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HIGHLIGHTS

� The majority of TRAPP literature focuses on function in the nervous system. Here, we highlight the molecular pathways of

TRAPP in secretion, autophagy, and trafficking to gain insight into potential functions of TRAPP in the heart and beyond.

We also discuss cardiac disease states related to trafficking defects in cardiomyocytes, highlighting how TRAPP

dysfunction might play potential roles in cardiac dysfunction.

� Human variants and/or expression changes in numerous TRAPPC subunits are associated with cardiac dysfunction such as

myocardial infarction, stroke, Ca2D handling defects, atrial fibrillation, and others. These individual case reports culminate

to validate a role of TRAPPII and TRAPPIII in cardiac function.

� TRAPPII is a GEF for Rab1 and Rab11 while TRAPPIII is a GEF for Rab1. Rab1 and Rab11 are GTPases that play roles in

expression/localization of cardiac ion channels such as Kv4.2 and Kv1.5, respectively. Therefore, both TRAPPII and TRAPPIII

may play previously unidentified roles in cardiac excitability. Further trafficking mechanistic understanding may drive

future therapeutic research.
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Trafficking protein particle (TRAPP) is well reported to play a role in the trafficking of protein products within the Golgi

and endoplasmic reticulum. Dysfunction in TRAPP has been associated with disorders in the nervous and cardiovascular

systems, but the majority of literature focuses on TRAPP function in the nervous system solely. Here, we highlight the

known pathways of TRAPP and hypothesize potential impacts of TRAPP dysfunction on the cardiovascular system,

particularly the role of TRAPP as a guanine-nucleotide exchange factor for Rab1 and Rab11. We also review the

various cardiovascular phenotypes associated with changes in TRAPP complexes and their subunits. (J Am Coll Cardiol

Basic Trans Science 2023;8:1599–1612) © 2023 The Authors. Published by Elsevier on behalf of the American

College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBR EV I A T I ON S

AND ACRONYMS

ER = endoplasmic reticulum

GEF = guanine nucleotide

exchange factor

hiPSC-CM = human induced

pluripotent stem cell–derived

cardiomyocyte

LGMD = limb girdle muscular

dystrophy

LVAD = left ventricular assist

device

NIBP = NIK-IKK2-binding

protein

RVF = right ventricular failure

TRAPP = trafficking protein

particle
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I ntracellular protein trafficking is essen-
tial for delivering proteins to various
parts of the cell to perform their desig-

nated function and maintain specific protein
concentrations in subcellular compart-
ments.1 The trafficking protein particle
(TRAPP) complex serves as a multisubunit
protein complex that functions as a tethering
factor. Tethering factors facilitate the initial
contact between the target membrane and
the transport carrier, a complex of proteins
that carry cellular products to their destina-
tion. As multisubunit tethering factors,
TRAPP complexes act as crucial facilitators
for transporting protein products. TRAPPIII
participates in transport from the endo-
plasmic reticulum (ER) to the Golgi while
TRAPPII participates in transport and secretion
within the Golgi apparatus.1 These processes are vital
for maintaining protein-mediated cellular homeosta-
sis, therefore maintaining normal biological activity
of various body systems, including the heart and ner-
vous system. In the text, TRAPPI, TRAPPII, TRAPPIII,
and TRAPPIV refer to the entire TRAPP structure,
including its subunits, while individual subunits
within these structures are referred to as TRAPPC#
(ie, TRAPPC1, TRAPPC6A, TRAPPC11, etc).

TRAPPII and TRAPPIII are guanine nucleotide ex-
change factors (GEFs) for Rab11 and Rab1, respec-
tively, and therefore may play an understudied role
in modulating the cardiac action potential,2 although
direct studies exploring the relationship between
cardiac ion channels and TRAPP have not been con-
ducted.3,4 Human variants in trafficking regulatory
genes cause cardiac dysfunction. For instance, a
variant in a trafficking regulatory protein for the
voltage-gated sodium channel Nav1.5 was shown to
cause Brugada syndrome.5 Furthermore, mutations in
cardiac ion channels at binding sites of trafficking
proteins also cause severe cardiac dysfunction in the
Kv11.1 voltage-activated Kþ channel.6 Intracellular
transport mechanisms for cardiac ion channels have
been extensively studied to develop new therapeutic
strategies for congenital forms of cardiac dysfunction
in which treatment is only limited to control and/or
prevent symptoms.7,8 The voltage-gated Kþ channel
Kv1.5, and IKur (ultra-rapid delayed rectifier Kþ cur-
rent) have garnered attention as potential targets for
atrial fibrillation therapy.9 Knockdown of snorting
nexin 17, a regulator of Kv1.5 trafficking, increased
Kv1.5 membrane expression and IKur, thereby
increasing susceptibility to atrial fibrillation in mice,
suggesting that trafficking and trafficking regulatory
proteins can have robust influences on cardiac
phenotype.10 Therefore, targeting the trafficking
pathways for Kv1.5 may provide a potential thera-
peutic strategy. Interestingly, Rab11, a monomeric
GTPase, participates in trafficking of Kv1.5 ion chan-
nels as a driver for Kv1.5 endosomal recycling in
mouse atrial myocytes.11 Rab1 GTPases participate in
the trafficking of endogenous Kþ channel 4.2 (Kv4.2),
the main contributor to the Ito,f (depolarization-acti-
vated fast transient outward Kþ current), within
ventricular myocytes.3 Advancement in the under-
standing of Kv1.5 and Kv4.2 trafficking mechanisms,
as well as trafficking mechanisms of other cardiac ion
channels, may help pave the way for future thera-
peutic development.

