (10 months)

MRI—after first event Acute encephalopathy with posterior oedema (16 months) atrophy 
(18 months) increase of the atrophy (30 months)

No follow-up MRIs

Global developmental delay Severe Severe

Motor milestones Could sit alone at 11 months but subsequently lost this ability, never 
achieved independent walking

Could sit alone at 7 months but subsequently lost this ability, 
never achieved independent walking

Speech Absent Absent

Acquired microcephaly Yes Yes, no further head growth after episode at 9 months

Tetraplegia Yes Yes

Dystonia Yes Yes

Epilepsy Yes, polytherapy with anti-epileptic drugs (AEDs) Yes, 3–5 jerks/day, no AEDs

Eyes and/or vision Cerebral visual impairment Not examined formally, appears clinically to have cerebral visual 
impairment

Other Protein-losing enteropathy (39 months) Recurrent vitamin B12 and folic acid-associated anaemia, 
cholelithiasis, recurrent pneumonia

Membrane traffic assays
The trafficking of VSVG-GFP ts045 and quantification of the 
data was performed as described by Koehler et al.8 The reten-
tion using selective hooks (RUSH) assay was performed as 
described by Boncompain et al9 and quantified as described by 
Milev et al.10 Complementation experiments using wild-type 
RFP-TRAPPC2L were performed by electroporation of fibro-
blasts using the Neon Transfection System (Thermo Fisher).

Antibodies and reagents
Antibodies used in this study include anti-TRAPPC2L (Santa 
Cruz), antitubulin (Sigma-Aldrich), anti-acetylated tubulin 
(Sigma-Aldrich), anti-GFP (Roche), anti-myc (9E10, prepared 
in-house), anti-V5 (Abcam) and antimannosidase II (kind gift 
from Dr Kelley Moreman). GFP-tagged RAB GTPases were 
from Dr John Presley. Plasmids for the yeast two-hybrid assay 
were described by Scrivens et al.11 Variants in TRAPPC2L were 
generated by site-directed mutagenesis. All oligonucleotides 
were provided by IDT.

biochemical methods
Immunoprecipitations and size exclusion chromatography 
were performed with lysates from HeLa cells following 
cotransfection. For immunoprecipitation, a total of 1 mg of 
lysate prepared with detergent (50 mM 4-(2-hydroxyeth-
yl)-1-piperazineethanesulfonic acid (HEPES), pH 6.8, 50 mM 
potassium acetate (KOAc), 2 mM Mg(OAc)2, 1 mM CaCl2, 

15% glycerol, 1% Triton X-100, protease inhibitor cocktail 
(Roche)) was treated with 4 µg of anti-V5 IgG. Size exclusion 
chromatography was performed using 2.5 mg of total protein 
prepared in lysis buffer (50 mM Tris, pH 7.2, 150 mM NaCl, 
0.5 mM EDTA, 1 mM dithiothreitol (DTT), 1% Triton X-100, 
protease inhibitor cocktail (Roche)). Fractions of 0.5 mL were 
collected at a flow rate of 0.5 mL/min, and column buffer was 
the same as lysis buffer without Triton X-100. Detection of 
active, GTP-bound RAB11 was performed with the anti-active 
RAB11 Mouse Monoclonal Antibody kit using the manufactur-
er’s instructions (Neweast Biosciences).

Immunofluorescence microscopy
Cells were either grown in DMEM medium supplemented 
with 10% fetal bovine serum or transferred into DMEM with 
0.25% serum for 48 hours for cilia experiments. Fixation and 
processing of the cells was performed as described by Koehler et 
al8 except that 0.1% Triton X-100 was used for detection of cilia. 
Nuclei were detected using Hoechst 33 342 (Thermo Fisher), 
and images were acquired on a Nikon C2 laser scanning confocal 
microscope fitted with either 63X or 100X Plan Apo I (NA1.4) 
objective lenses. Optical sections were 0.2 µm.

