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A novel TRAPPC11 mutation in two Turkish families
associated with cerebral atrophy, global retardation,
scoliosis, achalasia and alacrima
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ABSTRACT
Background Triple A syndrome (MIM #231550) is
associated with mutations in the AAAS gene. However,
about 30% of patients with triple A syndrome symptoms
but an unresolved diagnosis do not harbour mutations in
AAAS.
Objective Search for novel genetic defects in families
with a triple A-like phenotype in whom AAAS mutations
are not detected.
Methods Genome-wide linkage analysis, whole-exome
sequencing and functional analyses were used to
discover and verify a novel genetic defect in two families
with achalasia, alacrima, myopathy and further
symptoms. Effect and pathogenicity of the mutation were
verified by cell biological studies.
Results We identified a homozygous splice mutation in
TRAPPC11 (c.1893+3A>G, [NM_021942.5],
g.4:184,607,904A>G [hg19]) in four patients from two
unrelated families leading to incomplete exon skipping
and reduction in full-length mRNA levels. TRAPPC11
encodes for trafficking protein particle complex subunit
11 (TRAPPC11), a protein of the transport protein
particle (TRAPP) complex. Western blot analysis revealed
a dramatic decrease in full-length TRAPPC11 protein
levels and hypoglycosylation of LAMP1. Trafficking
experiments in patient fibroblasts revealed a delayed
arrival of marker proteins in the Golgi and a delay in
their release from the Golgi to the plasma membrane.
Mutations in TRAPPC11 have previously been described
to cause limb-girdle muscular dystrophy type 2S (MIM
#615356). Indeed, muscle histology of our patients also
revealed mild dystrophic changes.
Immunohistochemically, β-sarcoglycan was absent from
focal patches.
Conclusions The identified novel TRAPPC11 mutation
represents an expansion of the myopathy phenotype
described before and is characterised particularly by
achalasia, alacrima, neurological and muscular
phenotypes.

INTRODUCTION
Triple A syndrome (MIM #231550) is an auto-
somal recessive disease characterised by adrenocor-
ticotropic hormone-resistant adrenal insufficiency,
achalasia and alacrima.1 In addition to the three
main features, patients often present with a variety
of dermatological features and progressive neuro-
logical symptoms involving the central, peripheral
and autonomic nervous systems. Some patients also

display intellectual disabilities. The phenotype is
highly variable with regard to severity, age of onset
and manifestation of all main symptoms. In
addition, adrenal failure may occur later in life or
may not arise at all.2 Classical triple A syndrome is
caused by homozygous or compound heterozygous
mutations in the achalasia-addisonianism-alacrima
syndrome (AAAS) gene on chromosome 12q13.3 4

This gene encodes a protein of the nuclear pore
complex (NPC) named ALADIN (ALacrima
Achalasia aDrenal Insufficiency Neurologic dis-
order).5 While most ALADIN mutants fail to loca-
lise to the NPC,6 7 mutations in this protein result
in dysregulation of cellular redox homeostasis in
vitro, suggesting a role in the progressive degener-
ation of affected tissues.8 9

Recently, a triple A-like disease, the alacrima,
achalasia and mental retardation (AAMR) syndrome
(MIM #615510) was described to be caused by
mutations in the GDP-mannose pyrophos-
phorylase A (GMPPA) gene on chromosome
2q35.10 These patients presented at birth or in the
first years of life with alacrima, achalasia and psy-
chomotor developmental delay with speech delay,
but without clinical symptoms of adrenal insuffi-
ciency. Most patients also had muscular hypotonia
and share aspects with hereditary sensory and auto-
nomic neuropathies.10 Although the underlying cel-
lular mechanism of GMPPA dysfunction is not fully
known, a loss of function of GDP-mannose pyro-
phosphorylase, consisting of the regulatory subunit
GMPPA and the catalytic subunit GMPPB, is
assumed.10 Interestingly, about 30% of the patients
with a suspected triple A syndrome due to a com-
bination of typical symptoms do not harbour any
mutations in AAAS or GMPPA suggesting that triple
A syndrome is a genetically heterogeneous dis-
order.11 To date, the intriguing combination of
achalasia and alacrima is caused only by mutations
in AAAS or GMPPA, whereby hitherto the specific
mechanism is obscure. It is assumed that neural
degeneration plays a role.
Muscular dystrophy encompasses a large group of

muscular disorders with limb-girdle muscular dys-
trophies (LGMD) accounting for up to one-third of
muscular dystrophy cases. The LGMD phenotype
has been associated with mutations in 30 different
protein-coding genes.12 The combination of myo-
pathy with mental retardation occurs more fre-
quently in muscular dystrophy–dystroglycanopathy
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(MDDG), for example, MDDGB1 (POMT1), MDDGB2
(POMT2), MDDGB3 (POMGNT1), MDDGB5 (FKRP),
MDDGB6 (LARGE) and MDDGB14 (GMPPB) mostly affecting
O-mannosyl glycosylation of dystroglycans.13–19 There are over-
lapping phenotypes, for example, mutations in GMPPB also
cause LGMD2Twith mental retardation.19