TRAPPC subunits play key roles in brain function
and lead to disease in response to reduced or loss of
function. For example, a TRAPPC6A and TRAPPC11
variants are associated with intellectual disability,
developmental delays, Alzheimer’s disease, speech
impairment, granule cell hyperplasia, cerebellar at-
rophy, degeneration and dendrite dystrophy, and
Purkinje cell loss.12,13 However, TRAPPC subunit
variants and/or changes in expression have also been
recently associated with structural cardiac diseases
such as small-vessel stroke, cardiomyocyte apoptosis,
heart looping/atrium placement, and coronary artery
disease, and electrical cardiac dysfunction such as
atrial fibrillation and Ca2þ handling defects.4,14-20

Although TRAPP complexes seemingly have a
broad spectrum of roles in the heart, much is still
unknown about the extent of influence. The majority
of TRAPP complex literature focuses on the nervous
system; therefore, we review the role of TRAPP in the
brain before delving into its role in the heart. By
setting this foundation, a more comprehensive un-
derstanding of novel pathways within the heart can
be reached, which in turn will provide a platform
for others to build upon in future research
(Central Illustration).

IMPACT OF IMPAIRED TRAFFICKING IN

CARDIAC FUNCTION

Protein trafficking within cardiomyocytes is pivotal
for establishing proper excitation-contraction within
individual myocytes, and for coordinating excitation-
contraction coupling across the entire heart. Defects
in forward trafficking, membrane organization,
and/or internalization/retrograde trafficking are
associated with cardiac dysfunction.21,22 Nav1.5 is the
major voltage-gated sodium channel involved in de-
polarization and initiation of the cardiac action po-
tential.23 Human variants in SCN5A—the gene
encoding for Nav1.5—are associated with numerous



CENTRAL ILLUSTRATION Function of TRAPP Complexes and TRAPPC Subunits in the
Cardiovascular System
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Schematic representation of defined and hypothesized roles of TRAPP complexes and subunits in the cardiovascular system. GDP ¼ gua-

nosine diphosphate; GTP ¼ guanosine triphosphate; NCX ¼ sodium calcium exchanger; RyR2 ¼ ryanodine receptor 2; SNP ¼ single

nucleotide polymorphisms.
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cardiac diseases including long QT syndrome, Bru-
gada syndrome, cardiac conduction disease, dilated
cardiomyopathy, and sudden infant death syn-
drome.24 Interestingly, variants in trafficking genes
known to associate with Nav1.5 have also been linked
with these diseases, such as a dominant-negative
variant in MOG1 (E83D), which was identified in a
patient with type 1 Brugada syndrome. Adult rat
cardiomyocytes transfected with E83D-MOG1 showed
abnormal Nav1.5 localization.5 In addition, dominant-
negative SAR1A or SAR1B expression reduces the
cell surface expression of Nav1.5 and diminishes the
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INa,peak in neonatal rat cardiomyocytes, while
silencing both SAR1A and SAR1B resulted in
decreased INa density.25 SAR1A and SAR1B are 2 small
GTPases that interact with MOG1 and assist in Nav1.5
trafficking. Brugada syndrome, dilated cardiomyopa-
thy, sick sinus syndrome, and atrial fibrillation are all
associated with reduced INa,26 and therefore targeting
of the underlying trafficking regulatory proteins such
as MOG1, SAR1A, and/or SAR1B can be potential
therapies. Indeed, MOG1 gene therapy using AAV9
vector-mediated delivery was able to reduce the car-
diac phenotypes associated with Brugada syndrome
in a Scn5a mutant mouse model. This approach
suggests that modulation of trafficking-associated
proteins is sufficient to treat Nav1.5, and other
cardiac action potential channel-related diseases/
channelopathies.27

Human variants in Kþ channels have also been
linked to trafficking defects. For example, long-QT
syndrome type 2 is caused by loss-of-function vari-
ants in KCNH2 (or hERG), which encodes Kv11.1.28

Kv11.1 plays a major role in the rapidly activating
delayed rectifier Kþ current, and therefore plays a
major role in cardiac action potential repolarization.29

