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Highly conserved transport protein particle (TRAPP) complexes regulate subcellular trafficking pathways. Accurate 
protein trafficking has been increasingly recognized to be critically important for normal development, particularly 
in the nervous system. Variants in most TRAPP complex subunits have been found to lead to neurodevelopmental 
disorders with diverse but overlapping phenotypes. We expand on limited prior reports on TRAPPC6B with detailed 
clinical and neuroradiologic assessments, and studies on mechanisms of disease, and new types of variants.
We describe 29 additional patients from 18 independent families with biallelic variants in TRAPPC6B. We identified 
seven homozygous nonsense (n = 12 patients) and eight canonical splice-site variants (n = 17 patients). In addition, 
we identified one patient with compound heterozygous splice-site/missense variants with a milder phenotype and 
one patient with homozygous missense variants.
Patients displayed non-progressive microcephaly, global developmental delay/intellectual disability, epilepsy and 
absent expressive language. Movement disorders including stereotypies, spasticity and dystonia were also observed. 
Brain imaging revealed reductions in cortex, cerebellum and corpus callosum size with frequent white matter hyper
intensity. Volumetric measurements indicated globally diminished volume rather than specific regional losses.
We identified a reduced rate of trafficking into the Golgi apparatus and Golgi fragmentation in patient-derived fibro
blasts that was rescued by wild-type TRAPPC6B. Molecular studies revealed a weakened interaction between mutant 
TRAPPC6B (c.454C>T, p.Q152*) and its TRAPP binding partner TRAPPC3. Patient-derived fibroblasts from the  
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TRAPPC6B (c.454C>T, p.Q152*) variant displayed reduced levels of TRAPPC6B as well as other TRAPP II complex-spe
cific members (TRAPPC9 and TRAPPC10). Interestingly, the levels of the TRAPPC6B homologue TRAPPC6A were found 
to be elevated. Moreover, co-immunoprecipitation experiments showed that TRAPPC6A co-precipitates equally with 
TRAPP II and TRAPP III, while TRAPPC6B co-precipitates significantly more with TRAPP II, suggesting enrichment of 
the protein in the TRAPP II complex. This implies that variants in TRAPPC6B may preferentially affect TRAPP II func
tions compared to TRAPP III functions. Finally, we assessed phenotypes in a Drosophila TRAPPC6B-deficiency model. 
Neuronal TRAPPC6B knockdown impaired locomotion and led to wing posture defects, supporting a role for 
TRAPPC6B in neuromotor function.
Our findings confirm the association of damaging biallelic TRAPPC6B variants with microcephaly, intellectual disabil
ity, language impairments, and epilepsy. A subset of patients also exhibited dystonia and/or spasticity with impaired 
ambulation. These features overlap with disorders arising from pathogenic variants in other TRAPP subunits, particu
larly components of the TRAPP II complex. These findings suggest that TRAPPC6B is essential for brain development 
and function, and TRAPP II complex activity may be particularly relevant for mediating this function.
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Introduction
Trafficking protein particle (TRAPP) complexes regulate vesicle traf
ficking via guanine nucleotide exchange factor (GEF) activity of Rab 
GTPases1 and localization to compartments such as the Golgi ap
paratus.2 Two TRAPP complexes have been identified in mammals 
called TRAPP II and TRAPP III. While both complexes activate Rab1 
in vitro,2 TRAPP II additionally activates Rab11,2,3 a GTPase that also 
functions in ciliogenesis.4 TRAPP II proteins have also been impli
cated in ciliogenesis.5 On the other hand, TRAPP III has been impli
cated in early secretory pathway traffic and autophagy.6,7

Knockdowns and mutations in both TRAPP II- and III-specific pro
teins have been shown to affect trafficking into and through the 
Golgi as well as affecting Golgi morphology.8 TRAPP-mediated traf
ficking is crucial for brain development and function, as variants in 
multiple TRAPP subunits lead to overlapping neurodevelopmental 
disorders, with movement disorders, intellectual disability, epi
lepsy and neuromuscular features (Table 1).8

Both TRAPP complexes are built upon a common catalytic core of 
proteins that include TRAPPC1, TRAPPC2, TRAPPC2L, TRAPPC3, 
TRAPPC4, TRAPPC5 and TRAPPC6. For the TRAPP II complex, 
TRAPPC9 and TRAPPC10 are linked to the core while the TRAPP III 
complex contains the core with TRAPPC8, TRAPPC11 and 
TRAPPC12.6,22,23 Two genes encoding the core TRAPPC6 protein 
have been reported in humans called TRAPPC6A and TRAPPC6B.24

Drosophila melanogaster and Saccharomyces cerevisiae have a single 
gene encoding this subunit, Trs33. It has been assumed that 
TRAPPC6A and TRAPPC6B could incorporate into either TRAPP II 
or TRAPP III complex, as both proteins are capable of forming a het
erodimer in complex with TRAPPC3 in vitro.24-26