Yeast methods
Standard yeast methods for strain construction, transforma-
tion and growth were used.12 Yeast two-hybrid analysis was 
performed as described by Scrivens et al.11
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resulTs
Molecular genetics reveals a missense variant in TrAPPC2l
Subject 1 (S1), part of a cohort of ~60 children from consan-
guineous parents, is a girl aged 3 years who is the only child 
of consanguineous (second-degree cousins) Italian parents. Preg-
nancy was uneventful, but in the neonatal period the patient 
suffered from respiratory distress. A global developmental delay 
was first identified at 9 months of age. MRI conducted at that 
time revealed delayed myelination but no other abnormalities 
(figure 1A). At 16 months of age, the child exhibited an episode 
of acute fever progressing to an acute encephalopathy involving 
a status epilepticus that coincided with extremely elevated levels 
of creatine kinase (CK; up to 16 000 U/L), suggesting rhabdomy-
olysis. Values of CK and other blood parameters during acute 
illness and intercurrent periods are reported in figure 2. Blood 
glucose and lactate levels were always within the normal range. 
Subsequently, a major developmental regression was noted, 
which progressed towards a severe global developmental delay 
including stagnation of growth in head circumference from the 
50th percentile at 15 months to the 3rd −10th percentile at 30 
months (figure 2) and epilepsy (focal symptomatic seizures). At 
last examination, speech was absent and the child had a tetra-
plegia. Fundoscopic examination was normal but a cerebral 
visual impairment was suggested by visual evoked potentials. 
MRI subsequent to the first event revealed acute encephalop-
athy with posterior cerebral oedema, followed by widespread 
atrophy (figure 1A). Array-comparative genomic hybridisation 
(array-CGH) excluded unbalanced genomic variants. Meta-
bolic analyses (acylcarnitine profile, urine organic acids, plasma 
amino acids) were normal. A muscle biopsy revealed unspecific 
myopathic damage as shown by H&E staining, and Gomori 
trichrome staining (figure 1C). Histochemical reactions of 
oxidative enzymes including cytochrome c oxidase and nico-
tinamide adenine dinucleotide hydrogen (NADH) dehydroge-
nase disclosed few subsarcolemmal rims (figure 1C). Oil red-O 
staining showed mildly increased lipid droplets as confirmed 
at the ultrastructural level, often associated with enlarged and 
abnormal mitochondria (figure 1C). Activities of mitochondrial 
respiratory chain complexes I–IV were measured in skeletal 
muscle homogenates and were normal.

Subject 2 (S2), part of a large cohort of individuals with 
suspected metabolic disorders, is a girl aged 16 years who is 
the second child of unrelated parents of Austrian descent with a 
healthy older sibling. The proband was born preterm at a gesta-
tional age of 35 weeks and 6 days (birth weight 1790 g repre-
senting the 3rd–10th centile) and was hospitalised with suspected 
sepsis with icterus praecox and prolongatus, and a possible 
neonatal hypoglycaemia. Early development was normal and she 
could sit alone at 7 months of age. At 9 months of age, she had an 
acute infectious disease of the upper airways and a status epilep-
ticus. MRI at 10 months of age showed delayed myelination 
(figure 1B). Afterwards, a severe regression of development was 
noted, paralleled by a stagnation of growth of head circumfer-
ence (figure 2). Following the status, she was treated for epileptic 
activity on EEG with phenobarbital for 2 years, but as EEG stabi-
lised and only a few jerks per day remained, phenobarbital was 
discontinued and she has not received anti-epileptic drugs since. 
During her life, the patient went through multiple periods of 
anaemia, and multiple blood tests revealed below average levels 
of folic acid and vitamin B12. The uptake of vitamin B12 (cobal-
amin, methyl-cobalamin and adenosyl-cobalamin) in fibroblasts 
was within normal range. In addition, the patient suffered 
from multiple bouts of pneumonia. With the second bout of 

pneumonia at the age of 9 years, CK activity was 5137 U/L (refer-
ence range of 24–229 U/L). Subsequently, CK fluctuated over 
time, showing normal or milder elevations up to 1000 U/L, and 
peaked during infectious episodes (maximum value of 5573 U/L) 
(figure 2). Blood glucose and lactate levels were always in the 
normal range. In addition, MR spectroscopy in the centrum 
semiovale of cortical white and grey matter showed a dimin-
ished N-acetyl-aspartate resonance and a marked elevation of 
lactate concentration (peak of 4–5 mmol/L). At the age of 15 
years, she developed cholelithiasis with colicky pain. Following 
endoscopic retrograde cholangiopancreatography to retract the 
gall stones, she developed pleural empyema with pleural effu-
sion and pancreatitis, followed a few days later by deep vein 
thrombosis of the left femoral vein. A muscle biopsy taken at 
the age of 1 year to investigate the possibility of a mitochon-
drial disease (functional testing and single enzyme measurement 
of mitochondrial respiratory chain complexes) revealed normal 
results. The histological and histochemical results (staining with 
H&E, Gomori trichrome, NADH dehydrogenase, myofibrillar 
ATPase, periodic acid Schiff (PAS), cytochrome c-oxidase, succi-
nate-dehydrogenase and oil red-O) of the muscle biopsy were 
unspecific with slight myopathic changes, uneven distribution of 
oxidative enzymes and no ragged red fibres. Several other meta-
bolic analyses (eg, purine and pyrimidine metabolism, acylcar-
nitine profile analysis and carnitine testing) were normal. No 
evidence was found for aberrant mucin type O-glycosylation 
(as measured by apolipoprotein CIII subfractions) or abnormal 
N-glycosylation (as determined using isoelectric focusing of 
transferrin), although a slight increase in the trisialotransferrin 
fraction was noted.

