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Abstract

Transport protein particle (TRAPP) represents a series of related protein

complexes that function in specific stages of inter-organelle traffic. They

share a core of subunits that can activate the GTPase Rab1 through a

guanine nucleotide exchange factor (GEF) activity and are distinguished

by ‘accessory’ subunits giving each complex its distinct function. The

subunits are ubiquitously expressed and, thus, mutations in TRAPP sub-

units would be expected to be embryonic lethal. However, since its dis-

covery, a number of subunits have been found to be mutated in several

diverse human disorders suggesting that some of these subunits may

have cell- or tissue-specific functions. Here we review the current state

of knowledge with respect to TRAPP subunit mutations in human dis-

ease. We suggest ideas to explain their tissue-specific phenotypes and

present avenues for future investigation.
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The process of guiding a cargo-containing transport vesi-
cle that has emerged from a cellular organelle to its correct
target compartment requires the concerted function of a
number of factors including proteins that coat the vesicle,
GTPases of the Rab family that act as molecular switches,
fusogenic SNARE proteins and tethering factors that coor-
dinate or participate in membrane tethering (1). A num-
ber of tethering factors have been described that assume
either a coiled-coil structure or are composed of an aggre-
gate of numerous proteins that have been termed multi-
subunit tethering complexes (MTCs) (2,3). The MTCs are
composed of at least nine different complexes that local-
ize to distinct compartments within the cell. It is impor-
tant to note that a tethering function (i.e. the ability to
tether two distinct membranous compartments to each
other) has not been demonstrated for the vast majority of
these complexes, prompting us to change the meaning of
the MTC acronym to multisubunit trafficking complexes.

MTCs as a whole appear to share some common mech-
anistic aspects such as interactions with SNARE proteins
and GTPases (1,3). With two exceptions, their subunits
adopt different structures and show little to no conser-
vation between the complexes (4). One exception is the
HOPS and CORVET complexes that have four subunits in
common (5).

The second exception is the transport protein particle
(TRAPP) family of complexes. These complexes share a
core of six polypeptides arranged into a seven subunit com-
plex upon which other subunits bind. These additional sub-
units dictate the trafficking step in which the complex will
function. This review will not focus on the structure and
function of the TRAPP complexes because there have been
several recent reviews on the subject either dedicated to
or including TRAPP (1,3,4,6). Rather, salient features will
be briefly introduced and then we shall focus on individ-
ual components of the complexes that have been shown to
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be mutated in patients with diverse disorders. We will also
speculate on why mutations in different subunits of this
complex result in such a diversity of pathologies. Further-
more, we discuss several proteins that interact with TRAPP
and have been linked to disease, because their dysfunction
may impinge on TRAPP function.

The TRAPP I Complex Forms a Stable Core
upon which TRAPP II and III Form

Most of the work identifying the TRAPP complexes
employed the yeast Saccharomyces cerevisiae as a model
system. The first subunit of the TRAPP complexes to
be identified was the Bet3 protein in yeast (7). This
protein co-immunoprecipitated with nine other polypep-
tides suggesting it was one component of a much
larger complex (8). Subsequent work revealed that the
co-immunoprecipitating proteins were components of
three complexes now referred to as TRAPP I, II and
III (9,10). All three complexes share a core of proteins
that make up TRAPP I (Bet3p, Bet5p, Trs20p, Trs23p,
Trs31p, Trs33p). TRAPP II and III are distinguished by
the inclusion of additional subunits to the TRAPP I core:
Trs65p, Trs120p, Trs130p and Tca17p in TRAPP II and
Trs85p in TRAPP III (9–15). The three TRAPP com-
plexes function in endoplasmic reticulum (ER)-to-Golgi
(TRAPP I), intra-Golgi and endosome-to-Golgi (TRAPP
II) traffic and autophagy (TRAPP III). The common
core shared between these complexes suggests common
functions and indeed all three complexes act as gua-
nine nucleotide exchange factors (GEFs) for Ypt1p (see
below).

The organization of the TRAPP I core was elucidated by a
combination of X-ray crystallography and single particle
electron microscopy (EM) (16). It revealed an extended
structure composed of two copies of the Bet3 protein and
one copy of the other subunits (Figure 1A). More recently,
the EM structures of the yeast TRAPP II and III complexes
have been reported and the TRAPP I core was localized
within each (18,19). In TRAPP II, the Trs120p and Trs130p
subunits localize to the ends of the extended TRAPP I core
and two of these units are held together by the Trs65 protein
(Figure 1B). The location of Tca17p in this structure was
not determined, most likely due to its weaker association
with the complex (13). In TRAPP III, the Trs85p subunit

was shown to associate with Trs20p found on one end of
the complex (Figure 1B) (18). This location is consistent
with the suggestion that Trs20p and its human homolog
TrappC2 act as adaptors for TRAPP II and III subunits (17,
20–22).

In mammals, the TRAPP complexes are organized in
a similar fashion, with the addition of subunits not
found in yeast (see Table 1 for a comparison between
yeast and mammalian TRAPP proteins). Human TRAPP
II contains the Trs120p and Trs130p homologs called
TrappC9 and TrappC10, respectively, while human
TRAPP III contains TrappC8 (the homolog of Trs85p)
and several proteins (TrappC11, TrappC12) not found
in yeast (Figure 1C) (M. Sacher laboratory, unpublished
observation) (23). Curiously, TrappC13, the mammalian
homolog of the TRAPP II subunit Trs65p, appears in
the human TRAPP III complex (Figure 1C). These com-
plexes may function in multiple trafficking steps including
the early secretory pathway, endocytosis and autophagy
(23–26).

TRAPP Activates the Small GTPase Ypt1/Rab1

In yeast, one of the strongest suppressors of the original
bet3 mutation was the gene encoding the GTPase Ypt1p
(7). With the discovery that Bet3p was a component of
a much larger complex, and because the activator of this
GTPase was unknown at the time, a study was conducted to
examine whether TRAPP was the GEF for Ypt1p. Indeed,
this was demonstrated to be the case (27), and a subsequent
study showed that TRAPP was in fact the sole Ypt1p GEF
in yeast (28). The GEF activity was localized to a core of
subunits including Bet3p, Trs23p, Trs31p and Bet5p
(16) and a mechanism for nucleotide exchange was
proposed (29). As these subunits are found in all three
forms of TRAPP in yeast, all three complexes have been
demonstrated to act as GEFs for Ypt1p (9,10). Further-
more, a mammalian TrappC10-containing complex was
shown to have GEF activity for the mammalian Ypt1p
homolog Rab1 (26). It remains controversial in the field
whether TRAPP II acts as a GEF for the related GTPases
Ypt31p and Ypt32p (30), although purified TRAPP
II was shown to bind to Ypt1p and not to Ypt31p or
Ypt32p (19).
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Figure 1: The structures of the yeast and mammalian TRAPP complexes. A) The structure of the TRAPP core
(TRAPP I). This pseudo high-resolution structure was determined by docking crystal structures of subcomplexes composed of
TrappC1-TrappC3-TrappC4-TrappC6 and TrappC2-TrappC3-TrappC5 into a low-resolution electron microscopy map derived from recom-
binant yeast TRAPP I subunits (16). The PDZ-like (PDZL) domain of TrappC4, not present in the yeast homolog Trs23p, is circled. B)
Cartoons of the yeast TRAPP II and TRAPP III complexes. The high molecular size of TRAPP II is due to its ability to dimerize, as depicted.
In contrast, the larger apparent size of TRAPP III by size exclusion chromatography is likely due to an association with autophagic mem-
branes (17). C) Cartoons of the two described human TRAPP complexes. In this figure, the names TRAPP II and TRAPP III have been
assigned to the complexes containing the human homologs of Trs120p and Trs130p, and Trs85p, respectively.

Coat Proteins Mediate the Interaction
between Vesicles and TRAPP

Besides activation of Ypt1p/Rab1, what else does TRAPP
interact with during its function in membrane traffic?
Several studies indicate that specific TRAPP subunits

interact with components of the proteinaceous coat
surrounding vesicles derived from the ER and the Golgi.
Both the yeast and mammalian Bet3p/TrappC3 subunit
interact with Sec23, a component of ER-derived COP
II-coated vesicles, and an elegant model of displacement
of this interaction by a Golgi-resident protein kinase,

Traffic 2014; 15: 803–818 805



Brunet and Sacher

Table 1: Yeast and mammalian TRAPP subunits

Yeast proteins Mammalian proteins

Bet5p TrappC1

Trs20p TrappC2

Tca17p TrappC2L

Bet3p TrappC3

Trs23p TrappC4

Trs31p TrappC5

Trs33p TrappC6a,b

Trs65p TrappC13a

Trs85p TrappC8

Trs120p TrappC9

Trs130p TrappC10

TrappC11

TrappC12

aSuggested by Choi et al. (11) based on homology with Kluyveromyces
lactis and Candida glabrata Trs65 and named by Bassik et al. (23).