A homozygous nonsense variant in TRAPPC6B was recently de
scribed in an Iranian family in association with intellectual disabil
ity27 and a homozygous splice-site founder mutation was found in 

three Egyptian families in association with microcephaly, intellec
tual disability, autism, epilepsy, dystonia and reduced brain vol
ume.9 A fifth family was then reported.28 In this report, we 
describe 29 individuals from 18 unrelated families with biallelic var
iants in TRAPPC6B manifesting microcephaly, epilepsy and intellec
tual disability with phenotypic expansion to include spasticity. We 
examine variant impact on TRAPPC6B and TRAPP II- versus TRAPP 
III-specific protein levels, anterograde protein trafficking, and 
Golgi apparatus morphology in patient fibroblasts. Finally, we 
tested whether TRAPPC6B can regulate neuromotor function using 
Drosophila locomotor and wing posture assays. Together, the find
ings expand the TRAPPC6B-associated clinical and neuroradiologic 
phenotype and demonstrate patient variants disrupt TRAPPC6B 
and TRAPP II protein levels, trafficking and Golgi morphology. We 
further find that TRAPPC6B preferentially associates with TRAPP II 
complex members, which support the observation that TRAPPC6B 
clinical phenotypes more closely align with TRAPP II complex 
disorders.

Materials and methods
Patient recruitment, sequencing and variant calling

All human subject studies were performed in accordance with the 
ethical standards of the responsible committee on human experi
mentation according to institutional and national standards. 
Proper informed consent was obtained for all participants. 
Clinical phenotypes (Supplementary material) were abstracted 
from written records, supplemented by review of available neu
roimaging, facial photographs and laboratory and clinical electro
physiologic data. Patient videos were reviewed by paediatric 
movement disorder neurologists (J.H. and M.C.K.). Phenograms 
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were created using R (4.1.0). Patients with data not available for a 
category were not included in that category’s calculations. TRAPP 
disease gene summary was created from OMIM.org, accessed 
August 2022. Sequencing details and filtering criteria used for 
each case are provided in the Supplementary material.

MRI analysis, processing and volumetric 
quantification

Neuroimaging findings were reviewed and summarized by a board- 
certified neuroradiologist (P.C.). Several image processing steps 
were then performed on the T1-weighted brain MRIs,29 including 
registration to the Colin 27 Average Brain Atlas, correcting image 
bias using the N4 algorithm, followed by intensity normalization 
and image de-noising, using anisotropic diffusion. Skull stripping 
was performed using an in-house algorithm developed in Python. 
In this approach, intradural CSF was identified using thresholding 
and morphological operations, following which the lateral ventricles 
were isolated based on their spatial location, allowing the volume of 
the lateral ventricles (in ml) to be extracted. Cerebral brain tissues 
(grey matter, white matter) were then isolated based on their MR in
tensities using the Expectation Maximization (EM)/Markov Random 
Field (MRF) approach. From the cortical grey matter segmentation, 
three measures of cortical shape were performed (cortical thickness, 
curvature and sulcal depth) to quantify shape abnormalities. 
Measures were converted to a z-score from healthy cortical shape 
measures measured from the corresponding cortical region com
pared to the Child Mind Institute Healthy Brain Network cohort of 
564 typically developing children (TDC) (Eq. 1), based on cortical re
gions from the Automated Anatomical Labelling (AAL) atlas.

z-scoresubject =
(xsubject − mTDC)

sTDC
(1) 

MRI statistical analysis

Six participants passed the quality checks for initial MRI data qual
ity and processed segmentations (Families 3, 4, 6 and 10). For each 
participant, z-scores of grey matter volume, white matter volume 
and ventricle asymmetry (Eq. 2), were extracted.

Ventricle asymmetry =
(volleft − volright)
(volleft + volright)

(2) 

Yeast two-hybrid assay

TRAPP open reading frames were cloned into pGADT7 and pGBKT7 
plasmids (Clontech). Standard yeast methods were used for trans
formation of the pGADT7 and pGBKT7 constructs into AH109 and 
Y187 yeast strains, respectively. Diploid cells were produced by 
mating on solid YPD media and then selected for on solid synthetic 
complete (SC) media lacking leucine and tryptophan (DDO). Single 
colonies of each diploid were then cultured in liquid DDO and 
then spotted on either DDO or on SC media lacking leucine, trypto
phan and histidine (TDO) to assess for interactions. Plates were 
grown at 30°C for 72 h.

Membrane trafficking assay

The retention using selective hooks (RUSH) assay was performed 
as described in Boncompain et al.30 Briefly, fibroblasts grown in 
Dulbecco’s modified Eagle medium (DMEM) supplemented with 
10% fetal bovine serum were transfected by electroporation with 

the Golgi-resident enzyme sialyl transferase-GFP (ST-GFP) fused 
to streptavidin binding protein. The plasmid also expressed 
KDEL-tagged streptavidin for endoplasmic reticulum (ER) reten
tion. For the rescue experiments, fibroblasts were co-transfected 
with ST-GFP and TRAPPC6B-RFP. Twenty-four hours after trans
fection, biotin was added to a final concentration of 60 μM to re
lease the reporter from the ER hook. Live cells were imaged by 
florescence microscopy every 2 min for 60 min using a Nikon 
Livescan sweptfield confocal microscope with a 40× objective 
lens (NA 0.95). Integrated fluorescence intensity at the Golgi region 
and from whole cell was measured every 2 min using ImageJ v1.53. 
The ratio between fluorescent intensities within the Golgi and 
whole cell was generated for each time point. The first time point 
corresponding to background was subtracted from all time points. 
These values were then plotted as the mean percentage of max
imal intensity.