In an effort to determine the genetic cause of this disorder, 
WES was performed on both subjects and the parents of S1. 
In S1, due to close parental relatedness, an exome homozy-
gosity mapping approach was used.13 Regions of homozy-
gosity (ROH) were detected from WES data with H3M2,14 
and the analysis focused on homozygous variants within large 
ROH≥1.5 Mb), which are the most likely to be identical by 
descent. Only variants predicted to affect the protein function 
(non-synonymous, nonsense, splicing and small indels) were 
retained, and variants with a minor allele frequency >0.01 
in the ExAC, EVS, 1000 genomes or in the Bologna in-house 
database, including about 700 additional exomes, were 
filtered out. No variants in genes already associated with 
diseases clinically matching or overlapping the phenotype in 
S1 were identified. To enrich for likely deleterious variants, 
the search for candidate genes was then restricted to those 
harbouring loss of function or non-synonymous variants with 
a CADD Phred-scaled V.1.3 score >20. Only one homozy-
gous non-synonymous variant in TRAPPC2L (NM_016209.4: 
c.109G>T; p.Asp37Tyr), within a 12.5 Mb ROH on chromo-
some 16, fulfilled all of these criteria (see online supplemen-
tary table S2). The T allele is observed in ExAC twice, and 
only four heterozygous alleles are seen in the larger and more 
recently released Genome Aggregation Database (gnomAD). 
The c.109G>T variant was confirmed by Sanger sequencing 
as bi-allelic with each allele segregating from one of the 
parents (online supplementary figure S1A). Possible candidate 
genes under alternative modes of transmission (compound 
heterozygous or de novo variants) were also evaluated. No 
gene had compound heterozygous variants when the same 
filtering criteria as for homozygous variants was applied. 
Only one coding de novo variant was identified in PIEZO1 
(NM_001142864: c.G5373T; p.Met1791Ile) using the de 
novo variant detection tool Platypus.15 The p.Met1791Ile 

https://dx.doi.org/10.1136/jmedgenet-2018-105441
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Figure 1 Brain imaging and muscle features of individuals with a TRAPPC2L variant. (a) t2-weighted axial images of subject 1 (S1) show delayed 
myelination before the acute illness event (a1) and progressive atrophy afterwards (B1–D1). DWi-weighted axial images show acute occipital oedema 
during the acute encephalopathic crisis (B2), which has disappeared at 16 months of age (c2). (B) t2-weighted axial image (a1) and diffusion-axial image 
(a2) of subject 2 (S2) 1 week after the first acute illness event show delayed myelination but otherwise normal brain structure and no focal lesions. (c) 
Muscle biopsy from subject S1 of the vastus lateralis reveals (a) unspecific fibre size variation and (b) mild lipid accumulation (arrow) on oil red-O staining. 
cox histochemistry shows few subsarcolemmal rims (c) (arrows). Ultrastructural analysis shows lipid droplets (d) and degenerating giant mitochondria (inset 
in (d)).

variant is not seen in variant population databases including 
gnomAD. PIEZO1 is associated with the autosomal domi-
nant disease dehydrated hereditary stomatocytosis (DHS) 
with or without pseudohyperkalaemia and/or perinatal 
oedema (MIM: 194380). Since S1 had no DHS nor any other 

overlapping haematological disorder, this variant is unlikely 
to be clinically relevant.

For S2, variant prioritisation comprised several filtering 
steps including a search for rare (MAF <0.1% in in-house 
and public databases) homozygous or potentially compound 

http://jmg.bmj.com/
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Figure 2 clinical analyses of individuals with a TRAPPC2L variant. Blood samples were analysed during and between acute illness episodes for creatine 
kinase (cK) (a), lactate dehydrogenase (lDH) (B), aspartate aminotransferase (aSt) (c) and alanine aminotransferase (alt) (D). reference values for 
these enzymes are 24–299 U/l, 120–260 U/l, 10–40 U/l and 8–30 U/l, respectively. (e) Blood cK levels for subject 2 (S2) were monitored over time. cK 
elevations correspond to acute illness episodes. (F) Head circumference measurements in subjects 1 and 2 (S1) and (S2) vs reference values for girls suggest 
microcephaly.