Hrr25, was proposed (31,32). In this model, Hrr25 dis-
places TRAPP from Sec23p on the incoming vesicle and
concomitantly phosphorylates Sec23p and its binding
partner Sec24p. These events are proposed to ensure direc-
tionality in vesicle transport. The mammalian homolog of
Hrr25p, casein kinase 1δ, may also function similarly but
it should be noted that this kinase has a number of diverse
cellular targets.

Mammalian TrappC9, and to a lesser degree TrappC10,
interact with a component of the COP I coat, γ1-COP
(26). This result is consistent with an interaction between
the yeast TRAPP II complex and COP I (33). Although
the yeast study examined the binding as measured by the
α-COP subunit, mislocalization of Sec21p, the yeast γ-COP
homolog, was also noted. Finally, our laboratory has noted
mislocalization of the β-COP subunit in cells harboring a
TRAPPC11 mutation (N. Shahrzad and M. Sacher, unpub-
lished observation).

In the sections below we will review the present state
of knowledge with respect to the involvement of TRAPP
proteins in human disease (summarized in Figure 2).
We will highlight outstanding questions and offer sev-
eral explanations for their role in some of these disorders.
Finally, we will also examine diseases linked to mutations in
some of the factors that are known to interact with TRAPP
and ask whether these phenotypes are linked to a defect in
TRAPP function.

How Do Mutations in TrappC2 Lead
to Spondyloepiphyseal Dysplasia Tarda
(SEDT)?

Although TrappC2 is ubiquitously expressed, mutations in
this subunit cause a disorder called X-linked SEDT that is
specific to skeletal tissue. SEDT occurs in males between
the ages of 3 and 12 years and is characterized by a dis-
proportionate short stature and trunk and a barrel-shaped
chest (34, 35). Genetic analysis of SEDT individuals has
uncovered nearly 50 unique mutations distributed along
the TRAPPC2 gene. Most of these mutations result in a pre-
mature truncation of the protein but four missense muta-
tions have also been identified (34, 36). Analysis of a subset
of these mutations has revealed that they disrupt proper
protein folding, protein–protein interactions and TRAPP
complex integrity (17, 21, 22, 37–39).

SEDT is caused by a defect in the secretion of extra-
cellular matrix proteins by chondrocytes but the spe-
cific involvement of TrappC2 in this process was only
recently proposed. Depletion of TrappC2 by small interfer-
ing RNA (siRNA) in chondrocytes and fibroblasts showed
that through a direct interaction, the collagen receptor
TANGO1 recruits TrappC2 to ER exit sites where it inter-
acts with the active GTP-bound form of the COP II
coat GTPase, Sar1 (39). It was further demonstrated that
TrappC2 promotes Sar1 inactivation resulting in its dis-
sociation from the membrane. This allowed COP II carri-
ers to reach an adequate size to transport large (∼300 nm)
procollagen II (PCII) fibrils by delaying Sar1-mediated
membrane constriction. Of several cargos tested, only PCII
secretion was inhibited suggesting that TrappC2 has a spe-
cific role in collagen secretion. However, the degree of
TrappC2 depletion results in different phenotypes; collagen
secretion is more sensitive to small reductions in TrappC2
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Figure 2: A summary of path-
ways affected by TRAPP sub-
units. The mammalian TRAPP com-
plexes (TRAPP II and TRAPP III; see
legend to Figure 1 for their des-
ignation) are depicted and colored
as in Figure 1C. Red arrows indi-
cate the pathway affected by muta-
tions in the TRAPP subunits indi-
cated (the Trapp prefix has been
left out for simplicity, hence, for
example, TrappC2 is designated as
C2). RE, recycling endosome; EE,
early endosome; LE, late endosome;
M, melanosome; ERES, ER exit site.
See text for details.

levels while a more dramatic reduction of TrappC2 disrupts
Golgi integrity (15, 39). This difference could explain how
mutations in a ubiquitously expressed protein can result in
a tissue specific disorder.

TrappC2 appears to regulate collagen secretion within the
context of the TRAPP complex because depletion of the
core TRAPP subunit, TrappC3, results in the same PCII
specific secretion defect (39). TrappC2 is a member of the
two described mammalian TRAPP complexes, TRAPP II
and TRAPP III (23, 39) so it is not immediately obvi-
ous which complex would be involved in collagen secre-
tion. One of the SEDT missense mutations, p.D47Y, is in a
highly conserved residue and has been extensively charac-
terized in yeast by studying the equivalent mutation, D46Y,
in the TrappC2 homolog Trs20p. This mutation disrupts
the interaction of both TrappC2 and Trs20p with TRAPP
II and TRAPP III specific components (17, 21, 22). How-
ever, in yeast the mutation only has a noticeable effect
on the assembly and function of TRAPP III suggesting
that TrappC2 may function in the mammalian TRAPP III
complex to mediate collagen secretion (17). In support of
this, mammalian TRAPP III-specific components partially

co-localize with ER exit site markers and their depletion in
HeLa cells causes a block in exit of the reporter cargo, ts045
VSVG-GFP (a temperature-sensitive variant of the VSV-G
protein linked to GFP), from an early compartment identi-
fied as either ER exit sites or the ER-to-Golgi intermediate
compartment (ERGIC) (25).

As discussed above, depletion of TrappC2 appears to block
PCII export in chondrocytes, yet an SEDT-mimicking
mutation in the TrappC2 yeast homolog Trs20p affects
autophagy by destabilization of TRAPP III. How can
we reconcile these two facts? Both yeast and mam-
malian TRAPP III are involved in autophagy (9, 17, 21,
24), and in yeast, mutations in Trs20p, including the
SEDT-mimicking mutation trs20D46Y , result in defects in
TRAPP III-controlled autophagy pathways (9, 17, 21, 40).
One of these pathways, ER-phagy, helps cells cope with
unfolded or improperly folded proteins, because portions
of the ER containing these proteins are brought to the
lysosome for degradation (40, 41). This pathway can be
triggered by induction of the unfolded protein response. In
addition, a buildup of unfolded proteins results in ER stress
and this has been shown to affect ER vesicle budding (42).
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Figure 3: A model for the role of TrappC2 p.D47Y
in SEDT. Misfolded proteins are removed from the ER by
ER-associated degradation (ERAD) that utilizes the proteasome.
Unfolded proteins have also been shown to induce ER-phagy
that delivers a portion of the ER to lysosomes for degrada-
tion (A). The latter process in yeast is dependent upon the
TrappC2 homolog Trs20p. B) The yeast equivalent of the TrappC2
p.D47Y SEDT-causing mutation is trs20D46Y. This mutation
blocks autophagy. In human cells, this would cause an increase
in the number of unfolded proteins in the ER resulting in ER stress
according to this model. A stressed ER would result in a decrease
in ER exit, possibly leading to the SEDT phenotype by preventing
pro-collagen II export.

Indeed, ‘professional’ secretory cells such as hepatocytes
and osteoblasts have higher levels of key components of the
unfolded protein response such as PERK, Xbp1 and ATF4
to counter the adverse effects of unfolded proteins on ER
stress (see 43 and references therein). Therefore, with the
extreme secretion demands on chondrocytes there may be
an increased need for ER-phagy. Given the essential role
of Trs20p in TRAPP III-mediated autophagy, mutations in
TrappC2 may indirectly affect collagen secretion by lead-
ing to a buildup of unfolded proteins in the ER that could
result in reduced ER exit (Figure 3). Significant advances
have been made in understanding the etiology of SEDT
but the picture is not complete and it remains possible

that mutations in TrappC2 affect collagen secretion both
directly and indirectly.

A Spectrum of Disorders Linked to Mutations
in TrappC11

While all of the subunits found in the yeast TRAPP com-
plexes have homologs in humans, there are some human
TRAPP-associated proteins that have no recognizable yeast
homologs. One such protein is TrappC11. This protein was
identified as a component of human TRAPP III (23) and
co-precipitated with two different epitope-tagged TRAPP
subunits (25). The protein contains a central, highly con-
served region called the foie gras domain that contains up
to six potential TPR repeats. The TPR repeat is implicated
in protein–protein interactions (44), suggesting that this
highly conserved region may mediate an as yet unknown
interaction. It is clear that TrappC11 is crucial for develop-
ment because disruption of the protein by viral insertion in
both Drosophila and zebrafish is lethal (45,46). The site of
action of the protein is not entirely clear but it appears to
function in some aspect of Golgi transport. In Drosophila,
depletion of the protein by siRNA resulted in a fragmented
Golgi and rerouting of the marker protein CD8-GFP from
the apical surface to the basal surface of larval salivary
glands (46) suggesting a defect at the level of the Golgi.
However, depletion of the protein by siRNA from HeLa
cells or an HT1080 cell line expressing the marker protein
GFP-FM4-hGH resulted in a block in membrane traffic in
a post-ER compartment (25,46).