Golgi morphology

Fibroblasts were cultured in DMEM supplemented with 10% fetal 
bovine serum. The cells were washed twice with PBS solution 
then fixed with 4% paraformaldehyde (PFA) for 15 min at room 
temperature, quenched with 0.1 M glycine for 10 min and permea
bilized with 0.1% Triton X-100 for 7 min. Blocking was performed 
in 5% normal goat serum in PBS for 45 min at room temperature. 
Primary antibodies were prepared in 5% normal goat serum and 
were added to the cells and incubated overnight at 4°C. Cells 
were washed twice for 5 min each with PBS. Secondary antibodies 
were diluted in 5% normal goat serum in PBS and incubated with 
the cells at room temperature for 1 h and then removed. Hoechst 
33342 (Thermo Fisher Scientific) was diluted in PBS (1:2000) and 
added to stain the nucleus for 2 min followed by two washes 
with PBS for 10 min each. The coverslips were then mounted 
with ProLong Gold Anti Fade. Images were acquired on an 
Olympus FV10i confocal laser scanning microscope fitted with a 
60× objective (NA 1.35). The number of Golgi fragments per cell 
were quantified using Imaris software c.9.8.0 (Bitplane). Golgi 
structures were identified from the mannosidase II channel using 
the following surface parameters: surface details = 0.22 µm; and 
thresholding with a background subtraction of the depicted 
Golgi spherical structures that have diameter smaller than 
0.55 µm in size. Statistical analyses were carried out using one- 
way ANOVA corrected for Tukey’s multiple comparisons using 
GraphPad Prism 6.01. A P-value of 0.05 was considered to be stat
istically significant.

Immunoblotting

Fibroblasts were washed twice with PBS and lysed in a solution con
taining 50 mM Tris pH 7.2, 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 
1% Triton X-100 and protease inhibitor cocktail (EDTA-free; Roche). 
The lysate was clarified at 13 000g for 30 min at 4°C. A total of 30– 
40 μg of whole cell lysate was loaded and fractionated in either 8 
or 15% SDS-polyacrylamide gels. The gels were transferred to nitro
cellulose membranes and blocked with 5% skimmed milk powder 
in PBS with 0.1% Tween (PBS-T) for 1 h. Primary antibodies were in
cubated in PBS-T overnight at 4°C, washed three times with PBS-T 
for 5 min each, and secondary antibodies were incubated for 1 h 
at room temperature. Membranes were then washed three times 
with PBS-T for 5 min each and incubated with Pierce ECL western 
blot substrate (Thermo Fisher Scientific) and detected using an 
Amersham Imager 600 (GE Healthcare).
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Immunoprecipitation

HeLa cells were seeded in 10 cm dishes 24 h prior to co-transfecting 
cells with 5 µg of DNA expressing either TRAPPC6A-V5/ 
TRAPPC10-FLAG, TRAPPC6A-V5/TRAPPC11-FLAG, TRAPPC6B-V5/ 
TRAPPC10-FLAG or TRAPPC6B-V5/TRAPPC11-FLAG using Jet Prime 
(Polyplus). Forty-eight hours after transfection, cells were washed 
twice with ice cold PBS and lysed in a solution containing 50 mM 
Tris pH 7.2, 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 1% Triton 
X-100 and protease inhibitor cocktail (EDTA-free; Roche). The lysate 
was clarified at 13 000g for 30 min at 4°C. A total of 500 μg of lysate 
was incubated with 20 µl (10 µl bead volume) anti-Flag M2 affinity 
beads (Sigma Aldrich) in IP-buffer (50 mM Tris pH 7.2, 150 mM 
NaCl, 0.5 mM EDTA, 0.1% Triton X-100 and protease inhibitor cock
tail) for 3 h at 4°C on an orbital shaker. The beads were collected by 
centrifugation at 5000 rpm for 30 s at 4°C and washed twice with 
IP-buffer and twice with IP-buffer without Triton X-100. The beads 
were resuspended in 20 μl of 2× Laemmli sample buffer containing 
β-mercaptoethanol and heated at 95°C for 5 min to dissociate the 
immune complexes. The beads were pelleted by centrifugation 
and SDS-PAGE for protein from input (whole-cell extracts) and im
munoprecipitated proteins was performed as described above.

Molecular biology techniques

Standard molecular biological techniques were used to generate 
FLAG-tagged, RFP-tagged and V5 tagged constructs. TRAPPC6B var
iants were generated by site-directed mutagenesis.