heterozygous non-synonymous variants. This query resulted 
in two genes, namely TRAPPC2L and OPN1SW. Variants in 
OPN1SW (MIM: 613522) have been previously associated 
with autosomal dominant tritanopia (MIM: 190900), a pheno-
type not matching with the clinical presentation of this subject. 
We therefore considered the homozygous missense change in 
TRAPPC2L (NM_016209.4: c.109G>T; p.Asp37Tyr), altering 
an evolutionarily highly conserved amino acid, as an excellent 

candidate for functional follow-up studies (see online supple-
mentary table S2). This notion was further supported by the 
fact that the same variant was independently prioritised in S1 
sharing similar clinical features. Sanger sequencing confirmed 
the c.109G>T variant in the affected subject in a homozygous 
state with the healthy parents being heterozygous carriers.

Since variants in TRAPPC2L were not previously described 
as causative of a genetic disease, in both cases this candidate  

https://dx.doi.org/10.1136/jmedgenet-2018-105441
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Figure 3 Fibroblasts from individuals with a TRAPPC2L missense variant are defective in membrane traffic. (a) lysates of fibroblasts were prepared 
from control (ctrl), subjects 1 (S1) and subject 2 (S2) and probed for traPPc2l and tubulin as a loading control. (B, c) the rUSH assay was performed in 
fibroblasts from control, S1 and S2 using either sialyl transferase (St)-egFP (C) or mannosidase ii (Manii)-mcherry (D). the signal in the golgi was quantified 
as described previously.8 the solid lines represent untransfected cells. in some cases, traPPc2l-rFP was transfected into the fibroblasts before performing 
the St-egFP assay (dotted lines in panel B). Where two n-values are listed in panel B, the first is for the non-complemented and the second for the 
complemented cells. (D) an assay for the trafficking of VSVg-gFP ts045 into and out of the golgi of the fibroblasts indicated was performed and quantified 
as previously described.8 note the delay in arrival of the signal into the golgi region for S1 and S2 compared with control. also note the delay in release of 
the marker protein from the golgi in S1 and S2.

gene was submitted to the GeneMatcher database16 facili-
tating the present study on these two individuals, which to 
date represents the first characterisation of individuals with 
TRAPPC2L variants.

Comparison of variant calls around TRAPPC2L in S1 and S2 
revealed a likely founder haplotype composed of common and 
rare bi-allelic variants and spanning about 380 kb, suggesting 
common origin of the shared TRAPPC2L missense variant 
(see online supplementary figure S1B).

Membrane trafficking is delayed in fibroblasts from 
individuals with TrAPPC2l variants
TRAPPC2L is a component of the transport protein particle 
(TRAPP) complexes. These complexes, found in yeast and 
higher eukaryotes, are involved in endoplasmic reticulum 
(ER)-to-Golgi and endosome-to-Golgi trafficking, and auto-
phagy.11 17–23 The human TRAPP complexes are referred to 
as TRAPP II and III.24 These complexes are composed of a 

common core of subunits that include TRAPPC1, TRAPPC2, 
TRAPPC2L, TRAPPC3, TRAPPC4, TRAPPC5 and TRAPPC6, 
but are distinguished by the association of complex-spe-
cific proteins; TRAPPC9 and TRAPPC10 in TRAPP II, and 
TRAPPC8, TRAPPC11, TRAPPC12 and TRAPPC13 in TRAPP 
III.25 TRAPP II has been implicated in membrane traffic in 
the biosynthetic pathway,23 while TRAPP III has been impli-
cated in both membrane traffic and autophagy.11 18 Based on 
the molecular genetics described above, we speculated that 
fibroblast cells derived from the affected individuals would be 
defective in some aspect of membrane trafficking.

A western blot analysis revealed that full-length TRAPPC2L 
was present in fibroblasts from both subjects (figure 3A). 
Variants in other genes encoding TRAPP proteins as well 
as depletion of TRAPP proteins by RNA interference result 
in membrane trafficking defects.8 11 22 23 26 27 We therefore 
examined the trafficking of several fluorescently tagged 
Golgi proteins (sialyl transferase (ST)-eGFP and mannosidase 

https://dx.doi.org/10.1136/jmedgenet-2018-105441
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II-mCherry) in cultured fibroblasts derived from S1 and S2 
using the RUSH assay.9 In both cases (figure 3B, C and online 
supplementary figure S2A, B), after inducing ER exit by the 
addition of biotin the proteins were delayed in reaching the 
Golgi. This delay was due to the TRAPPC2L defect since trans-
fection of wild-type TRAPPC2L tagged with RFP suppressed 
the phenotype in the case of ST-eGFP (figure 3B). We then 
examined the trafficking of a third fluorescently tagged cargo 
protein (VSVG-GFP ts045) that moves from the ER to the 
Golgi and on to the plasma membrane.28 The fluorescent 
signal was quantified as it populated the Golgi (a measure of 
ER-to-Golgi traffic) and exited it (a measure of Golgi export).8 
Both S1 and S2 showed a delay in this protein reaching the 
Golgi, consistent with the results of the RUSH assay and a 
delay in its exit from the Golgi (figure 3D and online supple-
mentary figure S2C).