Most disease-causing hERG variants instigate traf-
ficking dysfunction.6 For example, the Kv11.1-A561V
human variant results in mutant protein degradation
by the proteasome. Calnexin/calreticulin is a molec-
ular chaperone that plays a role in the trafficking on
Kv11.1, and increasing calnexin/calreticulin via ALLN
treatment increased Kv11.1 maximum peak current
density and tail current density.7 Lumacaftor (10 mm),
a drug that acts on Kv11.1 protein trafficking, was able
to rescue 3 Kv11.1 trafficking defect-causing variants
in human induced pluripotent stem cell–derived car-
diomyocytes (iPSC-CMs).8 Between breakthroughs in
Nav1.5 and Kv11.1 trafficking therapy, the mechanisms
of cardiac ion channel trafficking warrant continued
research. Although some of these therapies have
shown promising results, the ubiquitous nature of
trafficking proteins requires further investment and
understanding before the science is ready for the
patient bedside. As previously mentioned, Kv1.5 fa-
cilitates IKur, which participates in the initial phase
(phase 1) of the cardiac action potential repolariza-
tion. Kv1.5 has become a significant therapeutic target
for atrial fibrillation. Myosin V motor protein (both
MYO5A and MYO5B) was identified to traffic Kv1.5 and
connexin-43 to the cell surface. Dominant negative
expression of MYO5A and MYO5B results in decreased
IKur current density and Kv1.5 cell surface levels.
Rab11 interacts with and is involved in trafficking of
both MYO5A and MYO5B.30 TRAPPII acts as a GEF for
Rab11, and therefore, is potentially a downstream
effector on Kv1.5, although a direct relationship be-
tween the 2 has never been studied.2

STRUCTURE OF TRAPP COMPLEXES

Much of the research conducted to understand TRAPP
structure has been done through model organisms.
While TRAPPI and TRAPPIV have been studied in
yeast, TRAPPII and TRAPPIII have been studied in
both yeast and metazoan cells. Only TRAPPII and
TRAPPIII have been identified in mammalian
cells.31,32 TRAPPI does not exist in the human body on
its own but is instead present at the core of other
TRAPP complexes. In fact, some have questioned the
existence of TRAPPI in living cells at all and have
hypothesized that TRAPPI is an in vitro fragment of
TRAPPII or TRAPPIII.33 Furthermore, little is known
about TRAPPIV, and currently, it has only been
studied in yeast.34 However, Thomas et al35 were
unable to observe any TRAPPI or TRAPPIV in yeast
cells, supporting the existence of only TRAPPII and
TRAPPIII in vivo.

TRAPPI is made of 8 types of protein subunits,
which are conserved within the core of metazoan
TRAPPII and TRAPPIII: TRAPPC1, TRAPPC2,
TRAPPC3A/B, TRAPPC4, TRAPPC5, and TRAPPC6A/
B.1 In addition, TRAPPII and TRAPPIII also contain
complex-specific subunits, ie, TRAPPC9, TRAPPC10,
and TRAPPC14 for the TRAPPII complex and
TRAPPC8, TRAPPC11, TRAPPC12, and TRAPPC13 for
the TRAPPIII complex.36-39 For these additional sub-
units to bind, adaptor proteins are needed at the core.
Of the core proteins, TRAPPC2, is considered an
adaptor protein and is needed for this association
process to form other TRAPP complexes. Another
adaptor protein is TRAPPC2L, which interacts with
TRAPPC10 to form TRAPPII, and TRAPPC11 to form
TRAPPIII.40,41 There are minor discrepancies in the
literature on whether Tca17 (TRAPPC2L homologue) is
part of the TRAPPI core or is a TRAPPII accessory
subunit.42 However, recent cryo-electron microscopy
structure of metazoan TRAPPIII confirmed the exis-
tence of Tca17 in TRAPPIII, therefore suggesting that
Tca71 is generally a TRAPPI core subunit.41 Some of
the structural and mechanistic properties of TRAPPII
and TRAPPIII were identified using cyro-electron
microscopy. These structures were studied in 2
different organisms, with TRAPPII being studied in
Saccharomyces cerevisiae, containing yeast homo-
logues of the human TRAPPC subunits, while TRAP-
PIII was examined in Drosophilia that has the same
TRAPPC subunits with humans. Table 1 provides a
conversion between established yeast and human
TRAPPC subunit homologues. In S. cerevisiae,



TABLE 1 Yeast and Human TRAPP Subunit Homologue Terminology

Yeast TRAPP
Subunit31,45

Human TRAPP
Subunit31,45

Core subunit (TRAPPI) Bet5 TRAPPC1

Bet3 TRAPPC3

Trs23 TRAPPC4

Trs31 TRAPPC5

Trs33a TRAPPC6A/Ba

Adaptor proteins Trs20 TRAPPC2

Tca17 TRAPPC2L

TRAPPII associated Trs120 TRAPPC9

Trs130 TRAPPC10

Trs65-Relatedb TRAPPC14b

TRAPPIII associated Trs85 TRAPPC8

NA TRAPPC11c

NA TRAPPC12c

Trs65-Related, but Trs65 is only a
TRAPPII subunit in yeastb

TRAPPC13b

aTrs33 and TRAPPC6A/B are TRAPP1-associated subunits. Trs33 is not required for TRAPPI
function, and therefore has been proposed as an accessory subunit, potentially for TRAPPIV.34,45
bTrs65 is speculated to have evolved into TRAPPC14 in TRAPPII and into TRAPPC13 in TRAPPIII, so
it is important to note that this is not a yeast homologue as the other subunits are.38,41 cTRAPPC11
and TRAPPC12 are only associated with metazoan TRAPPIII, and therefore have no yeast
homologue.45