Antibodies

Antibodies used in this study were: anti-TRAPPC2L (1:1000 mouse 
monoclonal, Santa Cruz sc-377322), anti-TRAPPC3 (1:1000 rabbit poly
clonal31), anti-TRAPPC6A (1:500 mouse monoclonal, Santa Cruz 
sc-376032), anti-TRAPPC6B (1:1000 rabbit polyclonal, ABclonal 
A15561), anti-TRAPPC8 (1:1000 rabbit polyclonal, Abcam ab122692), 
anti-TRAPPC9 (1:2000 rabbit polyclonal, LS Bio LS-C750497), anti- 
TRAPPC10 (1:500 mouse monoclonal, Santa Cruz sc-101259), 
anti-TRAPPC12 (1:1000 rabbit polyclonal31), anti-FLAG (1:5000 mouse 
monoclonal, Sigma F1804), anti-α-Tubulin (1:5000 mouse monoclonal, 
Sigma T6199), anti-RFP (1:500 mouse monoclonal, Rockland 
200-301-379S), anti-mannosidase II (1:200 kind gift from Dr Kelley 
Moreman) and anti V5 (1:1000 rabbit monoclonal, Cell Signaling 13202).

Fly rearing and genetics

Drosophila were reared on a standard cornmeal, yeast, sucrose food 
from the BIO5 media facility, University of Arizona. Stocks for ex
periments were reared at 25°C, 60–80% relative humidity, with a 
12:12 light/dark cycle. Crosses for controls and mutants and ani
mals selected for locomotor assay were maintained at an elevated 
temperature of 28.5°C. Fly stocks were obtained from the 
Bloomington Drosophila Stock Center (NIH P40OD018537). Crosses 
were performed with w1118 for heterozygous studies of genetic con
trols. P[TRiP.HMJ21139]attP40 was used for expression of 
UAS-Trs33-RNAi.32 Pan-neuronal Gal4 driver (ELAV, CG4262) was 
used to direct RNAi expression to post-mitotic neurons during de
velopment and throughout adulthood.

Locomotor assays

Naïve, unmated flies collected as pharate adults and controlled for 
humidity, temperature and time of day (30% RH, 24°C, 09.00–11.00) 
were used. Flies at 14 days post-eclosion were adapted to room 

conditions for 1 h before assaying in groups of 3–20 in coded vials 
by blinded experimenters.33 Distance was determined from still 
images from video at 3 s post-tapping using ImageJ measured dis
tance function from the middle of the fly to the bottom of the vial 
and averaged between flies for each trial. Graphs and t-test statistic 
calculations were performed in R (4.1.0). For box and whisker plots, 
box indicates 75th and 25th percentile with median line; whiskers 
indicate range of data.

Erect wing scoring

Each video was manually assessed for flies with erect wing pheno
type defined as wings held upright and away from the body.34 The 
wing must have been held erect during the majority of the video, 
and upright wing postures limited to before flight or during groom
ing were excluded. Statistics were determined both three-way and 
pairwise against both control genotypes using chi-squared analysis 
in R (4.1.0).

Results
Through Genematcher, we identified 18 families with biallelic var
iants in TRAPPC6B from international collaborators. In our cohort, 
27/29 individuals segregated loss-of-function (nonsense and splice- 
site) homozygous variants, with one individual carrying compound 
heterozygous splice-site/missense variants and one individual carry
ing homozygous missense variants. The male:female ratio was 1.6:1 
and average age of diagnosis was 7.5 years (range 14 months to 
35 years). Affected families were from 11 countries (Iran, Morocco, 
Pakistan, Tunisia, France, Mali, Gambia, Egypt, Saudi Arabia, 
Turkey and India) and frequently included multiple affected indivi
duals (Supplementary Fig. 1). Homozygous variants, including seven 
homozygous nonsense (n = 12 individuals), eight canonical splice- 
site variants (n = 17 individuals) and one missense variant (n = 1 indi
vidual), were identified using whole-exome sequencing. Variant in
formation is provided in Supplementary Table 1. Additional 
sequencing information is provided in the Supplementary material.

We conducted detailed clinical and neuroradiologic assess
ments. Frequency of clinical features are summarized in Table 2
and Fig. 1A with full descriptions in the Supplementary material. 
We noted a constellation of cognitive and motor features partially 
overlapping a prior report of individuals with TRAPPC6B variants.9

Consistent with prior reports, we found complex neurodevelop
mental features including intellectual disability, expressive lan
guage defects, autism, seizures or epilepsy, and neurobehavioural 
features such as aggression and self-injury in some patients 
(Fig. 1A). Many patients also exhibited difficulty with walking and 
some also had issues sitting. Stereotyped movements were evident 
in most individuals, with dystonia, spasticity and contractures at 
lower frequency. On examination, knee-jerk reflexes were often in
creased, although they were absent in one patient. Reduced muscle 
bulk was occasionally observed in the most impaired patients 
(Gross Motor Function Classification System 4–5). Microcephaly 
was a notable feature in this cohort, with some patients as severe 
as <−6.5 SD. This microcephaly does not appear to be progressive 
based on serial clinical assessments. Dysmorphic features include 
a variety of inconsistent facial features, tapered fingers, and ara
chnodactyly (Fig. 1B–N). MRI was assessed for 16 individuals (Fig. 2) 
and identified reductions in cortex and cerebellum with increased 
ventricle size. Foreshortening or thinning of corpus callosum and 
white matter increased intensity or volume loss were consistent im
aging features. Volumetric measures of MRI compared to age- 
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matched large populations29 did not identify a specific region driving 
the observed microcephaly (Fig. 2N). Of note, the individuals with 
missense variants (Patients 7 and 29) exhibited similar phenotypes, 
suggesting that missense variants could potentially impair protein 
function and disrupt nervous system development.