Here, we report the discovery of a novel mutation in the traf-
ficking protein particle complex subunit 11 (TRAPPC11) gene
in two unrelated consanguineous Turkish families each with two
patients suffering from myopathy and intellectual disability
including cerebral atrophy, scoliosis, achalasia and alacrima, thus
expanding the clinical phenotype of TRAPPC11 mutations.

PATIENTS
The study was approved by the local ethics review board
(Medical Faculty, Technical University Dresden; EK820897). All
subjects or their legal representatives gave written informed
consent to the study. The study was performed in accordance
with the Declaration of Helsinki. The two unrelated consan-
guineous families (F1 and F2) originated from Turkey. The
parents are each first-degree cousins. An overview of the symp-
toms of all patients is given in table 1. Patients’ case presenta-
tions are reported in detail in the online supplementary
information section.

MATERIALS AND METHODS
Homozygosity mapping
Blood samples from patients for DNA analysis were collected
after obtaining written informed consent. DNA preparation was

performed according to standard protocols using the QIAamp
DNA Mini Kit (Qiagen). Homozygosity mapping was done with
DNA samples of three affected patients of both families (F1.II:2,
F2.II:2, F2.II:3) using the GeneChip Human Mapping 6.0 SNP
array (Affymetrix), as described.20 HomozygosityMapper 2012
(http://www.homozygositymapper.org) was used to delineate
genetic intervals that were homozygous for 400 SNPs in succes-
sion in the affected individuals.21 Both families were analysed
separately.

Whole exome sequencing
Exonic sequences were enriched from patient F2.II:2 using
NimbleGen SeqCap EZ human exome library V.2.0 and
sequenced on a HiSeq2000 (Illumina) with read length of
paired-end 2× 100 bp and average coverage of >50-fold. FASTQ
files (FASTA format sequences bundled with their quality data)
were aligned to the human GRCh37.p11 (hg19) reference
sequence using the BWA-MEM V.0.7.1 aligner. A variant file was
generated for all exons ±20 bp flanking regions using the GATK
V.3.3 software package and sent to MutationTaster2 (http://www.
mutationtaster.org) for the assessment of potential pathogen-
icity.22 Filtering options were used as described.20 All relevant
variants were inspected visually using the Integrative Genomics
Viewer (http://www.broadinstitute.org/igv).

Sanger sequencing and microsatellite analysis
Cosegregations of the TRAPPC11 mutation in families F1 and
F2 were verified by automatic Sanger sequencing using an ABI
3130xL genetic analyser and BigDye Terminator Cycle
Sequencing Kit 1.1 (Applied Biosystems). Exon 18 and flanking
intronic regions were amplified with primer pair 50-TAA GTG
CAG AAG TCA GTA AGA ATG-30 and 50-ATT TGT TAC TAT
GAA ACC ATT AAG AC-30. Primer pairs for sequencing of
coding regions and all exon/intron junctions of the TRAPPC11
gene are listed in online supplementary table S1.

Haplotype analysis was performed with M13-labelled primers
by standard semi-automated methods using an ABI 3130xL
Genetic Analyzer.23 Marker information and primer sequences
are listed in online supplementary tables S2 and S3. Allele
calling was performed using GeneScan Software, V.3.7.1 and
GeneMapper 4.0 (Applied Biosystems).

RT-PCR analysis
Total RNA from blood was collected into a PAXgene Blood
RNA Tube (BD) and prepared using PAXgene Blood RNA Kit
(Qiagen). After reverse transcription of messenger RNA
(mRNA) with Go Script Reverse Transcription System
(Promega), the sequences of exons 17–19 of TRAPPC11 were
amplified using the following primers: 50-ATG AAA GTC CTG
ATC CAG AAC-30 (forward primer exon 17) and 50-GGC ACA
TCT TTC CTT GAG TC-30 (reverse primer exon 19).