TRAPP ¼ trafficking protein particle.
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TRAPPII contains the TRAPP core along with the
additional Trs120 (TRAPPC9 yeast homologue),
Trs130 (TRAPPC10 yeast homologue), and Trs65
(related to TRAPPC13 and 14) subunits, forming a
triangular monomer (monomer shown in Figure 1).
This monomer can bind with an identical monomer
via interactions between the TRAPPII-specific sub-
units (Trs120, Trs130, and Trs65) to form a TRAPPII
homodimer that has a single-arch bridge structure. To
form this structure, Trs130 binds to the Tca17 adaptor
protein at the core, while Trs120 binds at the opposite
side to Trs20 and Trs31. Finally, Trs65 binds Trs120
and Trs130 together to close the arch and complete
the structure. The monomer exists solely in the
closed conformation when bound to Ypt31/Ypt32
(Rab11 yeast homologue), which binds to Trs120
(TRAPPC9 yeast homologue) and Trs31 (TRAPPC5
yeast homologue).39 Yeast TRAPPII exists exclusively
in a dimerized complex, but metazoan TRAPPII lacks
a homologue of Trs65—which is essential for the
dimerization in yeast42—and is monomeric.36,39,41,43

TRAPPC14 (also referred to as C7orf43) may be the
Trs65 orthologue, the same yeast subunit that became
the TRAPPC13 subunit in TRAPPIII, although more
research must be conducted to determine the validity
of these claims.38,39,41

TRAPPIII has been studied through the arrange-
ment of subunits within the density map of the
Drosophila TRAPPIII complex. This research found
that TRAPPC8 links to both TRAPPC2 and TRAPPC3 at
the TRAPP core through the N-terminus while
TRAPPC11 binds to TRAPPC2L. Additionally, extend-
ing from the core, the C-terminal halves of TRAPPC8
and TRAPPC11 meet at a vertex where TRAPPC12 and
TRAPPC13 are present. TRAPPC8 arches over the Rab1
binding site within the core and binds Rab1, thus
giving specificity toward the substrate. This confor-
mation shares striking similarities to TRAPPII, and in
the same way that TRAPPC14 may be formed through
Trs65, TRAPPC13 also seems to have been formed by
fungi duplication, followed by budding yeast losing
the TRAPPC13 protein. With these similar outcomes in
protein changes as well as their placement at the
vertex of the TRAPP arms, it is possible that this
location is an ideal place for additional subunits, such
as TRAPPC12 and TRAPPC13 to bolt onto. Metazoan
TRAPPIII is monomeric.41 Figure 1 provides a model of
the potential morphological structure of TRAPPII and
TRAPPIII to better visualize these complexes.

Last, Lipatova et al34 attributed Trs33 (TRAPPC6A/B
yeast homologue) to TRAPPIV, rather than to the
TRAPPI core, which is inconsistent with the literature.
The authors reached this hypothesis because TRAPPIII
or TRAPPIV is required for ypt1-mediated autophagy,
yet the presence of Trs33 in the absence of Trs85
(TRAPPC8 homologue, a TRAPPIII-specific subunit) is
sufficient alongside the other core TRAPPI subunits for
Ypt1-mediated autophagy.34 Loss of Trs33 was not
shown to alter TRAPP assembly, result in cellular
growth defects, or abrogate membrane trafficking in
yeast, and therefore it is frequently considered
nonessential.44 However, the vast majority of the
literature still associates Trs33, or TRAPPC6A/B, with
the TRAPPI core.39,45-47

STRUCTURE AND FUNCTION OF

TRAPPC SUBUNITS

TRAPPII and TRAPPIII play essential, well-
established roles in human protein trafficking.
Comprehensive understanding of interactions within
specific TRAPPC subunits may allow for the devel-
opment of targeted therapies for associated diseases.
So far, 3 main TRAPPC subunits have been implicated
in heart function: TRAPPC6A (subunit of the TRAPPI
core), TRAPPC11, and TRAPPC12 (subunits of TRAP-
PIII).41 Although little is known about the specifics of
each subunit as it relates to heart function,
TRAPPC6A likely plays a role in stabilization of both
TRAPPII and TRAPPIII considering its interaction
with the adapter subunit TRAPPC2L.39 TRAPPC11
specifically facilitates isolation membrane elongation
in autophagy,48 while TRAPPC12 plays a role in
transport to and within the Golgi.49 Differential
expressions of TRAPPC6A, TRAPPC11, and TRAPPC12



FIGURE 1 Structure of Yeast TRAPPII and Metazoan TRAPPIII

(A) Yeast trafficking protein particle II (TRAPPII) monomer in the closed (PDB ID 7E2D) and (B) open conformation (PDB ID 7E2C) as observed

by electron microscopy.39 Yeast TRAPPC subunits are labeled. (C) Structure of metazoan TRAPPIII41 in which the TRAPPI core crystallized

structure (PDB ID 7B6R) is superimposed on cryo-EM structure of TRAPPIII (EMD 12056) with human TAPPC subunits labeled. TRAPPIII is

shown from 2 angles for proper 3-dimensional spatial representation. Corresponding TRAPPI subunits are color-coordinated between

TRAPPII and TRAPPIII. Visualized with ChimeraX.86
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have all been associated with various disease states in
the heart.