A recent paper described two different mutations in
TRAPPC11, one in a Syrian pedigree and the other in two
different Hutterite communities (47). The latter mutation
was found to cause an in-frame deletion of exons 11
and 12 which results in a deletion of a region of the foie
gras domain (p.A372_S429del), while the former mutation
results in a missense mutation (p.G980R) outside of the foie
gras domain. Membrane traffic was assessed in fibroblasts
from patients with the partial foie gras domain deletion
using the cargo protein ts045 VSVG-GFP. While the Golgi
in fibroblasts derived from affected individuals was frag-
mented, traffic of the marker protein between the ER and
Golgi appeared normal. However, there was a significant
delay in export from the Golgi. This is in contrast to that
observed for siRNA-mediated depletion of the protein
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(see above), suggesting that the foie gras domain functions
at the level of the Golgi. Additionally, a dramatic reduction
of the late endosomal/lysosomal protein LAMP1 was seen
in both the p.A372_S429del and p.G980R individuals. The
remaining LAMP1 signal in p.A372_S429del cells was
focused in a perinuclear region, presumably representing
the microtubule organizing center. This may indicate an
interaction between TrappC11 and motor proteins, as has
been reported in the early secretory pathway for TrappC9
(48).

In zebrafish, TRAPPC11 mutants that result in loss of func-
tion (called fgr) display enlarged livers, steatosis, develop-
mental defects of the lens, gut, lower jaw and fin and hepa-
tocyte death (45), suggesting that the protein may function
in many different organs with perhaps a predominant
role in liver. Interestingly, individuals with the p.G980R
mutation display a predominantly muscular phenotype
resembling limb girdle muscular dystrophy (LGMD).
These individuals suffer from progressive proximal muscle
weakness mainly affecting the hip girdle musculature
reflected by an increase in creatine kinase levels (47).
Individuals harboring the p.A372_S429del mutation
also display muscle abnormalities reflected by mild muscle
weakness with elevated creatine kinase levels as well as neu-
rological abnormalities reflected by ataxia and intellectual
disabilities (47). Clearly, these more subtle mutations, as
opposed to the loss of function mutation in zebrafish, have
teased out a function in TrappC11 that is biased toward
muscle and brain. It is not entirely clear why the loss of
function would predominantly affect liver but one expla-
nation may be that this organ has particularly high needs
in terms of membrane traffic when compared to other
organs.

TrappC4 and Colorectal Cancer

TrappC4 is a core TRAPP subunit that was implicated in
the tumorigenesis of colorectal cancer through its inter-
action with the MAP kinase ERK2 via the C-terminal
longin domain of TrappC4 (49,50). TrappC4 was iden-
tified as an ERK2-specific interactor in a yeast two
hybrid screen (50). This interaction is significant for
regulation of the ERK1/2 signaling pathway as TrappC4
depletion in the colorectal cell line caused a decrease in

phospho-ERK1/2 while having no effect on the overall lev-
els of ERK1/2. Conversely, TrappC4 overexpression caused
an increase in phospho-ERK1/2 levels. Interestingly the
TrappC4-dependent increase in phospho-ERK1/2 was
limited to the nuclear fraction leading to speculation that
TrappC4 mediates the transport of phospho-ERK1/2 from
the cytoplasm to the nucleus (50). Supporting this idea
are FRET experiments showing an interaction between
TrappC4 and both ERK2 and the ERK1/2 kinase MEK1 in
the Golgi (49). One possible interpretation of these results
is that TrappC4 recruits MEK1 to phosphorylate ERK1/2
and mediate the translocation of phospho-ERK1/2 into
the nucleus. Whether TrappC4 is working alone or in the
context of the TRAPP complex is not clear, however the
observation that TrappC4 levels increase in the nuclei
of adenocarcinoma tissue compared to normal colonic
epithelial tissue and that this increase correlates with an
increase in nuclear phospho-ERK1/2, may suggest that
TrappC4 is regulating ERK signaling separately from its
role in TRAPP.

Overexpression of TrappC4 in colorectal cancer lines
increased cell proliferation and invasiveness and this effect
was suppressed by inhibition of ERK1/2 phosphorylation
suggesting that TrappC4 contributes to carcinogenesis
through the Ras-Raf-MEK-ERK signaling pathway (49).
Furthermore, the levels and phosphorylation of down-
stream targets of ERK were also affected in response to
changes in TrappC4 expression. Interestingly, one target
of ERK2 is Sec16 (51), a protein involved in ER export,
suggesting that the TrappC4-ERK1/2 interaction may
have consequences on membrane traffic. Tumor size and
aggressivity appear to be correlated with TrappC4 expres-
sion levels and xenograft tumor models in nude mice
mirror this finding as an increase in TrappC4 levels pro-
moted tumor growth while TrappC4 suppression inhibited
growth (49,52). Thus, TrappC4 appears to directly modu-
late the phosphorylation and localization of ERK1/2 and
deregulation of this pathway could be a major factor in col-
orectal cancer carcinogenesis that may involve membrane
trafficking pathways.

Is TrappC6a Involved in Hypopigmentation?

Hypopigmentation is a hallmark of albinism and related
disorders such as Hermansky–Pudlak syndrome (HPS).
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HPS has been linked to mutations in genes whose prod-
ucts are components of the biogenesis of lysosomal-related
organelles complexes (BLOC) (53). In 2006, a report sug-
gested that mouse TrappC6a was involved in pigmentation
(54). In this study, a retroviral insertion was detected in the
mosaic hypopigmentation (mhyp) mouse and mapped to
the first intron of the gene encoding TrappC6a. Dramat-
ically reduced levels of the transcript were noted in both
the kidney and skin of the mouse and presumably in all
other tissues. The conclusion was that TrappC6a plays a
role in pigmentation. This conclusion is not unreasonable
given what we now know of the function of the TRAPP
II complex and its role in traffic at the trans-Golgi and in
endocytosis (11,26,30,33,55–57).

However, close inspection of the TRAPPC6a locus in both
mouse and humans reveals what may be more than a
mere coincidence. The arrangement of the TRAPPC6a gene
is head-to-head with the BLOC1S3 gene, with the latter
encoded on the complementary DNA strand. BLOC1S3
encodes a component of the BLOC1 complex and muta-
tions in this gene have been reported in HPS-8 patients
(58,59). According to GenBank, the two transcripts are sep-
arated by less than 200 bp and, in one TRAPPC6a tran-
script, a portion of the mRNA overlaps with BLOC1S3. In
either scenario it seems likely that the two genes share a
common promoter. Thus, they are likely to be co-regulated
at the transcriptional level. It remains to be seen whether
the levels of BLOC1S3 in the mhyp mouse are reduced
compared to wild type. If so, this may account for the
hypopigmentation phenotype. It should be stressed that
TrappC6a is ubiquitously expressed and, while reduced
levels of this protein may lead to the mhyp phenotype, a
related protein, TrappC6b, may compensate for the loss
of TrappC6a (60). Taken together, we present a scenario
whereby the mhyp phenotype may be related to altered gene
expression of the neighboring BLOC1S3 gene and not the
TRAPPC6a gene.

Intellectual Disability in Individuals
with TrappC9 Mutations That May Affect
NF-𝛋B Signaling

Human homologs of many of the yeast TRAPP subunits
were identified in databases, including a homolog of
the TRAPP II-specific subunit Trs120p. Interestingly,

Table 2: Summary of known TrappC9 mutations

Family
origin

Mutation at protein
level based on

longest TRAPPC9 variant Reference

Syria p.R475X (62)
Pakistan p.S194fsX35, p.R195fsX6 (63)
Italy p.T951YfsX17 (64)
Iran p.L772WfsX7 (65)
Pakistan p.R475X (65)
Israeli–Arab p.R475X (66)
Tunisia p.R570X (67)

the human homolog of this protein was also identified
in a yeast two-hybrid screen as an interacting partner
of the kinase NIK (61). This kinase is involved in an
alternative signaling pathway involving the transcription
factor NF-κB by phosphorylating IKKα, a subunit of the
IKK kinase that also contains IKKβ and IKKγ. TrappC9
(referred to as NIBP in the study) was also shown to bind
to the IKKβ subunit of IKK and the carboxy-terminal
211 amino acids were sufficient for these interactions.
A role for TrappC9/NIBP in the NF-κB pathway was
inferred from the ability of TrappC9/NIBP to potentiate
TNFα-induced activation of transcription of a reporter,
and by its role in regulating the levels of an endogenous
target of NF-κB in PC12 cells. Ablation of TrappC9/NIBP
by siRNA prevented nerve growth factor-induced neurite
outgrowth in PC12 cells. This was interpreted as fur-
ther proof that TrappC9/NIBP is involved in the NF-κB
pathway, although a role in membrane traffic during this
process cannot be excluded.

Subsequent to this report, a number of studies identified
mutations in TRAPPC9 in individuals with nonsyndromic
autosomal-recessive mental retardation in which some
individuals also presented with microcephaly (62–67).
None of the reported mutations were single missense muta-
tions but rather all resulted in a truncation of the protein to
a point well before the region that was mapped to interact
with NIK and IKKβ (see above; Table 2).