TRAPPC6B p.Q152* impairs TRAPPC3 binding, 
diminishing protein expression for TRAPPC6B and 
TRAPP II

Given that our previous work suggested that the carboxy-terminus of 
TRAPPC6A interacts with adaptor subunit TRAPPC2L and both 

TRAPPC6A and TRAPPC6B interact with TRAPPC2L and TRAPPC3,10

we examined interactions between TRAPPC6B and both TRAPPC2L 

and TRAPPC3. While an interaction between both TRAPPC2L and 

TRAPPC3 was seen for the wild-type TRAPPC6B irrespective of the 

vectors used, only the TRAPPC3 interaction was affected by the 

p.Q152* allele from affected individuals in Family 15 (Fig. 3A and B).
This result suggests that the carboxy-terminus of TRAPPC6B 

is important for its interaction with TRAPPC3 and that this 

interaction is diminished in TRAPPC6B p.Q152*. Since the 

TRAPPC3-TRAPPC6B heterodimer is important for the assembly 

of the TRAPP complexes, it is not unreasonable to expect that 

Figure 1 Clinical features of patients with TRAPPC6B variants. (A) Phenogram of frequency of phenotypic features for 29 new patients and 8 previously 
reported patients (Supplementary Table 1). Fields with missing data were not included in calculations for that feature. Behavioural phenotypes include 
aggression, self-injury, anxiety and hyperactivity. ID/DD = intellectual disability/developmental disability. (B–N) Photos of dysmorphic features. No 
unifying dysmorphic features were observed. (B and C) Patient 1 (Family 1) has gingival hypertrophy and swan neck deformity of fingers, representing 
dystonia. This patient also exhibited spastic-dystonic quadriplegia with contractures in the elbow flexors and plantar flexors, temporal wasting, mus
cle atrophy and curling of all her toes (not shown). (D) Patient 2 (Family 1) has synophrys, bitemporal narrowing, prominent cheekbones, a wide nasal 
root and bridge, and a papular lesion suspicious for an occult encephalocele. This patient also exhibited spastic-dystonic quadripledia, brachycephaly, 
trigonocephaly, temporal wasting and muscle atrophy in his proximal limb muscle (not shown). (E) Patient 5 (Family 4) has microcephaly, bitemporal 
narrowing, low anterior hairline, deep-set eyes, prominent ears, long nose with narrow nasal bridge and prognathia. (F) Patient 6 (Family 4) has micro
cephaly, bitemporal narrowing strabismus, positional plagiocephaly, deep set eyes, broad nasal root and narrow nasal bridge, and widely spaced teeth. 
(G) Patient 7 (Family 5) showing depressed nasal bridge, upturned nasal tip and thin upper lip. This patient also exhibited bilateral clinodactyly, tapered 
fingers and inverted nipples (not shown). (H and I) Patient 10 (Family 8) has microcephaly, long face, arched eyebrows, wide spaced eyes, almond 
shaped eye, straight nasal bridge, broad nose, broad chin and low set ears. Patient also exhibited arachnodactyly (not shown). (J and K) Patient 17 
(Family 11) has narrow nasal bridge and posteriorly rotated ears. (L) Patient 18 (Family 11) has upslanting palpebral fissures and square nasal tip. (M 
and N) Patient 19 (Family 12) has microcephaly, bulbous nasal tip and creased earlobe.
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Figure 2 Qualitative and quantitative analysis of MRI images. (A, C, E, G, I and K) Sagittal MRI T1-weighted midline images. (B and H) Axial fluid atte
nuated inversion recovery (FLAIR) images. (D, F, J and L) Axial MRI T2-weighted images. (A and B) Patient 3, Family 2: 13-year-old female. (A) Small cra
niofacial ratio, thinning/foreshortening of the corpus callosum with greater involvement of the posterior fibres (red arrow). (B) Patchy FLAIR signal 
hyperintensity in the bilateral periventricular white matter (arrows) extending to the centrum semiovale, perirolandic and periatrial regions (not 
shown). (C and D) Patient 5, Family 4: 13-year-old female. (C) Small craniofacial ratio, diffuse thinning/foreshortening of the corpus callosum (red ar
row) and brainstem and cerebellum volume loss (cyan arrow). (D) Abnormal angulation of the posterior margins of the ventricles (arrows). (E and F) 
Patient 6, Family 4: 9-year-old female. (E) Small craniofacial ratio, thinning/foreshortening of the corpus callosum and posterior greater than anterior 
parenchymal loss (arrow). (F) Diffuse parenchymal loss with preferential involvement of the posterior lobes, ex-vacuo dilatation and angulation of the 
ventricles (arrows). (G and H) Patient 13, Family 10: 6-year-old male. (G) Reduced frontal occipital diameter (FOD) and diffuse thinning and foreshorten
ing of the corpus callosum (arrow). (H) Patchy FLAIR signal hyperintensity in periatrial white matter associated with abnormal square shape of the pos
terior margins of the lateral ventricles (arrows). (I and J) Patient 14, Family 10: 2-year-old female. (I) Reduced FOD, diffuse thinning and foreshortening of 
the corpus callosum (arrow). (J) Increased T2 signal in periatrial white matter associated with abnormal angulation of the posterior margins of the lat
eral ventricles (arrows). (K and L) Patient 16, Family 10: 5-year-old female. (K) Marginal FOD (red arrow) and inferior vermis hypoplasia (cyan arrow). (L) 
No signal abnormalities present. (M) Phenogram of MRI features for 16 new patients and 7 previously reported patients with MRI interpretation. 
Patient-specific details are provided in Supplementary Table 1. (N) Box and whisker plot of six structural measures quantified from brain MRI volumes 
of six patients, represented as z-scores in comparison to an age-matched control cohort of typically developing children. The threshold for significance 
of −1SD indicates reduced volume compared to the general population. Volume loss was identified in the cerebellum, but there was no consistent re
duction in other measurements. Ventricle asymmetry measures laterality of ventricle expansion; no asymmetry was detected. Boxes represent 25th 
and 75th percentiles with median line; whiskers represent data range. CB = cerebellum; CC = corpus callosum; CTX = cortex; DGM = deep grey matter; 
GM = grey matter; Vent = ventricle asymmetry; VM = ventriculomegaly; WM = white matter; WMI = white matter hyperintensity or abnormalities.
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TRAPPC6B variants will decrease the presence of subunits that 
rely on this heterodimer to associate with TRAPP complexes. 
Indeed, in p.Q152* fibroblasts, several TRAPP protein levels were 
decreased, with the strongest effect seen for the two TRAPP 
II-specific proteins TRAPPC10 and TRAPPC9 (Fig. 3C). There was 
a near complete absence of detectable amounts of TRAPPC6B, 
suggesting potential nonsense mediated decay or truncated pro
tein instability (Fig. 3C). It is noteworthy that we consistently saw 
an increase in the levels of TRAPPC6A in the fibroblasts from the 
affected individuals, perhaps representing an attempted com
pensatory response.