The TrAPPC2l missense variant p.Asp37Tyr has compromised 
function and fails to interact with TrAPPC10
To determine the subunits in TRAPP that may be affected by 
this TRAPPC2L variant, a yeast two hybrid assay was performed 
(figure 4A and online supplementary figure S3). Four TRAPP 
proteins were found to interact with TRAPPC2L in both the 
bait and prey vectors: TRAPPC3 (MIM: 610955), TRAPPC6A 
(MIM: 610396), TRAPPC6B (MIM: 610397) and TRAPPC10 
(MIM: 602103). Interestingly, only the interaction with the 
TRAPP II-specific protein TRAPPC10 was disrupted when 
the missense variant (p.Asp37Tyr) was used in the bait and 
prey vectors (figure 4A). The interaction between TRAPPC2L 
and TRAPPC10 was conserved in their yeast homologues 
(Tca17 and Trs130, respectively) (figure 4B), and the equiva-
lent missense variant in Tca17 (Asp45Tyr) also abrogated this 
interaction (figure 4B). We next established a system to study 
the functionality of this missense variant. Although the yeast 
gene TCA17 is not essential for growth and does not display a 
temperature-sensitive phenotype (figure 4C), we could render 
the tca17 knockout (tca17Δ) conditionally lethal by tagging the 
carboxy terminus of Trs130 with an HA epitope tag (tca17Δ 
TRS130-HA) (figure 4C). Using this yeast strain, we found that 
Tca17, but not the missense variant with Asp45Tyr, suppressed 
the temperature-sensitive phenotype (figure 4D). Similarly, only 
expression of wild-type TRAPPC2L, but not the missense variant 
p.Asp37Tyr, could suppress the growth defect of the tca17Δ 
TRS130-HA yeast strain (figure 4E). Collectively, our results 
show that the interaction between TRAPPC2L and TRAPPC10 
is evolutionarily conserved, necessarily involves the conserved 
Asp37 residue and that the protein with this missense variant has 
impaired function.

The TrAPPC2l missense variant p.Asp37Tyr alters the 
association of TrAPPC10 with the TrAPP II complex
The weakened interaction between TRAPPC2L and TRAPPC10 
was also seen by expressing epitope-tagged versions of the 
proteins in HeLa cells and immunoprecipitating the tagged 
TRAPPC10 (figure 5A). Cotransfection of these epitope-tagged 
TRAPP proteins into HeLa cells followed by size exclusion 
chromatography showed that V5-tagged TRAPPC10 shifted to 
a smaller molecular size fraction when cotransfected with the 
myc-tagged TRAPPC2L p.Asp37Tyr missense variant (figure 5B), 
suggesting that this variant destabilises the association of 
TRAPPC10 with the TRAPP II complex. Although the TRAPP 
II complex has not been implicated in autophagy in humans, 
the TRAPPC2L protein has.29 Thus, we examined the fibroblasts 

for defects in autophagic flux. However, no noticeable defects 
in this process were detected (see online supplementary figure 
S4A), suggesting that the missense variant specifically affects the 
TRAPP II complex.

The TrAPPC2l missense variant p.Asp37Tyr affects rAb11 and 
impairs cilia formation in fibroblasts
The yeast TRAPP II complex has been implicated as a guanine 
nucleotide exchange factor (GEF) for the RAB proteins Ypt31 and 
Ypt32 (RAB11 homologues).30 31 More recently, the Drosophila 
TRAPP II complex was shown to act as a GEF for RAB11.32 
Thus, we reasoned that a dysfunction of TRAPP II in the subjects 
might result in altered levels of activated (GTP-bound) RAB11. 
Using a conformation-specific antibody that specifically recog-
nises active RAB11, we found that indeed fibroblasts from both 
subjects had elevated levels of active RAB11 when compared with 
control (figure 5C). Since RAB proteins show altered membrane 
association depending on their activation state, we examined the 
localization of GFP-tagged RAB11 in the fibroblasts. As shown in 
figure 5D, the localisation and size of RAB11 structures showed 
differences when compared with control. These included fluo-
rescent punctae that were either more abundant (figure 5E) and/
or larger in size (figure 5F). The observed changes in RAB11 
localisation and fluorescent punctae are consistent with an 
altered activation of this RAB and similar changes were not 
observed for several other GFP-RAB proteins that function in 
either ER-to-Golgi or intra-Golgi transport (see online supple-
mentary figure S4B).