TRAPPC6A. TRAPPC6A is a core subunit required to
form TRAPPII and TRAPPIII in humans. This complex
consists of 2 isoforms, TRAPPC6A1 and TRAPPC6A2,
collectively referred to as TRAPPC6AD, with
TRAPPC6A2 containing 14 amino acids more than
TRAPPC6A1.1 At the TRAPPI core of TRAPPII and
TRAPPIII, TRAPPC6A interacts with TRAPPC3 in a



TABLE 2 Notable TRAPPC Subunits Summarized With Associated Cardiovascular and Nervous System Disorders

TRAPPC Subunit Role of Subunit Associated Cardiovascular Disorders Associated Nervous System Disorders

TRAPPC1 Part of TRAPP core.45 May increase in expression in infarcted
myocardium in response to let-7a and let-
7f dysfunction.15

Deficiency results in dysfunctional thymic epithelial
cell development.60

TRAPPC6A Part of TRAPP core. TRAPPC6A is a target for
ubiquitination, and dysfunction can result in
inappropriate protein accumulation.12

Trending increases in right ventricular
expression have been associated with
early stages of right ventricular heart
failure.53

c.T319A and p.Y107N variants associated with
neurological disorders.12 Aggregation is associated
with Alzheimer’s disease.52

TRAPPC9 Associated with TRAPPII. Trs120, the yeast
homologue, is an essential binding site for
Ypt32 (Rab11 yeast homologue), and
therefore plays a significant role in overall
TRAPPII function.39

Variant may affect systolic blood pressure in
frequent smokers.17

Plays a protective role against intracerebral
hemorrhage.16 TRAPPC9 regulates neuronal
differentiation, NF-kB signaling, and
neurogenesis, and variants are linked to
intellectual disability, dysmorphic facial features,
brain abnormalities, and speech disorders.61

TRAPPC11 Associated with TRAPPIII. TRAPPC11 contains
the foie gras domain, which is believed to
play a vital role in TRAPPIII function.54

TRAPPC11 participates in autophagy48 and
early-stage anterograde trafficking between
the ER and Golgi.31

Ingenuity pathway analysis of mRNA from
TRAPPC11 knockdown model predicted
deceases in RyR2 and NCX.4 A TRAPPC11
variant have been associated with small-
vessel ischemic stroke.14

Numerous recessive variants have been identified limb
girdle muscular dystrophy, movement disorder,
and intellectual disability.56

TRAPPC12 Associated with TRAPPIII. TRAPPC12 plays a
role in ER to cis-Golgi transport and
transport within the Golgi.49

Medaka knockout model showed increase in
heart rate and abnormal heart looping.18

TRAPPC12 expression is decreased in
acute myocardial infarction.19

Variants have been associated with hydrocephalus,
intellectual disability, microcephaly, and
hearing loss.49,59

TRAPPC13 Associated with TRAPPIII. TRAPPC13 is involved
in autophagic flux during stress.62

TRAPPC13 is positively correlated with atrial
fibrillation.20

No data.

ER ¼ endoplasmic reticulum; mRNA ¼ messenger RNA; NCX ¼ Naþ/Ca2þ exchanger; NF-kB ¼ nuclear factor kappa B; RyR2 ¼ ryanodine receptor 2; TRAPP ¼ trafficking protein particle.
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heterodimeric complex.12 Together, this heterodimer
interacts with TRAPPC2L. Although the breadth of
TRAPPC6A functions are not yet known, its role in
neuronal development and degradation makes it an
important topic of future research in neurology.
Summaries of TRAPPC subunits associated with car-
diovascular diseases are listed in Table 2.

TRAPPC6A is also a target for ubiquitination and is
rapidly degraded by proteasomes in normal cellular
function. Two homozygous TRAPPC6A variants
(c.T319A and pY107N) were examined to identify the
role of TRAPPC6A, among other genes, in causing
intellectual disability, speech delay, polydactyly, and
facial dimorphism. According to a database enriched
for patients with neurodevelopmental disorders, the
cT319A variant was present in an individual from the
Turkish Peninsula, further implying the role
TRAPPC6A plays in neurodevelopment. pY107N
resulted in a significant reduction in TRAPPC6A
expression of wild-type TRAPPC6A, but was offset by
the addition of MG132, a proteasome inhibitor. This
indicates that TRAPPC6A is a target for ubiquitination
that is then degraded by the proteasome. When this
process is interrupted, protein buildup may occur and
result in neurodevelopmental disorders.12 Dysfunc-
tion in the ubiquitin proteasome system plays a key
role in heart failure50; therefore, the role of
TRAPPC6A and ubiquitination in the heart requires
further exploration. Aggregated TRAPPC6A can result
in Alzheimer’s disease due to a cascading effect that it
causes in conjunction with WWOX (WW domain-
containing oxidoreductase). WWOX is a risk factor
for Alzheimer’s disease due to its role in binding tau
proteins, which prevents tau protein tangles, a sig-
nificant component in the onset and progression of
Alzheimer’s disease.51,52

In the heart, TRAPPC6A messenger RNA and pro-
tein levels are significantly higher in the left ventricle
compared with the right ventricle suggesting a
different regulatory role of TRAPPC6A in the left
ventricle vs the right ventricle. However, TRAPP6CA
is potentially differentially expressed during the
development of right ventricular failure (RVF).53