TRAPP II complex members associate preferentially 
with TRAPPC6B

We next examined whether TRAPPC6B was preferentially asso
ciated with TRAPP II complexes. To perform this experiment, 
HeLa cells were mock transfected or co-transfected with 
TRAPPC6A-V5/TRAPPC10-FLAG, TRAPPC6A-V5/TRAPPC11-FLAG, 
TRAPPC6B-V5/TRAPPC10-FLAG or TRAPPC6B-V5/TRAPPC11 and as
sociated proteins were collected on beads harbouring anti-FLAG 

IgG and probed for V5 and FLAG. TRAPPC11 transfections target 
TRAPP III, while the TRAPPC10 transfections target TRAPP II.

Unlike TRAPPC6A, which equally co-precipitated with 
TRAPPC10 and TRAPPC11, TRAPPC6B was significantly more en
riched with TRAPPC10 compared to TRAPPC11 (Fig. 4A and B). 
These results suggest that TRAPP II complexes are enriched in 
TRAPPC6B compared to TRAPP III.

Patient-derived fibroblasts have ER-Golgi trafficking 
defects and altered Golgi morphology

Previous studies have shown an anterograde trafficking defect for 
variants in most TRAPP-associated genes.8,10,14,18 Therefore, 
we subjected fibroblasts derived from Families 4 (c.149+2 T>A 
splice-site; Patients 5 and 6) and 15 (p.Q152*; Patients 23 and 24) 
to a membrane trafficking assay.30 In all four cases, upon biotin- 
mediated release of an ER-retained protein there was a delay in 
transport to the Golgi compared to control (Fig. 5A and B). This 
was determined to be TRAPPC6B-related since transfection of 
RFP-tagged TRAPPC6B resulted in a noticeable rescue of this traf
ficking defect. Golgi fragmentation is also commonly seen in cells 

Figure 3 TRAPPC6B variants affect the stability of TRAPP II. TRAPPC6B (wild-type or p.Q152* variant) was cloned into either pGADT7 (A) or pGBKT7 (B); 
TRAPPC2L and TRAPPC3 were cloned into either pGBKT7 (A) or pGADT7 (B) and transformed into haploid yeast cells. In some cases, an empty vector (Φ) 
was used. The cells were mated, diploids selected and then spotted as serial dilutions on plates lacking leucine and tryptophan (DDO) or plates lacking 
leucine, tryptophan and histidine (TDO). (C) Fibroblasts from control or affected individuals from Family 15 (p.Q152*) were lysed and probed for the 
indicated TRAPP proteins or for tubulin as a loading control. WT = wild-type.
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harbouring TRAPP gene mutations as well as in cells with muta
tions in other membrane trafficking-related proteins.35 When the 
fibroblasts from affected individuals were compared to control, a 
significant increase in Golgi fragmentation was seen (Fig. 5C and 
D). This increase was rescued to near wild-type levels by transfec
tion of wild-type TRAPPC6B. Together, our functional studies sug
gest that variants in TRAPPC6B can disrupt ER to Golgi protein 
trafficking and lead to altered Golgi morphology.