Fibroblast RNA was isolated using the Nucleospin RNAII kit
(Macherey-Nagel) with on-column DNase treatment.
Quantitative RT-PCR on cDNA from patients (F1.II:1, F1.II:2,
F2.II:3) and two control fibroblasts were set up in triplicates
from three independent RNA preparations per sample on a 7300
Real-Time PCR system (ABI) using GoTaq Probe qPCR Master
Mix (Promega). Sequences of the wild-type TRAPPC11 allele
(exons 17–18) were amplified using oligonucleotide primers
50-GCT GTG AAA ACT GCT CAG AAG CT-30 (forward primer
exon 17), 50-GGC TTT GCA CTG CAC AAA TG-30 (reverse
primer exon 17/18) and probe 50-FAM TTT CTC TGG CTG
GCA GCA ATA TTT TCA CAA TAMRA-30 (exon 17). Sequences
of the mutant TRAPPC11 allele (exons 17–19 without exon 18)

Table 1 Clinical presentation of the affected individuals

Patient F1.II:1 F1.II:2 F2.II:2 F2.II:3

Consanguinity Yes Yes Yes Yes
Sex Male Female Male Female
Age 16 12 15 13
Cardinal symptoms of triple A syndrome
Achalasia Yes No Yes Yes
Achalasia age of onset (years) 0.5 – 2.5 2
Alacrima Yes Yes Yes Yes
Alacrima age of onset (years) Birth 0.5 Birth Birth
Adrenal insufficiency No No No No
Epidermal symptoms
Hyperkeratosis Yes Yes No No
Neurological and muscular symptoms
Intellectual disability Yes Yes Yes Yes
Milestones delay Yes Yes Yes Yes
Muscular weakness/dystrophy Weakness Weakness Dystrophy Atrophy
Gait abnormalities Yes No gait No gait No gait

Cerebral atrophy in MRI Yes Yes Yes Yes
Speech delay (few words) Yes Yes Yes Yes
Nasal speech No Yes No No
Other symptoms
Short stature Yes Yes Yes Yes
Dystrophy: body weight <10
percentile

Yes Yes Yes Yes

Epilepsy/seizures Yes Yes – –

Caries Yes Yes No No

Nephrolithiasis Yes No No No
Undescended testis Yes – No –

Scoliosis Yes Yes Yes Yes
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were amplified in a second reaction using the same forward
primer and probe from exon 17 and an artificial reverse primer
Ex17/19-R 50-CAG AAC TGG TTG TAT TCC AAA TGG-30.
Gene transcription was normalised in relation to the transcription
of the housekeeping gene β-actin with the following primers:
50-GCA CCC AGC ACA ATG AAG ATC-30, 50-CGC AAC TAA
GTC ATA GTC CGC-30 and the β-actin-probe 50-FAM TGC
TCC TCC TGA GCG CAA GTA CTC C TAMRA-30.

Western blot
Lysates of cultured fibroblasts from control individuals or
patients were prepared by harvesting cells in lysis buffer
(20 mM HEPES, pH 7.4, 0.1 M KCl, 0.5% Triton X-100,
5 mM MgCl2 with protease inhibitors). A total of 30 μg of
protein was fractionated on an sodium dodecyl sulfate (SDS)–
polyacrylamide gel. The fractionated proteins were transferred
to a nitrocellulose membrane, blocked for 1 hour with 5% skim
milk in 1× PBS-T (PBS with 0.1% Tween 20) and then incu-
bated for 1 hour with primary antibody. The primary antibodies
used were anti-green fluorescence protein (GFP) (Roche), anti-
tubulin (Sigma), anti-LAMP1 (H4A3, Santa Cruz
Biotechnology) and anti-TrappC11.24 The appropriate second-
ary antibodies (anti-rabbit-horseradish peroxidase (HRP) or
anti-mouse-HRP) (KPL) were then added in 1× PBS-T for
45 min. After washing the membrane, the signal was developed
using enhanced chemiluminescence (ECL) western blotting
detection reagents (GE Amersham) and visualised on a GE
Amersham Imager 600.

VSVG–GFP ts045 assay
Fibroblast cells were infected with virus encoding vesicular
stomatitis virus glycoprotein (VSVG)–GFP ts045 for 1 hour at
37°C. The cells were then incubated for ∼18 hours at 40°C.
Prior to a shift to 32°C, cycloheximide was added to a final con-
centration of 10 μg/mL. At various time points, cells were either
fixed in 3% paraformaldehyde for 20 min and processed for
immunofluorescence microscopy (see below) or quickly har-
vested in ice-cold lysis buffer (20 mM HEPES, pH 7.4, 0.1 M
KCl, 0.5% Triton X-100, 5 mM MgCl2 with protease inhibi-
tors). For endoglycosidase H (endo H) treatment, 5–20 μg of
total cell lysate was denatured at 100°C for 10 min before the
addition of 10 U of endo H. Treated samples were incubated for
1 hour at 37°C. Western blot analysis was used to detect the
fusion protein using mouse anti-GFP (Roche). Quantitation of
western blots scanned on a GE Amersham Imager 600 was per-
formed using the ImageJ V.1.48 program (National Institutes of
Health (NIH)) after background subtraction and are expressed
as endo H-resistant pixels/(endo H-resistant + endo H-sensitive
pixels) at each time point.