Right ventricular tissue was analyzed for TRAPPC6A
expression from left ventricular assist device (LVAD)
patients (with left ventricular failure) with varying
levels of right ventricular function. LVAD patient
samples were then separated into 3 groups: normal
right ventricular function, mild RVF, and severe RVF.
Through this comparison, TRAPPC6A showed a
trending increase in expression in LVAD patients with
no RVF and mild RVF compared with healthy control
subjects. However, TRAPPC6A RV expression was
similar in LVAD patients with RVF to healthy control
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hearts.53 More research needs to be conducted on
TRAPPC6A and its function in the heart to confirm the
validity of these findings.
TRAPPC11. TRAPPC11 is a 1,133-amino-acid subunit
used to form the TRAPPIII complex by binding to
TRAPPC2L and TRAPPC3 at the TRAPPI core, and to
TRAPPC12 and TRAPPC13 on the opposite vertex in a
tong-like conformation.1,41 Within this subunit, a
highly conserved region that spans amino acids 263 to
561, called the foie gras domain, is believed to play a
vital role in either protein-protein interactions or the
general function of the complex. Furthermore, a well-
conserved 60-amino-acid domain located near the
carboxy terminus, called the gryzun domain, has
been identified as a potentially significant contributor
to TRAPPC11 function.54 Despite uncertainty about
the full roles or functions of these domains, TRAPPC11
plays several crucial roles in membrane trafficking
and may function in more than 1 step of this process.

TRAPPC11 functions upstream of autophagosome
sealing in collaboration with TRAPPC12, which func-
tions before autophagosome-lysosome fusion. In this
role, TRAPPC11 participates in recruitment of ATG2
(autophagy protein 2) and the PI3P effector WIPI4/
WDR45 for isolation membrane expansion, a process
required for the engulfment of cytosolic components
to subsequently deliver them to the lysosome.48

Additionally, TRAPPC11 is involved in early-stage
anterograde trafficking between the ER and Golgi, as
its depletion with TRAPPC12 results in abnormal
protein accumulation, forming punctate structures
instead of the normal accumulation at perinuclear
regions at the Golgi.31 TRAPPC11 has also been
implicated in promoting N-linked glycosylation, and
by extension, normal ER function. Variants in
TRAPPC11 result in decreased N-linked protein
glycosylation, and it has been hypothesized that this
hypoglycosylation results in an unfolded protein
response that is indicative of ER dysfunction and
fatty liver disease.55

Variants in TRAPPC11 have also been linked to
myopathy with intellectual disability and movement
disorders as well as limb girdle muscular dystrophy
(LGMD). Two population groups, which included a
Syrian family that presented with LGMD and Hutter-
ite families that presented with myopathic syndrome
(which include infantile hyperkinetic movements,
ataxia, and intellectual disability) were studied. Two
homozygous variants at the gryzun and foie gras do-
mains were found. A missense variant within the
gryzun domain (pG980R) was identified in the Syrian
family suffering from LGMD while a splice-site
variant in the foie gras domain (pAla372_Ser420del)
was found in the Hutterite family presenting with
myopathic syndromes that resulted in a 58-amino-
acid in-frame deletion. Marker trafficking experi-
ments for pAla372_Ser420del found that normal
ER-to-Golgi trafficking could occur but exit from the
Golgi to the cell surface was significantly delayed.
Furthermore, both variants resulted in decreased
TRAPPC11 binding to other TRAPPC subunits that
adversely affected Golgi architecture. Finally,
TRAPPC11 dysfunction resulted in an alteration of
lysosomal membrane glycoproteins 1 and 2 caused by
a defect in secretory protein transport.56

In the heart, changes in TRAPPC11 have been
linked to deficiencies in RyR2 (ryanodine receptor 2)
expression and Ca2þ handling, structural markers of
left ventricular hypertrophy, and cardiovascular dis-
ease. In an African ancestry population, TRAPPC11
variants were associated with left ventricular hyper-
trophic traits measured via echocardiogram. Using
hiPSC-CMs, a TRAPPC11 knockdown model was
generated via gene-specific small interfering RNA to
study the pathways affected by reduction in
TRAPPC11 expression. TRAPPC11 hypertrophic gene
marker expression profiling found a significant
decrease in MYH7, a gene that codes for myosin heavy
chain beta. Additionally, this down-regulation resul-
ted in secretory transport defects. Ingenuity pathway
analysis using hiPSC-CM messenger RNA of this
knockdown suggested downregulation of cardiac
beta-adrenergic signaling and significant decreases in
RYR2 and SLC8A1, a member of NCX (Naþ/Ca2þ

exchanger) that, when combined with protein trans-
port changes, affects Ca2þ handling.4