Loss of neuronal TRAPPC6B impairs locomotion and 
wing posture in Drosophila

We examined whether TRAPPC6B could regulate neuromotor func
tion in a Drosophila model. The Drosophila orthologue, Trs33, has ex
cellent conservation with TRAPPC6B (DRSC integrated orthologue 
prediction tool score = 15/15) with 72% similarity and 54% identity 
(flyrnai.org). As Trs33 is an essential gene for development, we 
used an RNAi knockdown approach specifically in neurons under 
the ELAV-Gal4 driver. Neuronal expression of Trs33 shRNA de
creased distance traveled in a locomotor assay compared to the 
heterozygous controls of the Gal4 and UAS lines alone (Fig. 6A). 
Additionally, an abnormality of wing posture was noted in 10.6% 
of these animals, suggesting defects in the innervation of the indir
ect flight muscles (Fig. 6B). Together, this suggests TRAPPC6B is cru
cial for motor function.

Discussion
Marin-Valencia et al.9 recently reported a founder TRAPPC6B homo
zygous splice-site variant segregating with disease in three Egyptian 
families and found that morpholino treatment against Danio 
TrappC6B led to reduced head size and increased spontaneous neur
onal activity in zebrafish. We present here 29 individuals from 18 
families with biallelic variants in TRAPPC6B. These individuals share 
a syndromic phenotype consisting of primary microcephaly, global 
developmental delay/intellectual disability, stereotypies and im
paired expressive language. Brain MRI findings include volume 
loss, thin corpus callosum and white matter signal abnormalities. 

Variable features include epilepsy, spasticity/dystonia and dys
morphic features. Our findings thus provide an independent valid
ation for biallelic TRAPPC6B variants as a cause of a complex 
neurodevelopmental disorder and expand on the clinical features.

Notably, two individuals in our series harboured TRAPPC6B var
iants of unknown significance (Patients 7 and 29). The individual 
with compound heterozygous splice and small deletion variants 
(Patient 7) had a milder phenotype, gaining the ability to use limited 
expressive language, falling short of a formal diagnosis of microceph
aly and achieving independent walking by age 3. The homozygous 
missense variant (p.G124V) has a CADD score of 32, is absent from 
gnomAD and classified as a variant of uncertain significance 
(VOUS) in VarSome. This individual (Patient 29) has clinical features 
that match the remaining cohort, including microcephaly, spasticity, 
epilepsy and a thin corpus callosum. However, we were not able to 
conduct functional studies on this variant. This suggests that mis
sense variants can contribute to a TRAPPC6B genetic disorder, with 
similar but potentially milder manifestations, but further studies 
are needed. The remaining 27 individuals in the present cohort and 
those reported by Marin-Valencia et al.9 all had homozygous splice- 
site and early stop variants. We confirmed diminished protein ex
pression in a family with a homozygous early stop variant 
(p.Q152*), consistent with a loss-of-function variant that may mani
fest with decreased protein abundance or the loss of an as-yet un
identified motif in the carboxy-terminus important for subcellular 
localization or protein-protein interactions. One limitation of this 
work is the fact that we only tested the effect of this particular variant 
on TRAPPC6B levels.

Our biochemical studies suggest that variants in TRAPPC6B 
such as p.Q152* likely impair TRAPP II complex stability by a wea
kened interaction with TRAPPC3 and decreasing protein expression 
for TRAPPC6B and TRAPP II complex members. TRAPPC6B appears 
to associate preferentially with TRAPP II compared to TRAPP III. It is 
interesting that TRAPPC6A levels increase in the absence of 
TRAPPC6B as seen in affected individuals of Family 15. It is possible 
that TRAPPC6A can partially compensate for the loss of TRAPPC6B. 
This would be consistent with the studies of TRAPP GEF activity to
wards Rab for recombinant Drosophila and human complexes.3,36