A role for NF-κB signaling in long term potentiation
and memory has been documented (68–70). Therefore,
it seems reasonable to posit that mutations in TrappC9
may alter its ability to function in this signaling pathway.
Indeed, several recent studies further implicated TrappC9
in the NF-κB pathway and in neuronal differentiation
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(71,72) and, although widely expressed, TRAPPC9 expres-
sion appears highest in the cerebellum consistent with the
notion that it may have a brain-specific function outside of
its role in TRAPP II (73). If this protein functions in both
membrane traffic and the NF-κB pathway, then TrappC9
may be viewed as a so-called ‘moonlighting’ protein (74).
It will be of interest to generate more subtle, point muta-
tions in TRAPPC9 that abrogate its ability to interact with
NIK and IKKβ and to examine the effect of such mutations
on membrane trafficking to more conclusively declare it a
moonlighting protein.

Is TrappC1 a Tumor-Specific Antigen?

Two overlapping TrappC1 peptides containing a mis-
sense point mutation (p.R129G) were identified as
tumor specific antigens presented on the surface of a
patient-derived melanoma cell line leading to its original
designation as MUM-2 (melanoma ubiquitous mutated)
(75). The presence of these antigens was shown to increase
immunogenicity of the cancer cells through recognition
by cytolytic T lymphocytes (CTLs) and may account for
the disease-free state of the patient greater than 10 years
after treatment for the metastatic melanoma. The missense
mutation was able to complement the loss of its essential
yeast homolog BET5, suggesting that this residue is not
required for the essential function of TrappC1.

Tumor specific antigens are potential targets for person-
alized cancer therapy aimed at stimulating a robust and
specific immune response. However, this study is the
only one so far to report TrappC1 tumor-specific anti-
gens, and of 100 individual tumors examined none were
found to display TrappC1 antigens or have a mutation in
TRAPPC1. The trafficking of HLA molecules to the cell
surface was not affected by this mutation but no other
trafficking assays were performed. During the 15 years
since TrappC1-specific antigens were found on the surface
of a melanoma cell line no other connections have been
made between TrappC1 and cancer nor has the original
mutation been revisited. Indeed, even the cause and effect
relationship between this TrappC1 mutation and tumor
recognition by CTLs remains unclear, because cancer
cells can have numerous genes with secondary mutations
unrelated to the disease state (76).

Do Mutations in Other MTCs Cause Diverse
Phenotypes?

As presented above, mutations in TRAPP subunits lead
to diverse disorders affecting muscle tissue, skeletal devel-
opment and signaling. Do mutations in subunits of other
MTCs also lead to a diversity of phenotypes?

There have been reports of mutations in Vps53 and Vps54,
two subunits of the GARP complex. The wobbler mouse
was shown to contain a point mutation in Vps54 leading
to neurodegeneration, and this mouse is used as a model
for amyotrophic lateral sclerosis (77,78). Confirmation
that the mutation in VPS54 was responsible for the phe-
notype was demonstrated by rescuing the phenotype
with wild type VPS54. It was shown that this mutation
in Vps54 destabilizes the protein and adversely affects
GARP complex stability (79), but how this leads to the
neurodegenerative state remains unclear. More recently, a
mutation in Vps53 was identified in patients with progres-
sive cerebello–cerebral atrophy type 2 (PCCA2) (80). As
the name implies, patients suffering from PCCA2 display
cerebellar and cerebral neuronal atrophy before the age
of 1 year. They also show reduced head growth, progres-
sive spasticity and psychomotor retardation, but did not
display any hallmarks of a lysosomal storage disorder. The
molecular mechanism leading to this disorder has not
been elucidated. Although the resulting phenotypes of
Vps53 and Vps54 mutations are different, both appear to
affect motor neurons.

The COG complex is composed of eight subunits
(COG1-8), organized into two lobes called lobe A
(COG1-4) and lobe B (COG5-8) (81–83). The complex
localizes to the Golgi and is involved in traffic of material
through the Golgi. Over the last decade, mutations in six
different COG subunits (COGs 1, 4, 5, 6, 7 and 8) have been
identified in individuals suffering from congenital disor-
ders of glycosylation type II (CDG II) (84–89). This class
of disorders affects multiple systems in the body leading to
a wide array of phenotypes but the commonality between
them is a defect in protein glycosylation, presumably due to
defects in the function of the COG complex. Interestingly,
a recent study demonstrated that a novel mutation in the
COG6 subunit did not result in any detectable glycosyla-
tion defects (90). However, in this study glycosylation of a
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single protein (transferrin) was examined so it is unclear if
more global defects in glycosylation occur in these patients.
It is possible that the effect of COG6 deficiency on glycosy-
lation is less pronounced or allele specific. In this respect, it
is noteworthy that deletion of COD2, the gene encoding the
yeast homolog of COG6, does not result in glycosylation
defects.

When the phenotypes of TRAPP mutations are compared
to the two complexes discussed above, it is clear that there
is more diversity with respect to TRAPP. This may not be
unexpected since several of the proteins in TRAPP may
have functions outside of their role within the complex (see
above) (91–93). When assessing the function of TRAPP
proteins in disease, this notion must be kept in mind.

Guilt by Association?

As stated above, TRAPP complexes and subunits have
been found to associate with numerous other proteins.
Because defects in these associated proteins may ulti-
mately affect TRAPP function, the following sections will
explore the effects of mutations in some of the known
TRAPP-interacting partners.

Rab1, the GTPase Target of TRAPP GEF
Activity, Suppresses Trafficking Defects
Induced by 𝛂-Synuclein

A hallmark of Parkinson’s Disease (PD) is the accumula-
tion of Lewy bodies composed of the protein α-synuclein.
This protein is believed to mediate the toxic effects of
the disease, because mutations in α-synuclein and gene
duplication of the SNCA gene that encodes the protein
have been reported in PD patients (94–96). The Lindquist
laboratory demonstrated that α-synuclein expression is
toxic to yeast and it interferes with membrane traffic
(97,98). This block in membrane traffic in the yeast could
be suppressed by overexpression of the GTPase Ypt1p. In
addition, overexpression of Rab1, the human homolog of
Ypt1, was neuroprotective in an animal model of PD (97).
In mammalian cells, α-synuclein expression was shown
to perturb protein secretion, cause Golgi fragmentation
and interfere with autophagy which is perhaps due to
mislocalization of Atg9 (99). The α-synuclein-induced
defect in autophagy was suppressed by overexpression of

Rab1a. Interestingly, physical connections between the
yeast homologs of Rab1 (Ypt1p) and Atg9 (Atg9p) with
the TRAPP III complex have been demonstrated (17,100).
Thus, can a contributing factor of PD be attributed to an
impaired ability of TRAPP III to activate Rab1a? This is a
notion that has yet to be tested.

Like TRAPPC2 Mutations, COP II Mutations
Affect the Transport of Large Cargo

In both yeast and humans, the TRAPP complex interacts
with the COP II coat subunit Sec23 and regulates different
stages of COPII vesicle transport (31, 32, 101). Mutations
in SEC23A, a component of the inner layer of the COP II
coat, lead to Cranio-lenticulo-sutural dysplasia (CLSD),
a disease characterized by defects in craniofacial devel-
opment (102). Fibroblasts from individuals with CLSD
showed a defect in collagen secretion demonstrated by
an accumulation of collagen in the ER (102–104). Inter-
estingly, mutations or morphants of zebrafish SEC23A,
SEC24D and SEC13 resulted in malformation of the
craniofacial skeleton and an accumulation of collagen in
the ER of fish chondrocytes, but so far only mutations
in SEC23A have been linked to CSLD in humans (102,
105–107).

The secretion of collagen may be especially sensitive to
mutations in the COP II machinery because procollagen
must be packaged into large COP II-coated megacarri-
ers (108). Like procollagen, chylomicrons are very large
particles that are exported from the ER and require the
formation of megacarriers for their transport. Mutations
in the COP II-associated GTPase, SAR1B, have been
linked to several diseases that display a defect in the
secretion of chylomicron particles, including chylomicron
retention disease (CMRD), Anderson disease and CMRD
with Marinesco–Sjörgren syndrome (CMRD-MSS) (109).
TrappC2 regulates the packaging of procollagen at ER exit
sites through an interaction with Sar1a/b, and mutations
in TRAPPC2 cause the skeletal disease SEDT (35). It
would be interesting to determine whether the interaction
between Sar1b and TrappC2 is important for chylomicron
secretion. If so TRAPPC2 may be a candidate gene to con-
sider when looking for mutations that cause chylomicron
retention diseases.
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Several paralogs exist for most COP II components
in mammals and although there is some redundancy,
functional divergence has been observed between paralogs
(110). For example, while mutations in SEC23A cause
CLSD, mutations in its paralog SEC23B cause congenital
dyserythropoietic anemia type II, a disease characterized
by defects in erythropoiesis (111). TrappC3 interacts
directly with Sec23a and is essential for the homotypic
fusion of COP II vesicles to form the ERGIC (101). An
interaction between Sec23b and TrappC3 has not been
reported but possible consequences of disease causing
mutations in Sec23 paralogs are disrupting the interaction
with TrappC3 and blocking COP II transport downstream
of budding.