Fluorescence microscopy
Following fixation in paraformaldehyde, samples for immuno-
fluorescence microscopy were first quenched with 0.1 M glycine
for 10 min, permeabilised in 0.2% Triton X-100 for 5 min and
then blocked with 5% normal goat serum (NGS, Cell Signaling
Technology) for 40 min. Primary (mouse antibody anti-GFP
(Sigma) and rabbit anti-mannosidase II (kind gift from Kelley
Moreman, University of Georgia)) were diluted in 5% NGS and
incubated overnight at 4°C. After washing with PBS, secondary
antibodies (antimouse AlexaFluor-488 and antirabbit
AlexaFluor-647) and DAPI were applied for 1 hour at room
temperature. Images of 1024×1024 pixel resolution were cap-
tured on a Nikon C2 laser scanning confocal microscope fitted
with a 63× Plan Apo I, NA1.4 objective (Nikon) controlled by

NIS Elements C 4.4 software. Optical sections of 0.2 mm incre-
ments were acquired.

Time-lapse microscopy
Fibroblast cells were treated as described for the VSVG–GFP
assay except they were plated on glass-bottom dishes (14 mm
diameter, thickness of 1.5; MatTek). Immediately after the 40°C
incubation, the dishes were placed in the temperature-controlled
chamber of the microscope heated to 32°C with 5% CO2.
Time-lapse microscopy was performed beginning at 3 min after
the temperature shift (a time necessary to select the cells for
imaging) using a 40× oil objective (NA 1.3), no binning, on an
inverted confocal microscope (LiveScan Swept Field; Nikon),
Piezo Z stage (Nano-Z100N; Mad City Labs) and an
electron-multiplying charge-coupled device camera (512×512,
iXon X3; Andor Technology). Images were acquired with
NIS-Elements V.4.0 acquisition software every 30 s using a 0.7 s
exposure at 0.2 mm increments with a slit size of 50 mm for up
to 3 hours. Images were viewed and analysed on ImageJ V.1.48
(NIH). Montages of images from the videos with corresponding
time points were plotted in Illustrator CS6 (Adobe).

Immunohistochemistry
Muscle biopsy was performed on patient F2.II:3. The muscle
biopsy sample from the gastrocnemius muscle was frozen in iso-
pentane precooled in liquid nitrogen and 8–12 mm sections
were cut using a cryostat. These sections were stained with
routine histochemical and enzyme histochemical stains, such as
H&E, modified Gomori’s trichrome and Masson’s trichrome. A
rich panel of antibodies against structural proteins of muscle
fibre was performed immunohistochemically. These included
antispectrin (Novocastra, NCL-spec1), antidystrophin
N-terminus (Novocastra, NCL-dys3), antiadhalin (Novocastra,
NCL-α-sarc) and other antisarcoglycans (Novocastra, NCL-β–δ–
γ-sarc) antibodies. In addition, antimyosin heavy chain fast and
slow (Novocastra, NCL-MHCf/MHCs) antibodies were used for
discriminating between fibre type, and antimyosin heavy chain
neonatal (Novocastra, NCL-MHCn) antibody was used for
identification of pathological immature fibres.

Statistical analyses
All data sets were shown as means±SEM. Statistical significance
was assessed using an unpaired two-tailed Student’s t-test using
the GraphPad Prism software statistical package 6.0 (GraphPad
Software). The significance level was set to p<0.05.