A link between RAB11, TRAPP II and cilia has previously 
been reported in retinal pigmented epithelium.33 Therefore, we 
examined the fibroblasts for cilia defects. As shown in figure 5G 
and online supplementary figure S4C, there was a significant 
reduction in the number of ciliated cells in both subjects. Thus, 
using fibroblasts from the subjects reported herein, we have 
found increased levels of active RAB11 and defects in serum 
starvation-induced cilia production.

dIsCussION
Variants in TRAPP proteins have recently been recognised 
to underlie a spectrum of diverse human disorders displaying 
abnormalities in multiple tissues including the skeletal system, 
muscle, brain and combinations thereof. TRAPPC2 (MIM: 
300202) was the first subunit reported to be involved in human 
disease, causing the X linked recessive skeletal disorder spon-
dyloepiphyseal dysplasia tarda (SEDT).34 Bi-allelic variants 
in TRAPPC11 (MIM: 614138) were described in limb-girdle 
muscular dystrophy, with a subset of individuals showing move-
ment disorder, global developmental delay, premature cataracts, 
achalasia and alacrima.8 26 27 35 36TRAPPC9 (MIM: 611966) 
variants cause an autosomal recessive intellectual disability with 
postnatal microcephaly and brain malformations.37–39 Recently, 
bi-allelic disease-causing variants in TRAPPC12 (MIM: 614139) 
were shown to cause progressive childhood encephalopathy 
with brain abnormalities.10 Finally, a founder homozygous splice 
variant in TRAPPC6B (MIM: 610397) was reported to cause a 
neurodevelopmental disorder characterised by microcephaly, 
epilepsy and autistic features.40 It is thus emerging that TRAPP 
dysfunction contributes significantly to human neurodevelop-
mental disorders.

TRAPPC2L was originally identified as a protein that is 
similar in sequence and structure to TRAPPC2 and studies, 
mostly in yeast, have indicated that the two proteins are func-
tionally distinct. Within the TRAPP complex, both TRAPPC2  
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Figure 4 the traPPc2l–traPPc10 interaction is mediated by asp37 in traPPc2l. (a) a yeast two hybrid assay was performed for traPPc2l in both 
the bait (pgBKt7; upper panels) and the prey (pgaDt7; lower panels) vectors. the assays included wild-type (c2l), the missense variant p.asp37tyr (D37Y) 
and an empty vector (Φ). the traPP subunits that interacted with traPPc2l in both vectors are shown. the full results are depicted in online supplementary 
figure S2. DDO indicates plates that lack leucine and tryptophan, indicating that both plasmids are present in the cells, and tDO indicates plates that lack 
leucine, tryptophan and histidine, indicating an interaction between the proteins. note that the missense variant specifically abrogates the interaction with 
traPPc10. (B) the yeast two hybrid assay was performed using the open reading frame encoding the yeast homologue of traPPc2l (tca17) in pgBKt7 
and all other open reading frames for the yeast proteins in pgaDt7. the panel to the right includes wild-type tca17, the equivalent missense variant to 
p.asp37tyr (D45Y) and an empty vector. note that the equivalent to the missense variant in subject 1 (S1) and subject 2 (S2) also interferes with the 
interaction between tca17 and the traPPc10 homologue trs130. (c) Yeast strains that were wild type for both TCA17 and TRS130 (TCA17 TRS130) or 
strains with either a TCA17 deletion (tca17Δ TRS130), a trS130-Ha epitope tag (TCA17 TRS130-HA) or both a deletion and epitope tag (tca17Δ TRS130-
HA) were tested for growth at 30°c and 37°c. note that the tca17Δ TRS130-HA strain is heat-sensitive. (D) the tca17Δ TRS130-HA yeast strain was 
not transformed (–) or transformed with either wild-type TCA17, the TCA17 asp45tyr variant (tca17 D45Y) or an empty vector (Φ) and then tested for 
growth at 30°c and 37°c. note that the ability of the yeast asp45tyr variant to restore growth at 37°c is impaired compared with wild type. (e) the same 
suppression as in panel D was performed using traPPc2l (c2l) and the missense variant p.asp37tyr (D37Y). note that the human missense variant does 
not suppress the growth, whereas the wild type can partially suppress.