A 𝛅-COP Mutant Mouse Shares Several
Phenotypic Characteristics with TRAPP
Mutants

As stated above, TRAPP-coatomer (COP I) interac-
tions have been reported in both yeast and humans.
Given the diverse pathways in which COP I functions
it is not unexpected that mutations in COP I subunits
have not been reported in disease states, as these would
likely be expected to be embryonic lethal. However,
several reports of mutations in model organisms have
been reported. In one, a mutation in Archain 1, the
mouse homolog of the human δ-COP subunit, leads to
coat color dilution and ataxia (112), phenotypes simi-
lar to those reported in human TRAPPC11 and mouse
TRAPPC6 mutants (47,54). Since yeast TRAPP II mutants
and human TRAPPC11 patients display mislocalized
coatomer (see above), the underlying molecular mecha-
nism responsible for the phenotype in the Archain 1 mouse
mutant may be partially due to defects in TRAPP-COP I
interactions.

Mutations in COP I subunits have also been described
in zebrafish. Initial screens identified and character-
ized numerous genes required for notochord formation
(113,114), of which three were found to be subunits of
COP I (α-COP, β-COP and β′-COP) (115). All three
mutants resulted in profound structural changes to both
the ER and the Golgi, perhaps providing insight as to the
absence of identified human patients with COP I subunit
mutations.

Conclusions

Although none of the mutations (TrappC2, TrappC11,
TrappC9) or altered expression levels (TrappC4) in TRAPP
proteins would be expected to impinge upon its Rab1 GEF
activity, it remains possible that localization of the GEF
activity is affected. Nevertheless, as discussed above, the
diverse phenotypes seen in individuals with mutations
in TRAPP proteins might indicate that specific subunits
have well-defined roles perhaps separate from their role in
TRAPP. Thus, understanding the function of the TRAPP
complexes must go beyond our understanding the com-
plex as a whole. Why are so many subunits required for
the function of the complex? Can these proteins function
outside of the confines of TRAPP? Each subunit must have
a defined function within, and perhaps without, the com-
plex and the challenge for the future is to understand each
subunits’ precise role in cellular physiology. It is likely that
some subunits will have cell type-specific roles explaining
the tissue specificity of TRAPP mutations. Thus, analysis of
TRAPP subunit function will require studies in diverse cell
lines beyond the ‘standard’ ones currently being employed.
As more individuals with mutations in TRAPP subunits
are identified, our understanding of the necessary model
cells will become clearer. In the meantime, when using
these standard cell lines to study TRAPP protein function,
it would be wise to keep an open mind in interpreting the
results.

Acknowledgments

We are grateful to members of the Sacher laboratory for constructive
comments on this manuscript, and to all members both past and present
for lively discussions that helped shape some of the ideas expressed in this
review. This article is not meant to be an exhaustive review of the struc-
ture and function of TRAPP but covers these areas as they relate to the
involvement of TRAPP subunits in disease. We apologize to researchers
whose work, therefore, was not cited. Research in the laboratory is
supported by grants from the Canadian Institutes of Health Research, the
Natural Sciences and Engineering Research Council of Canada, and the
Canada Foundation for Innovation. The Sacher laboratory is a member
of the Groupe de Recherche Axé sur la Structure des Protéines (GRASP)
network.

References
1. Cai H, Reinisch K, Ferro-Novick S. Coats, tethers, Rabs, and SNAREs

work together to mediate the intracellular destination of a transport
vesicle. Dev Cell 2007;12:671–682.

Traffic 2014; 15: 803–818 813



Brunet and Sacher

2. Sztul E, Lupashin V. Role of tethering factors in secretory membrane
traffic. Am J Physiol Cell Physiol 2006;290:C11–C26.

3. Yu IM, Hughson FM. Tethering factors as organizers of intracellular
vesicular traffic. Annu Rev Cell Dev Biol 2010;26:137–156.

4. Kummel D, Heinemann U. Diversity in structure and function of
tethering complexes: evidence for different mechanisms in vesicular
transport regulation. Curr Protein Pept Sci 2008;9:197–209.

5. Peplowska K, Markgraf DF, Ostrowicz CW, Bange G, Ungermann C.
The CORVET tethering complex interacts with the yeast Rab5
homolog Vps21 and is involved in endo-lysosomal biogenesis. Dev
Cell 2007;12:739–750.

6. Sacher M, Kim YG, Lavie A, Oh BH, Segev N. The TRAPP complex:
insights into its architecture and function. Traffic
2008;9:2032–2042.

7. Rossi G, Kolstad K, Stone S, Palluault F, Ferro-Novick S. BET3
encodes a novel hydrophilic protein that acts in conjunction with
yeast SNAREs. Mol Biol Cell 1995;6:1769–1780.

8. Sacher M, Jiang Y, Barrowman J, Scarpa A, Burston J, Zhang L,
Schieltz D, Yates JR III, Abeliovich H, Ferro-Novick S. TRAPP, a highly
conserved novel complex on the cis-Golgi that mediates vesicle
docking and fusion. EMBO J 1998;17:2494–2503.

9. Lynch-Day MA, Bhandari D, Menon S, Huang J, Cai H, Bartholomew
CR, Brumell JH, Ferro-Novick S, Klionsky DJ. Trs85 directs a Ypt1 GEF,
TRAPPIII, to the phagophore to promote autophagy. Proc Natl Acad
Sci U S A 2010;107:7811–7816.

10. Sacher M, Barrowman J, Wang W, Horecka J, Zhang Y, Pypaert M,
Ferro-Novick S. TRAPP I implicated in the specificity of tethering in
ER-to-Golgi transport. Mol Cell 2001;7:433–442.

11. Choi C, Davey M, Schluter C, Pandher P, Fang Y, Foster LJ, Conibear
E. Organization and assembly of the TRAPPII complex. Traffic
2011;12:715–725.

12. Meiling-Wesse K, Epple UD, Krick R, Barth H, Appelles A, Voss C,
Eskelinen EL, Thumm M. Trs85 (Gsg1), a component of the TRAPP
complexes, is required for the organization of the
preautophagosomal structure during selective autophagy via the Cvt
pathway. J Biol Chem 2005;280:33669–33678.

13. Montpetit B, Conibear E. Identification of the novel TRAPP
associated protein Tca17. Traffic 2009;10:713–723.

14. Nazarko TY, Huang J, Nicaud JM, Klionsky DJ, Sibirny AA. Trs85 is
required for macroautophagy, pexophagy and cytoplasm to vacuole
targeting in Yarrowia lipolytica and Saccharomyces cerevisiae.
Autophagy 2005;1:37–45.

15. Scrivens PJ, Shahrzad N, Moores A, Morin A, Brunet S, Sacher M.
TRAPPC2L is a novel, highly conserved TRAPP-interacting protein.
Traffic 2009;10:724–736.

16. Kim YG, Raunser S, Munger C, Wagner J, Song YL, Cygler M, Walz T,
Oh BH, Sacher M. The architecture of the multisubunit TRAPP I
complex suggests a model for vesicle tethering. Cell
2006;127:817–830.

17. Brunet S, Shahrzad N, Saint-Dic D, Dutczak H, Sacher M. A trs20
mutation that mimics an SEDT-causing mutation blocks selective and
non-selective autophagy: a model for TRAPP III organization. Traffic
2013;14:1091–1104.

18. Tan D, Cai Y, Wang J, Zhang J, Menon S, Chou HT, Ferro-Novick S,
Reinisch KM, Walz T. The EM structure of the TRAPPIII complex leads
to the identification of a requirement for COPII vesicles on the
macroautophagy pathway. Proc Natl Acad Sci U S A
2013;110:19432–19437.

19. Yip CK, Berscheminski J, Walz T. Molecular architecture of the
TRAPPII complex and implications for vesicle tethering. Nat Struct
Mol Biol 2010;17:1298–1304.

20. Taussig D, Lipatova Z, Kim JJ, Zhang X, Segev N. Trs20 is required for
TRAPP II assembly. Traffic 2013;14:678–690.

21. Taussig D, Lipatova Z, Segev N. Trs20 is required for TRAPP III
complex assembly at the PAS and its function in autophagy. Traffic
2014;15:327–337.

22. Zong M, Wu XG, Chan CW, Choi MY, Chan HC, Tanner JA, Yu S. The
adaptor function of TRAPPC2 in mammalian TRAPPs explains
TRAPPC2-associated SEDT and TRAPPC9-associated congenital
intellectual disability. PLoS One 2011;6:e23350.