RESULTS
Molecular genetics
In the present study, we investigated two consanguineous
Turkish families (F1 and F2) each with two affected siblings,
who suffer from a triple A-like syndrome with alacrima and
achalasia, but without signs of adrenal insufficiency (for labora-
tory findings, see online supplementary table S4). The parents
and three siblings were unaffected, consistent with an
autosomal-recessive mode of inheritance. Autozygosity mapping
delineated various regions in both families (see online
supplementary figures S2 and S3 and table S5), but only one
region of 2.7 Mbp on chromosome 4 that was shared by both
families and that was flanked by the SNPs rs6854653 and
rs9685847 (figure 1A). Whole exome sequencing was per-
formed on patient F2.II:2. In order to identify the common
disease gene for both families as well as further potential
disease-causing mutations in other genes that were only located
in the autozygous regions of family 2 in the potential case of a
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Figure 1 Affected individuals carry a homozygous trafficking protein particle complex subunit 11 (TRAPPC11) mutation. (A)
HomozygosityMapper2012 analysis revealed one locus on chromosome 4 with the highest score that was homozygous in all three investigated
patients. This locus comprised 2.7 Mbp and covered 30 protein-coding genes. The TRAPPC11 gene is located among them, and the identified DNA
alteration and the predicted change at the protein level is indicated. (B) Haplotype analysis using microsatellite markers of the chromosomal
TRAPPC11 region revealed a shared haplotype of the TRAPPC11 flanking marker D4S1554 (highlighted by the red square). The sequencing
electropherograms at the genomic DNA level of all family members shows the segregation of the mutation in both families.
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two-gene disorder,25 we subjected all variants found in all the
autozygous regions (corresponding to 548 protein-coding genes)
to a MutationTaster2 analysis. Using this approach, we only
identified a single homozygous variant in TRAPPC11 (c.1893
+3A>G, [NM_021942.5], g.4:184,607,904A>G [hg19]) at the
splice donor site of exon 18 that was predicted to affect spli-
cing. The coverage of this position was 132×. The variant was
neither listed in the 1000 genome (http://www.1000genomes.
org) nor in the 5000 exome (https://http://www.genomeweb.
com/sequencing/baylor-sequence-more-5000-exomes-human-
disease-studies) projects or in the dbSNP (http://www.ncbi.nlm.
nih.gov/SNP) and Exome Aggregation Consortium (ExAC) data-
bases (http://exac.broadinstitute.org). The genotype–phenotype
segregation in the family was verified by Sanger sequencing.
The same mutation could be identified in the second apparently
unrelated family (F1), which also segregated with the phenotype
(figure 1B). Having identified the mutation in TRAPPC11 as the
likely underlying genetic defect in these two families, we
screened 56 additional patients affected by triple A syndrome or
a triple A-like disorder. These patients were selected since they
carry no mutation in AAAS or GMPPA. None of these patients
revealed a TRAPPC11 mutation in any of the 29 coding exons
(exons 2–30) and exon–intron boundaries.

To clarify whether the two families would be closely related,
we performed a haplotype analysis using microsatellite markers
of the chromosomal TRAPPC11 region. We found a shared
haplotype of the TRAPPC11 flanking marker D4S1554 in fam-
ilies F1 and F2 (figure 1B). In the affected patients of family F1,
we found a homozygous haplotype over nearly the entire
region. Although the two patients of family F2 show a homozy-
gous region around the TRAPPC11 gene, they shared only one
flanking microsatellite marker with family F1, indicating that
the families are not closely related but the mutation might be a
founder mutation.

Consequences of the TRAPPC11 mutation on the transcript
level
The c.1893+3A>G mutation was further qualitatively and
quantitatively investigated on the mRNA level. After

amplification of exon 17 to exon 19 of reverse transcribed
TRAPPC11 mRNA from patients F1.II:1 and F1.II:2, we found
that patient cells produced an out-of-frame aberrant splice
product in which the 131 bp of exon 18 is missing. Patient cells
also produced the regular splice product that includes exon 18
(figure 2A). Quantitative measurements (qRT-PCR with
TaqMan) revealed that patient fibroblasts had only 20% of the
regular splice product as compared with control fibroblasts
(100%) (figure 2B), suggesting an incomplete splicing defect
due to the mutation. The aberrant splice product of patient cells
was calculated to be only about 12% of the quantity in compari-
son with the regular splicing product of the control cells. From
this, we conclude that a loss of 80% of the intact TRAPPC11
transcripts in combination with an aberrant splicing product
causes the phenotype of the patients. Quantitative measure-
ments of mRNA from parent’s blood cells revealed comparable
levels of the regular splice product in heterozygous carriers of
the c.1893+3A>G mutation compared with controls without
this mutation. The levels of the aberrant splice product were
only about half as high as those of the homozygotes (see online
supplementary figure S4).

Western blot analysis of TRAPPC11 and LAMP1
We next sought to determine the consequences on the cellular
level of the c.1893+3A>G mutation. The splicing defect that
deletes exon 18 is predicted to result in the mutant protein
p.Val588Glyfs16*, resulting in a truncation of the protein just
prior to the conserved gryzun domain (figure 1A). Lysates pre-
pared from fibroblasts derived from two affected individuals
(F1.II:1 and F1.II:2) were subjected to western blot analysis
using rabbit antiserum raised against the human TRAPPC11
protein24 and against the human LAMP1 protein. Since this
TRAPPC11 antiserum was raised against an epitope in the
extreme carboxy portion of the protein, a truncated product, as
expected for this mutation, would not be detected. Rather, we
detected a dramatic decrease in the levels of full-length
TRAPPC11 in both affected individuals (figure 3A). Small
amounts of full-length TRAPPC11 in the lysates from the
affected individuals are consistent with the incomplete splicing