and its yeast homologue (Trs20) interact with TRAPPC8 
(Trs85) in the TRAPP III complex.41–43 In contrast, we now 
show that TRAPPC2L interacts with TRAPPC10 and identify 
Asp37 as a residue that is critical for this interaction. This 
residue is one of only two invariant amino acids detected as 
revealed by a multiple sequence alignment between TRAPPC2 
and TRAPPC2L,22 suggesting that they may perform a similar 
function. While the equivalent missense variant in TRAPPC2 
(p.Asp47Tyr) results in SEDT,44 the missense variant in 

TRAPPC2L does not as seen in both S1 and S2 in this study. 
Rather, individuals suffer from neurodevelopmental delay. 
At the cellular level, the association of TRAPPC10 with the 
complex is impaired. There was also an elevation in the active 
form of the GTPase RAB11. It is notable that the TRAPPC2 
missense variant p.Asp47Tyr also affects a GTPase called 
Sar1.45 Thus, the disparate clinical effects of TRAPPC2 and 
TRAPPC2L variants can be attributed to their effects on 
different GTPases.
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Figure 5 Fibroblasts from individuals with a TRAPPC2L missense variant have elevated levels of active raB11. (a) Hela cells were transfected with myc 
epitope-tagged traPPc2l or the missense variant p.asp37tyr and V5 epitope-tagged traPPc10 as indicated. lysates were prepared and V5-traPPc10 
was immunoprecipitated with anti-V5 antibody. the immunoprecipitates were probed for V5 and myc. (B) Hela cells were cotransfected with V5-traPPc10 
and either traPPc2l or the missense variant p.asp37tyr. after 24 hours, lysates were prepared and fractionated on a Superose 6 size exclusion column. 
Fractions were probed with anti-V5 or anti-myc antibody to reveal the epitope-tagged proteins. the numbers above the panels indicate fraction number. 
(c) lysates from fibroblasts of control, subject 1 (S1) and subject 2 (S2) were prepared and treated with an antibody that recognises the gtP-bound 
(active) form of raB11. the immunoprecipitates were analysed by western blot analysis using an antibody that recognises raB11. the signal from the 
immunoprecipitate was normalised to the total raB11 signal and plotted as percentage of control. the experiment was repeated three times and the 
average of all three is shown. a one-way analysis of variance (anOVa) showed that the increase in active raB11 in S1 fibroblasts was significant compared 
with control (*p≤0.03). although this analysis did not reveal a significant increase in S2 compared with control (ie, p>0.05), in all three experiments, the 
levels of raB11-gtP were higher than control. (D) Fibroblasts from control, S1 and S2 were transfected with a plasmid expressing gFP-tagged raB11. 
the cells were fixed and visualised by confocal microscopy. the bars in panel (D) represent 25 µm. the size (e) and number (F) of the raB11 punctae were 
quantified. Statistical analysis of the data in panels (e) and (F) were performed by a one-way anOVa (**p≤0.01). Statistical analysis of the data in (F) 
showed a significant difference between both the smallest and the largest structures in S1 and S2 compared with control. (g) Fibroblasts from control, S1 
and S2 were grown in low (0.25%) serum for 48 hours before fixing the cells and staining with anti-acetylated tubulin (green) to reveal cilia and anti-γ-
tubulin (red) to reveal the associated centrosomes. the percentage of ciliated cells were determined. Statistical analysis was performed by a one-way anOVa 
(***p≤0.001).
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The connection between TRAPP II and RAB11 extends to 
the yeast organism as well, where this complex, containing the 
TRAPPC2L homologue Tca17, acts as a GEF for the RAB11 
homologues Ypt31 and Ypt32.31 In higher eukaryotes, TRAPP 
II has been implicated in RAB11-dependent pathways including 
ciliogenesis and cleavage furrow formation.33 46 This, together 
with the increased levels of active RAB11 observed in fibroblasts 
from the subjects in the present study, suggest that TRAPPC2L 
either negatively regulates the GEF activity of TRAPP II towards 
RAB11 or recruits a GTPase activating protein (GAP) to inacti-
vate RAB11. Both scenarios are consistent with previous findings 
reporting the weak association (possibly regulatory in nature) of 
the yeast protein Tca17 with TRAPP II,47 and with the ability of 
yeast TRAPP II to recruit a GAP protein to the Golgi.48