Finally, a TRAPPC11 exonic variant has been
implicated in contributing to small-vessel ischemic
stroke. Using a biracial population–based study of
first-ever ischemic stroke cases consisting of Black
and White participants 15 to 49 years of age (n ¼ 723)
along with nonstroke control subjects (n ¼ 726),
exam-chip genotyping was used to determine genes
that significantly contribute to causing small-vessel
strokes. Using gene burden tests, TRAPPC11 was
found to be one of a few genes that was identified to
have a significant correlation to these types of
strokes. Further research analyzing the pathway of
over 500 genes that significantly correlated to these
strokes found that a TRAPPC11 missense rs67383011
exonic variant had a near chip-wide significance
(P < 2.05 � 10�7) at P ¼ 5.19 � 10�6.14

TRAPPC12. TRAPPC12 has a prevalent role in ER to
cis-Golgi trafficking. TRAPPC12 is necessary for
mitosis and proper localization of various kinetochore
proteins.57 TRAPPC12 is also one of the most consis-
tently expressed genes in the mammalian brain, and
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therefore, expression does not vary much from spe-
cies to species.58 Homozygous and compound het-
erozygous variants in the TRAPPC12 gene have been
associated with hydrocephalus, characterized by an
abnormal build-up of cerebrospinal fluid in the
brain.59 Unrelated children carrying TRAPPC12 vari-
ants shared striking similarities in condition
including intellectual disability, microcephaly, and
hearing loss, and displayed fragmented Golgi
in fibroblasts.49

Medaka with CRISPR (clustered regularly inter-
spaced short palindromic repeats)/Cas9–edited
TRAPPC12 show both structural and functional phe-
notypes compared with control subjects. Analysis
showed a significant percent increase in heart rate
(HR) between TRAPPC12 crispants and control
medaka (3.3% increase at 21 �C and 5.2% increase at
28 �C). Furthermore, TRAPPC12 crispants resulted in
morphological heart phenotypes including heart
looping defects that caused improper atrium place-
ment compared with the ventricle.18 TRAPPC12 has
also been linked to coronary artery disease, with
acute myocardial infarction patients having markedly
decreased TRAPPC12 gene expression compared with
patients with normal coronary artery function and
intermediate coronary lesions.19

ADDITIONAL HEART-RELATED TRAPPC SUBUNITS.

In infarcted myocardium, let-7a and let-7f microRNAs
were identified as novel factors that were signifi-
cantly downregulated and were therefore suggested
as cardiac protective factors after injury. Through
further examination by let-7a and let-7f inhibitors,
several genes, including TRAPPC1, were found to be
significantly upregulated in cardiomyocytes through
gene folding increase, indicating that TRAPPC1 may
play a downstream role in cardiomyocyte apoptosis
when let-7 is dysfunctional.15 TRAPPC1 deficiency has
also been associated with impaired thymic epithelial
cell developmental issues, which negatively impacts
the immune system.60

TRAPPC9 has been associated with intracerebral
hemorrhage and blood pressure regulation. By
examining the association of genetic variants with
subarachnoid or intracerebral hemorrhages among
4,304 Japanese individuals, TRAPPC9 was deter-
mined to be significantly associated with intracere-
bral hemorrhage through a C-T polymorphism
(rs12679196) in intron 21. Through further examina-
tion, the T allele of TRAPPC9 was determined to play
a protective role against intracerebral hemorrhage.16

Another study recorded participant systolic blood
pressure based on the average number of cigarette
packs smoked per day times the total number of years
smoked during one’s lifetime (pack-years). The pack-
years interaction test found rs7823724, a loci intronic
to TRAPPC9 on chromosome 8, to be significantly
correlated with increased systolic blood pressure in
smokers (P ¼ 4.28 � 10�8).17 TRAPPC9 plays signifi-
cant roles in normal cellular trafficking and nervous
system disease development. Interestingly, TRAPPC9
is also referred to as the NIK-IKK2-binding protein
(NIBP), which is highly expressed in the nervous
system and is important for regulating neuronal dif-
ferentiation, nuclear factor kappa B signaling, and
neurogenesis. As a result, loss-of-function NIBP/
TRAPPC9 variants can lead to NIBP syndrome, a dis-
ease characterized by phenotypical features such as
severe intellectual disability, dysmorphic facial fea-
tures, brain abnormalities like reduced white matter
and a thin corpus collosum, and speech disorders.61

Finally, bioinformatics analysis has indicated that
TRAPPC13 is positively correlated with atrial fibrilla-
tion, and more specifically, right atrial fibrillation.20

TRAPPC13 deletion reduces Rab1 activity and im-
pairs autophagy, implicating the TRAPPC13 subunit in
autophagic flux which escalates during cellular
stress.62 Overall, TRAPPC subunits seem to play an
increasingly significant role in the heart and more
research is needed to study the underlying pathways.