Figure 2 Affected individuals have reduced levels of trafficking protein particle complex subunit 11 (TRAPPC11) transcript as well as a novel splice
variant. (A) Agarose gel electrophoresis and sequencing chromatograms of cDNA-derived PCR products using PAXgene blood RNA and primers
amplifying exons 17–19. PCR-amplified cDNA fragments were analysed by electrophoresis on a 2% agarose gel and by sequencing. The 345 bp
amplicon represents the regular splice product and the 214 bp amplicon represents the aberrant splicing product; control=pooled cDNA;
negative=water control. (B) TRAPPC11 mRNA-expression analysis performed by TaqMan PCR on fibroblast cDNA. A reduction of ∼80% TRAPPC11
expression in affected individuals compared with control was shown.
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defect and reduced mRNA levels of the regular splice product
described above. In a previous study characterising the
TRAPPC11 mutations p.G980R and p.A372_S429del, hypergly-
cosylation of lysosomal-associated membrane protein 1
(LAMP1) was demonstrated.26 In contrast to that study, we
found that LAMP1 was hypoglycosylated in both F1.II:1 and
F1.II:2 (figure 3A). This result could reflect a membrane traf-
ficking defect or a role for TRAPPC11 in protein glycosylation
as recently reported.27

VSVG–GFP ts045 assay for monitoring the transport along
the secretory pathway
Since TRAPPC11 has been implicated in endoplasmic reticulum
(ER)-to-Golgi transport,24 28 we next used an established assay
to follow the movement of a protein from the ER, through the
Golgi and on to its final destination, the plasma membrane.29

The marker protein is a temperature-sensitive form of VSVG
fused to GFP (VSVG–GFP ts045). At restrictive temperature,
the protein is retained in the ER and as the temperature is
lowered, in the presence of the protein synthesis inhibitor cyclo-
heximide, there is a synchronised release of the protein from
this compartment. Upon reaching the Golgi, the protein is even-
tually processed such that it becomes resistant to endoglycosi-
dase H (endo H). Fibroblasts from unaffected and affected
individuals were infected with a virus expressing VSVG–GFP
ts045 and held at restrictive temperature overnight to allow
accumulation of the protein in the ER. Samples were collected
prior to the downshift in temperature and at time points up to
90 min after downshifting. A portion of the sample was treated

with endo H to assess the location of the protein within the
cell. As shown in figure 3B and C, at 40 min postdownshift,
there was a slight delay in the acquisition of endo H resistance
of the protein in the fibroblasts of affected individuals, suggest-
ing a delay in the exit of the protein from the ER or a delay in
traffic through the Golgi complex.

To distinguish between these two possibilities, cells were fixed
at the same time points and the location of VSVG–GFP ts045
was assessed by immunofluorescence microscopy (figure 3D).
Before downshifting of the temperature in the culture, the
marker protein stains the cells in a diffuse reticular pattern con-
sistent with ER localisation. By 20 and 40 min postdownshift,
the marker protein colocalised with the Golgi marker mannosi-
dase II in both affected and unaffected individuals. At the later
time points, while the marker protein in unaffected individuals
clearly separated from the Golgi marker and was found at the
cell surface, a significant amount was retained in the Golgi
in affected individuals. It is noteworthy that not all fibroblasts in
the culture from affected individuals showed this phenotype. In
fact, there were a number of cells that failed to show colocalisa-
tion between the Golgi marker and VSVG–GFP ts045 at the
later time points (see below). Quantitation of the phenotype
demonstrated a delay in the exit of the protein from the Golgi
in affected individuals (figure 3E).

Time-lapse fluorescence microscopy to investigate dynamic
events at the single-cell level
Since each time point in figure 3E represents a population of
different cells at a given time point, we used time-lapse