The observed cilial defect is consistent with aberrant RAB11 
functioning since this GTPase is part of the pathway leading 
to ciliogenesis.33 However, to what extent cilial dysfunction 
contributes to the clinical features of individuals with bi-allelic 
TRAPPC2L variants is presently unclear and must be interpreted 
cautiously. While there is some phenotypic overlap with classical 
ciliopathies such as neurodevelopmental defects, intellectual 
disability and microcephaly, the more disease-specific features of 
classical ciliopathies are absent.49 50 Thus, the cilial defect in the 
cultured cell system used in this study may simply reflect a role for 
RAB11 in some as yet unidentified aspect of the clinical pheno-
type. Given the plethora of RAB11 effectors,51 further studies 
are needed to discern the pathway(s) involved. Regardless of the 
affected pathway, some of the clinical features in the individuals 
reported in this study are also shared by individuals with variants 
in other TRAPP genes including TRAPPC9,37–39TRAPPC118 26 36 
and TRAPPC12,10 suggesting that these individuals may also 
have similar cellular phenotypes.

A recent study identified five individuals with heterozygous 
variants in RAB11B that presumably affected nucleotide binding 
and mimicked a nucleotide-free form of this GTPase.52 No 
morphological defects were detected in the cilia of RPE cells 
transfected with a tagged version of each RAB11B variant. 
However, it is worth noting that this was not examined in 
fibroblasts from these individuals as in our study, nor was 
the percentage of ciliated cells reported, precluding a conclu-
sion regarding overlapping cellular phenotype. Importantly, 
the TRAPPC2L variants described in our study result in an 
increase in active RAB11. Thus, cellular phenotypes in the cells 
harbouring the TRAPPC2L variant would not be expected to be 
similar to those in the individuals with nucleotide-free RAB11B 
variants. Interestingly, a yeast two-hybrid screen identified the 
TRAPP II protein TRAPPC9 as a RAB11B interactor,52 further 
strengthening the functional connection between TRAPP II and 
RAB11 as suggested by our study. Clinically, although individuals 
with TRAPPC2L and RAB11B variants share some features such 
as intellectual disability, absence of speech and microcephaly, 
one significant difference is the illness-induced nature of the 
syndrome in the TRAPPC2L individuals leading to tetraplegia 
and rhabdomyolysis.

The number of genetic causes of rhabdomyolysis is limited 
and, with the exception of RYR1 (a chanellopathy) (MIM: 
180901), are all likely to evoke a shortage of muscle energy 
(eg, respiratory chain deficiency, glycogen and long chain fatty 
acid metabolism). In the latter, rhabdomyolysis is triggered by a 
catabolic state, often secondary to an infection. Interestingly, the 
combination of rhabdomyolysis and encephalopathy observed in 
patients with bi-allelic variants in TANGO2 (MIM: 616878) is 
also triggered by infections.3 4 While we did not find any clin-
ical evidence for disturbances in energy homeostasis in these 

individuals, and failed to find a plausible link between TRAPP 
and enzymatic routes associated with energy homeostasis, infec-
tions repeatedly served as a trigger in these individuals. Auto-
phagy is also strongly influenced by the cellular energy state and 
is particularly triggered by starvation. While TRAPP II has not 
been directly implicated in autophagy, and we did not observe 
a noticeable defect in autophagic flux, TRAPPC2L has been 
implicated in this process.29 Thus, it is tempting to speculate that 
the devastating consequences of the TRAPPC2L variant in these 
individuals is due to some aberrant cellular response to auto-
phagic signals.

In conclusion, deleterious bi-allelic variants in TRAPPC2L 
are associated with encephalopathy and febrile illness-induced 
episodes of rhabdomyolysis and subsequent developmental 
arrest. While the exact pathophysiological route deserves further 
study, our results suggest a role for RAB11.
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Table S1. Depth of coverage metrics 
  

 

 

 

 

 

 

 

 

Table S2. Allele and occurrence 

Gene   subject  Variant   Variant alleles in gnomAD (population)  CADD ROH size

TRAPPC2L  1  NM_016209:c.109G>T:p.Asp37Tyr 4/246194 (ALL), 4/111656 (NFE)  29.5 12.5 Mb

TRAPPC2L  2  NM_016209:c.109G>T:p.Asp37Tyr 29.5 0.45 Mb

The number of variants over the total number of alleles are reported. ALL: all gnomAD 
populations; NFE: non-Finnish Europeans. CADD Phred-scaled scores are reported (version 
1.3). 

DoC Proband Father of Mother of 

 S1 S2 S1 S2 S1 S2 

Mean 101.7X 113.7X 67.25X - 71.35X - 

Median 85X nd 57X - 61X - 

%>5X 99.3 99.5 98.8 - 99.2 - 

%>20X 96.2 97.8 92.7 - 94 - 
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