Figure 4 TRAPPC6B preferentially associates with the TRAPP II complex. (A) HeLa cells were either untransfected (NT) or co-transfected with 
TRAPPC6A-V5/TRAPPC10-FLAG, TRAPPC6A-V5/TRAPPC11-FLAG, TRAPPC6B-V5/TRAPPC10-FLAG or TRAPPC6B-V5/TRAPPC11. After 48 h, the cells 
were lysed and treated with anti-FLAG IgG agarose beads. The eluates from the immunoprecipitation were probed for V5, FLAG and tubulin. The 
blot is representative of at least three biological replicates. Inputs represent 10% of the sample subjected to immunoprecipitation (IP). (B) 
Quantification of the ratio of V5 immunoprecipitated with FLAG from three different experiments. The integrated density of V5, FLAG and background 
nearby for each band was measured using ImageJ v1.53. To obtain the corrected integrated density, the background value for each band was subtracted. 
The V5/FLAG ratio was then calculated using the corrected integrated densities and normalized to the highest signal detected for FLAG.
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In Drosophila, only a single (TRAPPC6B) homologue is found, while 
humans have both TRAPPC6A and TRAPPC6B. Therefore, 
Drosophila TRAPP complexes do not distinguish between the two 
TRAPPC6 human orthologues and TRAPP III is functional with 
TRAPPC6B. In the human recombinant complexes, TRAPPC6A was 
used for assembling both TRAPP II and III, and both complexes 
were functional.3,36 It remains possible that had TRAPPC6B been 
used in the recombinant TRAPP II complex, stronger or additional 
GEF activity would have been seen. Nevertheless, our present study 
suggests a bias for TRAPPC6B in TRAPP II and implies the cell has a 
mechanism to distinguish and incorporate specific TRAPPC6 ortho
logues into specific TRAPP complexes. It is presently unclear how 
this would be accomplished.

Disruption of TRAPP II stability has been shown previously to af
fect anterograde trafficking.18 Biallelic variants of TRAPPC6B show 
similar cellular features, such as an ER-to-Golgi trafficking defect 
and altered Golgi morphology.

We found that neuronal loss of TRAPPC6B in a Drosophila 
model impaired locomotion and wing posture. The erect wing 
phenotype has been linked to impaired synaptic growth37 and 
disrupted CNS commissures and longitudinal tracts innervating 
the indirect flight muscles which regulate wing posture.38

Knocking down Trs33 in Drosophila with the Mef2 muscle and 
neuron expressing Gal4-driver was reported to impair flight abil
ity but without obvious changes to the flight muscles, myofibrils 
or sarcomeres themselves.39 Together with our ELAV-mediated 
neuronal knockdown, this suggests a neuronal origin for the pre
viously reported flight muscle weakness that has similarities to 
the postural/locomotor impairments in TRAPPC6B-affected 
individuals.

TRAPPC6B-associated phenotypes overlap substantially with 
variants in genes encoding other TRAPP subunits. These pheno
types include intellectual disability, movement disorders, white 
matter involvement, cerebellar volume loss, microcephaly and 

Figure 5 Fibroblasts from individuals with TRAPPC6B variants display membrane trafficking defects and have fragmented Golgi. (A) Fibroblasts from 
Families 4 (c.149+2 T>A splice-site; Patients 5 and 6) and 15 (p.Q152*; Patients 23 and 24) were transfected with sialyl transferase (ST-GFP) and incubated 
overnight. The next day, cells were treated with 60 µM biotin and imaged every 2 min. Golgi-associated fluorescence was quantified and plotted as a 
function of time. In some cases, TRAPPC6B-RFP was co-transfected to verify a rescue of the trafficking defect. The error bars represent the standard 
error of the mean (SEM) at each time point. (B) Representative images used for quantification of the retention using selective hooks trafficking assay 
at 0, 10, 20 and 30 min. n-values ranged from 48 to 61 and come from at least three biological replicates. Scale bar = 10 µm. (C) Fibroblasts were either 
untransfected or transfected with TRAPPC6B-RFP, fixed and stained for mannosidase II as a Golgi marker. The mannosidase II-positive structures were 
quantified as described in the methods section. Bars represent SEM. n-values ranged from 65 to 82 and come from at least three biological replicates. (D) 
Representative images used for the quantifying the number of Golgi fragments. Scale bar = 10 µm. CTRL = control.
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muscle involvement (Table 1).8 Many TRAPP-related disorders, 
particularly those affecting TRAPP III, identified a progressive 
loss of cerebral volume over time (Table 1). However, we did not 
find evidence that loss of TRAPPC6B function causes neurodegen
eration. Treating clinicians did not note progressive microcephaly 
and available occipital frontal circumference measurements 
seem to start low at birth and maintain the same course. 
Consistent with the biochemical studies, we found TRAPPC6B 
phenotypes overlapped more closely for genes exclusively loca
lized to TRAPP II [TRAPPC9 (#613192) and TRAPPC10 (*602103)]. In 
contrast, individuals with variants in genes exclusively encoding 
autophagy-associated TRAPP III components (TRAPPC11 and 
TRAPPC12) are notably different from the TRAPPC6B patients. 
TRAPPC11 variants lead to a complex neurodevelopmental dis
order with muscular dystrophy and visual system impairments 
and individuals with TRAPPC12 display a progressive encephalop
athy. This supports the conclusion that TRAPPC6B is important for 
TRAPP II complex function with impairments resulting in a dis
tinct and recognizable TRAPPopathy. A major challenge in under
standing the neurological disorder linked to TRAPPII variants is 
the consequence of trafficking defects on neuronal function. We 
identified a potential defect in neuronal innervation in the fly 
model; however, we were unable to investigate further due to 
the lack of human neuronal cells. Cellular reprograming of pa
tient fibroblasts into patient-derived induced pluripotent stem 
cells that can be induced to differentiate into specific neuronal 
cells can overcome this limitation and provide better insight 
into the aetiology of neurodevelopmental disorders associated 
with TRAPPII variants.
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