Figure 3 The affected individuals showed a delay in endoglycosidase H resistance and an accumulation of vesicular stomatitis virus glycoprotein
(VSVG)–GFP ts045 in the Golgi. (A) Lysates prepared from control, F1.II:1 and F1.II:2 fibroblasts were probed for Trafficking Protein Particle Complex
subunit 11 (TRAPPC11), LAMP1 and tubulin as a loading control. (B) Fibroblasts were infected with virus encoding VSVG–GFP ts045. The fusion
protein was retained in the endoplasmic reticulum (ER) at 40°C overnight. The cells were then treated with cycloheximide and shifted to 32°C to
release a synchronised wave of protein from the ER. Samples were collected at the indicated time points and a portion of the lysate was treated
with endoglycosidase H (endo H). The protein was visualised by western blot analysis using an anti-GFP antibody. A representative blot is shown.
(C) The data from three independent experiments described in (B) were quantitated and are displayed as ±SEM. Statistical significance was assessed
using a Student’s t-test. (D) The VSVG–GFP ts045 assay was performed as described in (B) except that the cells were fixed and stained for
mannosidase II (man II) and GFP at the indicated time points. Scale bars are 50 mm. (E) Cells at the time points in (D) were quantified by measuring
GFP immunoreactivity intensity in the Golgi region (defined by man II staining) compared with the total GFP immunoreactivity in the cell. For each
time point, N ranges from 5 to 15.
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microscopy to follow the movement of VSVG–GFP ts045
within the same cell over time (figure 4A–C and online supple-
mentary movie 1). Consistent with the fixed cell data above,
there was a clear delay in the release of the marker protein from
the Golgi (quantified in figure 4D). In addition, we noted a slight
delay in the arrival of the VSVG–GFP ts045 protein in the Golgi,
suggesting there may either be two affected steps in membrane
traffic or the delayed arrival in the Golgi may be a secondary con-
sequence of reduced transport through the Golgi. Importantly,
we identified two populations of cells within the culture from
affected individuals: one showing the delays described above,
representing ∼70% of the cells, and a second with kinetics that
were intermediate to those of unaffected cells, representing
∼30% of the cells (figure 4C and online supplementary movie 2).
This is consistent with the incomplete splicing defect suggested
above and indicates that some cells may produce sufficient full-
length TRAPPC11 to support near-normal membrane traffic.

Muscle biopsy
Histopathological evaluation of the muscle biopsy of patient F2.
II:3 revealed mild dystrophic changes (figure 5A) like contraction,
regeneration, degeneration, nuclear internalisation and fibrosis
(figure 5B). In addition, many pathological immature myofibres
were seen using the neonatal myosin staining (figure 5C). Based
on immunostaining, α-sarcoglycan (α-SGC), delta-sarcoglycan
(δ-SGC) and gamma-sarcoglycan (γ-SGC) were present at normal
levels (figure 5D), whereas β-sarcoglycan (β-SGC) was deficient
and conspicuously absent from focal patches (figure 5E). Other
common structural proteins of muscle cell showed normal
expression patterns and levels. Interestingly, there was also fibre-
type grouping (figure 5F), which is specific for denervation with

reinnervation seen in neuropathies and spinal muscular
atrophy.30

DISCUSSION
Here, we investigated two apparently unrelated Turkish families
each with two patients suffering from cerebral atrophy, global
retardation, scoliosis, achalasia and alacrima. All patients have
the same novel homozygous splice site mutation in TRAPPC11.
The presence of a second mutation was excluded with
MutationTaster2 analysis of all further variants found in the
autozygous regions of family 2, although the possibility of an
additional phenotype-influencing mutation cannot be com-
pletely ruled out. Triple A syndrome was initially assumed
because the two symptoms alacrima and achalasia of this disease
were present. In addition to these symptoms, patients showed
more clinical abnormalities that are not described for triple A
syndrome patients, although the missing feature of classical
triple A syndrome (ie, adrenal insufficiency) may also develop at
a later age.31 We categorise this phenotype not as a new cause
of triple A syndrome but rather as an expansion of the known
TRAPPC11 phenotype with myopathy, intellectual disability, ala-
crima and achalasia. Our patients carry the mutation c.1893
+3A>G, which leads to a partial loss of exon 18 (131 bp)
resulting in a frameshift mutation (p.Val588Glyfs16*). The pre-
dicted shorter protein is estimated to be ∼70 kDa in contrast to
the full-length protein of ∼130 kDa. mRNA quantification and
western blot results suggest that the very low amount of intact
TRAPPC11 transcript in combination with an aberrant splicing
product leads to the dysfunction of the protein and results in
the observed phenotype of our patients. The reduced levels of

Figure 4 Live-cell imaging reveals
two populations of fibroblasts derived
from affected individuals. The vesicular
stomatitis virus glycoprotein (VSVG)–
GFP ts045 assay was performed as
described in the legend to figure 3B
except during the shift to 32°C, the
cells were imaged every 30 s over a
period of 120 min. Still images from
the movies at the indicated time points
are shown for control (A) and F1.II:1
(B and C). Scale bars are 50 mm. The
full movies are shown in online
supplementary movies 1 and 2. (D)
The data from the live-cell imaging
were quantified (n=6–11) by
identifying the Golgi region at the time
when the Golgi had a maximum
fluorescence intensity (∼30 min for the
control and ∼50 min for F1.II:1) and
monitoring GFP fluorescence in the
Golgi region for 120 min after the
temperature shift. Data are shown as
±SEM.
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mutant TRAPPC11 transcript are most likely due to nonsense-
mediated RNA decay.32