23. Bassik MC, Kampmann M, Lebbink RJ, Wang S, Hein MY, Poser I,
Weibezahn J, Horlbeck MA, Chen S, Mann M, Hyman AA, Leproust
EM, McManus MT, Weissman JS. A systematic mammalian genetic
interaction map reveals pathways underlying ricin susceptibility. Cell
2013;152:909–922.

24. Behrends C, Sowa ME, Gygi SP, Harper JW. Network organization of
the human autophagy system. Nature 2010;466:68–76.

25. Scrivens PJ, Noueihed B, Shahrzad N, Hul S, Brunet S, Sacher M.
C4orf41 and TTC-15 are mammalian TRAPP components with a role
at an early stage in ER-to-Golgi trafficking. Mol Biol Cell
2011;22:2083–2093.

26. Yamasaki A, Menon S, Yu S, Barrowman J, Meerloo T, Oorschot V,
Klumperman J, Satoh A, Ferro-Novick S. mTrs130 is a component of
a mammalian TRAPPII complex, a Rab1 GEF that binds to
COPI-coated vesicles. Mol Biol Cell 2009;20:4205–4215.

27. Wang W, Sacher M, Ferro-Novick S. TRAPP stimulates guanine
nucleotide exchange on Ypt1p. J Cell Biol 2000;151:289–296.

28. Wang W, Ferro-Novick S. A Ypt32p exchange factor is a putative
effector of Ypt1p. Mol Biol Cell 2002;13:3336–3343.

29. Cai Y, Chin HF, Lazarova D, Menon S, Fu C, Cai H, Sclafani A,
Rodgers DW, De La Cruz EM, Ferro-Novick S, Reinisch KM. The
structural basis for activation of the Rab Ypt1p by the TRAPP
membrane-tethering complexes. Cell 2008;133:1202–1213.

30. Morozova N, Liang Y, Tokarev AA, Chen SH, Cox R, Andrejic J,
Lipatova Z, Sciorra VA, Emr SD, Segev N. TRAPPII subunits are
required for the specificity switch of a Ypt-Rab GEF. Nat Cell Biol
2006;8:1263–1269.

31. Cai H, Yu S, Menon S, Cai Y, Lazarova D, Fu C, Reinisch K, Hay JC,
Ferro-Novick S. TRAPPI tethers COPII vesicles by binding the coat
subunit Sec23. Nature 2007;445:941–944.

32. Lord C, Bhandari D, Menon S, Ghassemian M, Nycz D, Hay J, Ghosh
P, Ferro-Novick S. Sequential interactions with Sec23 control the
direction of vesicle traffic. Nature 2011;473:181–186.

33. Cai H, Zhang Y, Pypaert M, Walker L, Ferro-Novick S. Mutants in
trs120 disrupt traffic from the early endosome to the late Golgi. J
Cell Biol 2005;171:823–833.

814 Traffic 2014; 15: 803–818



Role of TRAPP and Associated Proteins in Disease

34. Fan X, Tang L. Aberrant and alternative splicing in skeletal system
disease. Gene 2013;528:21–26.

35. Gedeon AK, Colley A, Jamieson R, Thompson EM, Rogers J, Sillence
D, Tiller GE, Mulley JC, Gecz J. Identification of the gene (SEDL)
causing X-linked spondyloepiphyseal dysplasia tarda. Nat Genet
1999;22:400–404.

36. Shaw MA, Brunetti-Pierri N, Kadasi L, Kovacova V, Van ML, De BD,
Salerno M, Gecz J. Identification of three novel SEDL mutations,
including mutation in the rare, non-canonical splice site of exon 4.
Clin Genet 2003;64:235–242.

37. Choi MY, Chan CC, Chan D, Luk KD, Cheah KS, Tanner JA.
Biochemical consequences of sedlin mutations that cause
spondyloepiphyseal dysplasia tarda. Biochem J 2009;423:233–242.

38. Jeyabalan J, Nesbit MA, Galvanovskis J, Callaghan R, Rorsman P,
Thakker RV. SEDLIN forms homodimers: characterisation of SEDLIN
mutations and their interactions with transcription factors MBP1,
PITX1 and SF1. PLoS One 2010;5:e10646.

39. Venditti R, Scanu T, Santoro M, Di TG, Spaar A, Gaibisso R,
Beznoussenko GV, Mironov AA, Mironov A Jr, Zelante L, Piemontese
MR, Notarangelo A, Malhotra V, Vertel BM, Wilson C, et al. Sedlin
controls the ER export of procollagen by regulating the Sar1 cycle.
Science 2012;337:1668–1672.

40. Lipatova Z, Shah AH, Kim JJ, Mulholland JW, Segev N. Regulation of
ER-phagy by a Ypt/Rab GTPase module. Mol Biol Cell
2013;24:3133–3144.

41. Bernales S, Schuck S, Walter P. ER-phagy: selective autophagy of the
endoplasmic reticulum. Autophagy 2007;3:285–287.

42. Higashio H, Kohno K. A genetic link between the unfolded protein
response and vesicle formation from the endoplasmic reticulum.
Biochem Biophys Res Commun 2002;296:568–574.

43. Moore KA, Hollien J. The unfolded protein response in secretory cell
function. Annu Rev Genet 2012;46:165–183.

44. Blatch GL, Lassle M. The tetratricopeptide repeat: a structural motif
mediating protein-protein interactions. Bioessays 1999;21:
932–939.

45. Sadler KC, Amsterdam A, Soroka C, Boyer J, Hopkins N. A genetic
screen in zebrafish identifies the mutants vps18, nf2 and foie gras as
models of liver disease. Development 2005;132:3561–3572.

46. Wendler F, Gillingham AK, Sinka R, Rosa-Ferreira C, Gordon DE,
Franch-Marro X, Peden AA, Vincent JP, Munro S. A genome-wide
RNA interference screen identifies two novel components of the
metazoan secretory pathway. EMBO J 2010;29:304–314.

47. Bogershausen N, Shahrzad N, Chong JX, von Kleist-Retzow JC,
Stanga D, Li Y, Bernier FP, Loucks CM, Wirth R, Puffenberger EG,
Hegele RA, Schreml J, Lapointe G, Keupp K, Brett CL, et al. Recessive
TRAPPC11 mutations cause a disease spectrum of limb girdle
muscular dystrophy and myopathy with movement disorder and
intellectual disability. Am J Hum Genet 2013;93:181–190.

48. Zong M, Satoh A, Yu MK, Siu KY, Ng WY, Chan HC, Tanner JA, Yu S.
TRAPPC9 mediates the interaction between p150 and COPII vesicles
at the target membrane. PLoS One 2012;7:e29995.

49. Kong X, Qian J, Chen LS, Wang YC, Wang JL, Chen H, Weng YR,
Zhao SL, Hong J, Chen YX, Zou W, Xu J, Fang JY. Synbindin in

extracellular signal-regulated protein kinase spatial regulation and
gastric cancer aggressiveness. J Natl Cancer Inst 2013;105:
1738–1749.

50. Zhao SL, Hong J, Xie ZQ, Tang JT, Su WY, Du W, Chen YX, Lu R, Sun
DF, Fang JY. TRAPPC4-ERK2 interaction activates ERK1/2, modulates
its nuclear localization and regulates proliferation and apoptosis of
colorectal cancer cells. PLoS One 2011;6:e23262.

51. Farhan H, Wendeler MW, Mitrovic S, Fava E, Silberberg Y, Sharan R,
Zerial M, Hauri HP. MAPK signaling to the early secretory pathway
revealed by kinase/phosphatase functional screening. J Cell Biol
2010;189:997–1011.

52. Weng YR, Kong X, Yu YN, Wang YC, Hong J, Zhao SL, Fang JY. The
role of ERK2 in colorectal carcinogenesis is partly regulated by
TRAPPC4. Mol Carcinog 2014;53(Suppl 1):E72–E84.

53. Dell’Angelica EC. The building BLOC(k)s of lysosomes and related
organelles. Curr Opin Cell Biol 2004;16:458–464.

54. Gwynn B, Smith RS, Rowe LB, Taylor BA, Peters LL. A mouse
TRAPP-related protein is involved in pigmentation. Genomics
2006;88:196–203.

55. Qi X, Zheng H. Arabidopsis TRAPPII is functionally linked to Rab-A,
but not Rab-D in polar protein trafficking in trans-Golgi network.
Plant Signal Behav 2011;6:1679–1683.

56. Qi X, Kaneda M, Chen J, Geitmann A, Zheng H. A specific role for
Arabidopsis TRAPPII in post-Golgi trafficking that is crucial for
cytokinesis and cell polarity. Plant J 2011;68:234–248.

57. Zou S, Chen Y, Liu Y, Segev N, Yu S, Liu Y, Min G, Ye M, Zeng Y,
Zhu X, Hong B, Bjorn LO, Liang Y, Li S, Xie Z. Trs130 participates
in autophagy through GTPases Ypt31/32 in Saccharomyces
cerevisiae. Traffic 2013;14:233–246.