The transport protein particle (TRAPP) is a multiprotein
complex with several related but compositionally distinct forms.
In yeast, these complexes function in a number of processes
including ER-to-Golgi transport (TRAPP I), intra-Golgi and
endosome-to-Golgi transport (TRAPP II) and autophagy
(TRAPP III).33 TRAPPC11 was identified as a component of the
mammalian TRAPP III complex and has no recognisable yeast
homologue.24 The disruption of TRAPPC11 by viral insertional
mutagenesis in zebrafish resulted in steatosis and cataracts, while
RNAi depletion in HeLa cells and Drosophila S2 cells resulted
in partial disassembly of the TRAPP complex and a defect in
membrane transport in the early secretory pathway.24 28 34

Recently, a homozygous mutation in the TRAPPC11 gene on
chromosome 4q35 was identified in patients with autosomal
recessive limb-girdle muscular dystrophy type 2S (LGMD2S)
(MIM #615356), characterised by proximal muscle weakness
resulting in gait abnormalities, scoliosis and scapular winging. A
second homozygous mutation in which a small portion of the
protein is deleted resulted in myopathy, ataxia, hyperkinetic
movements and intellectual disability.26 Furthermore, one Asian
patient carrying a compound heterozygous mutation in
TRAPPC11 was described with congenital muscular dystrophy
(CMD), progressive fatty liver and infantile-onset cataract.35

From these reported cases, it can be concluded that the pheno-
type caused by TRAPPC11 mutations includes myopathy and
some variable accompanying features. Our patients differ from
the other published cases in that they also have achalasia and
alacrima, two typical symptoms of triple A syndrome. Usually,

achalasia is an expression of neurological malfunction (loss of
ganglion cells and myenteric nerves). Congenital alacrima is
characterised by aplasia or hypoplasia of the lacrimal gland and
can be depicted in MRI as bilateral lacrimal gland agenesis.36

We found that LAMP1 was hypoglycosylated in our patients’
cells. This result may reflect the recently reported role of
TRAPPC11 in protein glycosylation.27 The glycoproteins
LAMP1 and LAMP2 provide 50% of lysosomal membrane pro-
teins.37 They are coresponsible for maintaining lysosomal inte-
grity, pH and catabolism of lysosomes and play an important
role in the function of lysosomes. They are also involved in lyso-
somal exocytosis, movement of the lysosomes along microtu-
bules and the fusion of phagosomes with lysosomes.38 Acid
hydrolases contained in the lysosomes mediate the degradation
of cellular components and the defence against bacteria, viruses
and toxic substances. Disturbances in these processes can have
dramatic effects on cell metabolism. In contrast to our observa-
tion of LAMP1 hypoglycosylation, a previous study describing
another TRAPPC11 mutation demonstrated not only a reduction
in the cellular levels of LAMP1 and LAMP2, but the proteins
were observed in a higher molecular size region of the gel as
compared with controls, suggesting that they might have a
higher degree of glycosylation.26 Taken together with these pre-
vious studies, our data suggest that the type of mutation, and
not necessarily the cellular levels of TRAPPC11, can influence
protein glycosylation. Alternatively, the defect in glycosylation
may be related to a defect in membrane trafficking processes as
was shown by the results in figures 3 and 4.
Disruption of Golgi structure has been reported in other neu-

rodegenerative disorders such as amyotrophic lateral sclerosis,

Figure 5 Immunohistochemical analyses reveal dystrophic changes in the affected individual F2.II:3. (A) A muscle biopsy from patient F2.II:3 was
sectioned and stained with H&E to reveal the muscle fibres. Note the marked variation in fibre size and shape (200× magnification). (B) Muscle
biopsy sections were stained with Masson’s trichome and photographed at 100× magnification. There is marked fibrosis as seen by the distended
blue-stained portions between the red-stained muscle fibres. (C) Muscle biopsy sections were stained with antibody against neonatal myosin and
photographed at 200× magnification after 3,30-diaminobenzidine (DAB) staining. There are a few immature fibres seen in the field (arrow).
(D) Staining with anti-γ-sarcoglycan revealed normal sarcolemmal expression in muscle biopsy sections following DAB staining (200× magnification).
(E) Staining with anti-β-sarcoglycan revealed the absence of focal sarcolemmal localisation of the protein following DAB staining (200×
magnification) (arrow). (F) Staining of muscle biopsy sections with anti-MHCf showed marked fibre type grouping instead of the normal checkboard
pattern following DAB staining (100× magnification) (arrow).
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Alzheimer’s disease and Parkinson’s disease.39–41 It has been
suggested that cellular stresses can affect Golgi morphology, pos-
sibly through a signalling pathway such as autophagy.41 Thus,
the connection between TRAPPC11 mutations and the observed
phenotypes may indeed be complex and need further investiga-
tion. Our results extend the cellular, phenotypic and genetic
spectrum of TRAPPC11-related disorders and underline the
essential role of TRAPPC11 in human physiology and cell
homeostasis.
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