58. Cullinane AR, Curry JA, Golas G, Pan J, Carmona-Rivera C, Hess RA,
White JG, Huizing M, Gahl WA. A BLOC-1 mutation screen reveals a
novel BLOC1S3 mutation in Hermansky-Pudlak Syndrome type 8.
Pigment Cell Melanoma Res 2012;25:584–591.

59. Morgan NV, Pasha S, Johnson CA, Ainsworth JR, Eady RA, Dawood
B, McKeown C, Trembath RC, Wilde J, Watson SP, Maher ER. A
germline mutation in BLOC1S3/reduced pigmentation causes a novel
variant of Hermansky-Pudlak syndrome (HPS8). Am J Hum Genet
2006;78:160–166.

60. Kummel D, Muller JJ, Roske Y, Henke N, Heinemann U. Structure
of the Bet3-Tpc6B core of TRAPP: two Tpc6 paralogs form trimeric
complexes with Bet3 and Mum2. J Mol Biol 2006;361:
22–32.

61. Hu WH, Pendergast JS, Mo XM, Brambilla R, Bracchi-Ricard V, Li F,
Walters WM, Blits B, He L, Schaal SM, Bethea JR. NIBP, a novel NIK
and IKK(beta)-binding protein that enhances NF-(kappa)B activation.
J Biol Chem 2005;280:29233–29241.

62. Abou JR, Wohlfart S, Zweier M, Uebe S, Priebe L, Ekici A,
Giesebrecht S, Abboud A, Al Khateeb MA, Fakher M, Hamdan S,
Ismael A, Muhammad S, Nothen MM, Schumacher J, et al.
Homozygosity mapping in 64 Syrian consanguineous families with
non-specific intellectual disability reveals 11 novel loci and high
heterogeneity. Eur J Hum Genet 2011;19:1161–1166.

Traffic 2014; 15: 803–818 815



Brunet and Sacher

63. Kakar N, Goebel I, Daud S, Nurnberg G, Agha N, Ahmad A,
Nurnberg P, Kubisch C, Ahmad J, Borck G. A homozygous splice site
mutation in TRAPPC9 causes intellectual disability and microcephaly.
Eur J Med Genet 2012;55:727–731.

64. Marangi G, Leuzzi V, Manti F, Lattante S, Orteschi D, Pecile V, Neri
G, Zollino M. TRAPPC9-related autosomal recessive intellectual
disability: report of a new mutation and clinical phenotype. Eur J
Hum Genet 2013;21:229–232.

65. Mir A, Kaufman L, Noor A, Motazacker MM, Jamil T, Azam M,
Kahrizi K, Rafiq MA, Weksberg R, Nasr T, Naeem F, Tzschach A, Kuss
AW, Ishak GE, Doherty D, et al. Identification of mutations in
TRAPPC9, which encodes the NIK- and IKK-beta-binding protein, in
nonsyndromic autosomal-recessive mental retardation. Am J Hum
Genet 2009;85:909–915.

66. Mochida GH, Mahajnah M, Hill AD, Basel-Vanagaite L, Gleason D,
Hill RS, Bodell A, Crosier M, Straussberg R, Walsh CA. A truncating
mutation of TRAPPC9 is associated with autosomal-recessive
intellectual disability and postnatal microcephaly. Am J Hum Genet
2009;85:897–902.

67. Philippe O, Rio M, Carioux A, Plaza JM, Guigue P, Molinari F,
Boddaert N, Bole-Feysot C, Nitschke P, Smahi A, Munnich A,
Colleaux L. Combination of linkage mapping and
microarray-expression analysis identifies NF-kappaB signaling defect
as a cause of autosomal-recessive mental retardation. Am J Hum
Genet 2009;85:903–908.

68. Albensi BC, Mattson MP. Evidence for the involvement of TNF and
NF-kappaB in hippocampal synaptic plasticity. Synapse
2000;35:151–159.

69. Kaltschmidt B, Ndiaye D, Korte M, Pothion S, Arbibe L, Prullage M,
Pfeiffer J, Lindecke A, Staiger V, Israel A, Kaltschmidt C, Memet S.
NF-kappaB regulates spatial memory formation and synaptic
plasticity through protein kinase A/CREB signaling. Mol Cell Biol
2006;26:2936–2946.

70. Yeh SH, Lin CH, Lee CF, Gean PW. A requirement of nuclear
factor-kappaB activation in fear-potentiated startle. J Biol Chem
2002;277:46720–46729.

71. Wetterskog D, Shiu KK, Chong I, Meijer T, Mackay A, Lambros M,
Cunningham D, Reis-Filho JS, Lord CJ, Ashworth A. Identification of
novel determinants of resistance to lapatinib in ERBB2-amplified
cancers. Oncogene 2014;33:966–976.

72. Zhang Y, Bitner D, Pontes Filho AA, Li F, Liu S, Wang H, Yang F,
Adhikari S, Gordon J, Srinivasan S, Hu W. Expression and function of
NIK- and IKK2-binding protein (NIBP) in mouse enteric nervous
system. Neurogastroenterol Motil 2014;26:77–97.

73. Court F, Camprubi C, Garcia CV, Guillaumet-Adkins A, Sparago A,
Seruggia D, Sandoval J, Esteller M, Martin-Trujillo A, Riccio A,
Montoliu L, Monk D. The PEG13-DMR and brain-specific enhancers
dictate imprinted expression within the 8q24 intellectual disability
risk locus. Epigenetics Chromatin 2014;7:5.

74. Huberts DH, van der Klei IJ. Moonlighting proteins: an intriguing
mode of multitasking. Biochim Biophys Acta 2010;1803:
520–525.

75. Chiari R, Foury F, De PE, Baurain JF, Thonnard J, Coulie PG. Two
antigens recognized by autologous cytolytic T lymphocytes on a
melanoma result from a single point mutation in an essential
housekeeping gene. Cancer Res 1999;59:5785–5792.

76. Loeb LA, Loeb KR, Anderson JP. Multiple mutations and cancer. Proc
Natl Acad Sci U S A 2003;100:776–781.

77. Moser JM, Bigini P, Schmitt-John T. The wobbler mouse, an ALS
animal model. Mol Genet Genomics 2013;288:207–229.

78. Schmitt-John T, Drepper C, Mussmann A, Hahn P, Kuhlmann M, Thiel
C, Hafner M, Lengeling A, Heimann P, Jones JM, Meisler MH,
Jockusch H. Mutation of Vps54 causes motor neuron disease and
defective spermiogenesis in the wobbler mouse. Nat Genet
2005;37:1213–1215.

79. Perez-Victoria FJ, Abascal-Palacios G, Tascon I, Kajava A, Magadan
JG, Pioro EP, Bonifacino JS, Hierro A. Structural basis for the wobbler
mouse neurodegenerative disorder caused by mutation in the Vps54
subunit of the GARP complex. Proc Natl Acad Sci U S A
2010;107:12860–12865.

80. Feinstein M, Flusser H, Lerman-Sagie T, Ben-Zeev B, Lev D, Agamy O,
Cohen I, Kadir R, Sivan S, Leshinsky-Silver E, Markus B, Birk OS.
VPS53 mutations cause progressive cerebello-cerebral atrophy type 2
(PCCA2). J Med Genet 2014;51:303–308.

81. Lees JA, Yip CK, Walz T, Hughson FM. Molecular organization of the
COG vesicle tethering complex. Nat Struct Mol Biol
2010;17:1292–1297.

82. Ungar D, Oka T, Brittle EE, Vasile E, Lupashin VV, Chatterton JE,
Heuser JE, Krieger M, Waters MG. Characterization of a mammalian
Golgi-localized protein complex, COG, that is required for normal
Golgi morphology and function. J Cell Biol 2002;157:405–415.

83. Ungar D, Oka T, Vasile E, Krieger M, Hughson FM. Subunit
architecture of the conserved oligomeric Golgi complex. J Biol Chem
2005;280:32729–32735.

84. Foulquier F, Vasile E, Schollen E, Callewaert N, Raemaekers T,
Quelhas D, Jaeken J, Mills P, Winchester B, Krieger M, Annaert W,
Matthijs G. Conserved oligomeric Golgi complex subunit 1 deficiency
reveals a previously uncharacterized congenital disorder of
glycosylation type II. Proc Natl Acad Sci U S A
2006;103:3764–3769.

85. Foulquier F, Ungar D, Reynders E, Zeevaert R, Mills P, Garcia-Silva
MT, Briones P, Winchester B, Morelle W, Krieger M, Annaert W,
Matthijs G. A new inborn error of glycosylation due to a Cog8
deficiency reveals a critical role for the Cog1-Cog8 interaction in
COG complex formation. Hum Mol Genet 2007;16:717–730.

86. Lubbehusen J, Thiel C, Rind N, Ungar D, Prinsen BH, de Koning TJ,
van Hasselt PM, Korner C. Fatal outcome due to deficiency of subunit
6 of the conserved oligomeric Golgi complex leading to a new type
of congenital disorders of glycosylation. Hum Mol Genet
2010;19:3623–3633.

87. Paesold-Burda P, Maag C, Troxler H, Foulquier F, Kleinert P, Schnabel
S, Baumgartner M, Hennet T. Deficiency in COG5 causes a moderate
form of congenital disorders of glycosylation. Hum Mol Genet
2009;18:4350–4356.

816 Traffic 2014; 15: 803–818



Role of TRAPP and Associated Proteins in Disease

88. Reynders E, Foulquier F, Leao TE, Quelhas D, Morelle W, Rabouille C,
Annaert W, Matthijs G. Golgi function and dysfunction in the first
COG4-deficient CDG type II patient. Hum Mol Genet
2009;18:3244–3256.

89. Wu X, Steet RA, Bohorov O, Bakker J, Newell J, Krieger M, Spaapen
L, Kornfeld S, Freeze HH. Mutation of the COG complex subunit gene
COG7 causes a lethal congenital disorder. Nat Med
2004;10:518–523.

90. Shaheen R, Ansari S, Alshammari MJ, Alkhalidi H, Alrukban H, Eyaid
W, Alkuraya FS. A novel syndrome of hypohidrosis and intellectual
disability is linked to COG6 deficiency. J Med Genet
2013;50:431–436.

91. Ethell IM, Hagihara K, Miura Y, Irie F, Yamaguchi Y. Synbindin, A
novel syndecan-2-binding protein in neuronal dendritic spines. J Cell
Biol 2000;151:53–68.

92. Ghosh AK, Majumder M, Steele R, White RA, Ray RB. A novel
16-kilodalton cellular protein physically interacts with and
antagonizes the functional activity of c-myc promoter-binding
protein 1. Mol Cell Biol 2001;21:655–662.

93. Ghosh AK, Steele R, Ray RB. Modulation of human luteinizing
hormone beta gene transcription by MIP-2A. J Biol Chem
2003;278:24033–24038.

94. Kruger R, Kuhn W, Muller T, Woitalla D, Graeber M, Kosel S,
Przuntek H, Epplen JT, Schols L, Riess O. Ala30Pro mutation in the
gene encoding alpha-synuclein in Parkinson’s disease. Nat Genet
1998;18:106–108.

95. Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A,
Pike B, Root H, Rubenstein J, Boyer R, Stenroos ES,
Chandrasekharappa S, Athanassiadou A, Papapetropoulos T,
Johnson WG, et al. Mutation in the alpha-synuclein gene identified
in families with Parkinson’s disease. Science 1997;276:
2045–2047.

96. Ross OA, Braithwaite AT, Skipper LM, Kachergus J, Hulihan MM,
Middleton FA, Nishioka K, Fuchs J, Gasser T, Maraganore DM, Adler
CH, Larvor L, Chartier-Harlin MC, Nilsson C, Langston JW, et al.
Genomic investigation of alpha-synuclein multiplication and
parkinsonism. Ann Neurol 2008;63:743–750.

97. Cooper AA, Gitler AD, Cashikar A, Haynes CM, Hill KJ, Bhullar B, Liu
K, Xu K, Strathearn KE, Liu F, Cao S, Caldwell KA, Caldwell GA,
Marsischky G, Kolodner RD, et al. Alpha-synuclein blocks ER-Golgi
traffic and Rab1 rescues neuron loss in Parkinson’s models. Science
2006;313:324–328.

98. Outeiro TF, Lindquist S. Yeast cells provide insight into
alpha-synuclein biology and pathobiology. Science
2003;302:1772–1775.

99. Winslow AR, Chen CW, Corrochano S, Acevedo-Arozena A, Gordon
DE, Peden AA, Lichtenberg M, Menzies FM, Ravikumar B, Imarisio S,
Brown S, O’Kane CJ, Rubinsztein DC. alpha-Synuclein impairs
macroautophagy: implications for Parkinson’s disease. J Cell Biol
2010;190:1023–1037.

100. Kakuta S, Yamamoto H, Negishi L, Kondo-Kakuta C, Hayashi N,
Ohsumi Y. Atg9 vesicles recruit vesicle-tethering proteins Trs85 and

Ypt1 to the autophagosome formation site. J Biol Chem 2012;287:
44261–44269.

101. Yu S, Satoh A, Pypaert M, Mullen K, Hay JC, Ferro-Novick S. mBet3p
is required for homotypic COPII vesicle tethering in mammalian cells.
J Cell Biol 2006;174:359–368.

102. Boyadjiev SA, Fromme JC, Ben J, Chong SS, Nauta C, Hur DJ, Zhang
G, Hamamoto S, Schekman R, Ravazzola M, Orci L, Eyaid W.
Cranio-lenticulo-sutural dysplasia is caused by a SEC23A mutation
leading to abnormal endoplasmic-reticulum-to-Golgi trafficking. Nat
Genet 2006;38:1192–1197.

103. Boyadjiev SA, Kim SD, Hata A, Haldeman-Englert C, Zackai EH,
Naydenov C, Hamamoto S, Schekman RW, Kim J.
Cranio-lenticulo-sutural dysplasia associated with defects in collagen
secretion. Clin Genet 2011;80:169–176.

104. Kim SD, Pahuja KB, Ravazzola M, Yoon J, Boyadjiev SA, Hammamoto
S, Schekman R, Orci L, Kim J. The SEC23-SEC31 interface plays
critical role for export of procollagen from the endoplasmic
reticulum. J Biol Chem 2012;287:10134–10144.

105. Lang MR, Lapierre LA, Frotscher M, Goldenring JR, Knapik EW.
Secretory COPII coat component Sec23a is essential for craniofacial
chondrocyte maturation. Nat Genet 2006;38:1198–1203.

106. Sarmah S, Barrallo-Gimeno A, Melville DB, Topczewski J,
Solnica-Krezel L, Knapik EW. Sec24D-dependent transport of
extracellular matrix proteins is required for zebrafish skeletal
morphogenesis. PLoS One 2010;5:e10367.

107. Townley AK, Feng Y, Schmidt K, Carter DA, Porter R, Verkade P,
Stephens DJ. Efficient coupling of Sec23-Sec24 to Sec13-Sec31
drives COPII-dependent collagen secretion and is essential for
normal craniofacial development. J Cell Sci 2008;121:3025–3034.

108. Fromme JC, Schekman R. COPII-coated vesicles: flexible enough for
large cargo? Curr Opin Cell Biol 2005;17:345–352.

109. Jones B, Jones EL, Bonney SA, Patel HN, Mensenkamp AR,
Eichenbaum-Voline S, Rudling M, Myrdal U, Annesi G, Naik S,
Meadows N, Quattrone A, Islam SA, Naoumova RP, Angelin B, et al.
Mutations in a Sar1 GTPase of COPII vesicles are associated with
lipid absorption disorders. Nat Genet 2003;34:29–31.

110. Zanetti G, Pahuja KB, Studer S, Shim S, Schekman R. COPII and the
regulation of protein sorting in mammals. Nat Cell Biol
2012;14:20–28.

111. Schwarz K, Iolascon A, Verissimo F, Trede NS, Horsley W, Chen W,
Paw BH, Hopfner KP, Holzmann K, Russo R, Esposito MR, Spano D,
De FL, Heinrich K, Joggerst B, et al. Mutations affecting the secretory
COPII coat component SEC23B cause congenital dyserythropoietic
anemia type II. Nat Genet 2009;41:936–940.

112. Xu X, Kedlaya R, Higuchi H, Ikeda S, Justice MJ, Setaluri V, Ikeda A.
Mutation in archain 1, a subunit of COPI coatomer complex, causes
diluted coat color and Purkinje cell degeneration. PLoS Genet
2010;6:e1000956.

113. Odenthal J, Haffter P, Vogelsang E, Brand M, van Eeden FJ,
Furutani-Seiki M, Granato M, Hammerschmidt M, Heisenberg CP,
Jiang YJ, Kane DA, Kelsh RN, Mullins MC, Warga RM, Allende ML,
et al. Mutations affecting the formation of the notochord in the
zebrafish, Danio rerio. Development 1996;123:103–115.

Traffic 2014; 15: 803–818 817



Brunet and Sacher

114. Stemple DL, Solnica-Krezel L, Zwartkruis F, Neuhauss SC, Schier AF,
Malicki J, Stainier DY, Abdelilah S, Rangini Z, Mountcastle-Shah E,
Driever W. Mutations affecting development of the notochord in
zebrafish. Development 1996;123:117–128.

115. Coutinho P, Parsons MJ, Thomas KA, Hirst EM, Saude L, Campos I,
Williams PH, Stemple DL. Differential requirements for COPI
transport during vertebrate early development. Dev Cell 2004;7:
547–558.

818 Traffic 2014; 15: 803–818