FUNCTION OF TRAPP COMPLEXES

ROLE OF TRAPP IN SECRETION. TRAPPII and III play
crucial roles in normal cell physiology. The first of
these roles are the secretory transport pathways. Af-
ter proteins are made in the ER, they are shuttled to
ER exit sites, followed by the ER-to-Golgi intermedi-
ate compartment, Golgi complex, and finally the
trans-Golgi complex, where proteins can be organized
to be sent off in or out of the cell to perform their
roles. Within this complex process, Coat Protein I
(COPI) and COPII and Rab1/Ypt1 all use TRAPP to
effectively execute their duties.63

These coat proteins are responsible for selectively
transferring macromolecules from one cellular
compartment to another by forming small coated
vesicles. At the ER exit sites, COPII mediates cargo
sorting before being sent off to the Golgi. TRAPPIII, in
conjunction with other proteins, act as a membrane
trafficking factor to recruit COP II to the ER by pro-
moting outer layer assembly of the COPII coat to
conduct its normal processes.18 COPI mediates a
recycling pathway that retrieves proteins from both
the Golgi and ER-Golgi intermediate compartment
and returns them to the ER. TRAPPI, in conjunction
with TRAPPII, helps this intra-Golgi trafficking
process function by facilitating COPI.1,63 TRAPPII
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functions in intra-Golgi trafficking, facilitates early
Golgi processes, and physically interacts with COPI
for vesicle tethering.1 COPI acts as a mediator for
protein and lipid trafficking at the Golgi, allowing for
the maintenance of the early secretory pathway and
allows for quality control of proteins.64 Finally,
tethering factors are important for allowing vesicles
to attach to and interact with various organelles. One
of these factors is p115, which is recruited by Rab1 to
connect to COPII and potentially COPI.63 TRAPPIII
regulates Rab1 as a GEF, as will be discussed below,
and therefore likely regulates this COP tethering
process.65

ROLE OF TRAPP IN AUTOPHAGY. Autophagy is a
broad term to describe the various processes by which
cellular components of the cytoplasm are delivered to
the lysosome (animal cells) or vacuole (plant and
yeast cells). The lysosome/vacuole is a specific
compartment for degradation and recycling of
cellular components. Autophagy can be sub-
categorized into 3 processes: macro-autophagy, mi-
cro-autophagy, and chaperone-mediated autophagy.
In macro-autophagy, an intermediate organelle called
the autophagosome, in which a phagophore (mem-
brane) surrounds the cytoplasmic components,
delivers them to the lysosome/vacuole. During micro-
autophagy, components are delivered directly to the
lysosome/vacuole via inward invagination of the
lysosomal membrane. For chaperone-mediated
autophagy, proteins deliver soluble cytoplasmic
components directly into the lysosome across the
membrane without membrane reorganization.
Chaperone-mediated autophagy has only been iden-
tified in mammals. Cellular stress generally increases
autophagy.66-69 TRAPPIII, and more specifically the
Trs85 subunit, participates in the formation of the
preautophagosomal structure in macro-autophagy in
yeast.70,71 Ypt1 is required for autophagy, and Trs85
colocalizes and regulates Ypt1 at the pre-
autophagosomal structure.72 Ypt1, the yeast homo-
logue of Rab1, has been shown to directly interact
with a crystallized structure of TRAPPI core via Bet5,
Trs23, and Bet3. TRAPPIII furthermore has an
amphipathic helix within the Trs85 subunit that is
necessary for Rab1 activation, while other subunits
may act as allosteric regulators of the TRAPP subunits
in the Ypt1 binding pocket.65 Rab1 regulates various
membrane trafficking pathways, including COPI-
coated vesicle tethering in the early steps of Golgi
trafficking.1 The mammalian homologue of Trs85,
TRAPPC8, also has been implicated in autophagy in
mammalian cells, but specific role is not clear.45,73,74

TRAPPIV, which generally has the same subunits as
the TRAPPI core as discussed previously, has been
identified as a GEF for Ypt1 (a Rab1 yeast homo-
logue).34 Ypt1 is required for ER-to-Golgi transport in
yeast.75 Apt1 interacts with Atg11 to participate in
selective autophagy, which starts with the assembly
of the preautophagosomal structure. Ypt1 is neces-
sary to form this structure, and therefore is necessary
for autophagy initiation.72,76 TRAPPIV has been hy-
pothesized as a mediator for Ypt1, and therefore, as a
moderator of autophagy.

ROLE OF TRAPP IN RAB GTPase AND TRAFFICKING.

TRAPP complexes also play an integral role in Rab
GTPase function. Rab GTPases regulate many intra-
cellular trafficking processes. For example, Rab11 is
involved in recycling of cell surface proteins such as
receptors and adhesion proteins. Specifically, Rab11
builds distinct molecular machinery such as motor
protein complexes and exocyst complexes to trans-
port proteins to cell surface.77 Rab11 is also associated
with the Golgi membrane via interactions with
PI4KIIIb.78 Disruption to Rab function has previously
been directly associated with various diseases. During
cancer, the small GTPase Rac1 becomes hyperactive,
and activates PAK1, which removes E-cadherin from
junctions, therefore destabilizing cell-cell contact.79

TRAPPII is further responsible for helping Rab18
locate onto and help drive lipid droplet production
within the membranes of the ER to aid in processes
such as lipid storage, metabolism regulation, traf-
ficking, and lipolysis.80 TRAPPIII has also shown to
have GEF activity toward Rab1 in conjunction with
TRAPPII and thus is responsible for activating Rab1 to
begin this process. It also seems that TRAPPI may be
sufficient for Rab1 GEF activity; thus, additional
TRAPP subunits likely play assisting roles in
this process.65

TRAPPII acts with the SH3BP5 protein family as a
GEF for Rab11, a GTPase that is associated with en-
dosome recycling, shown in Figure 2.2 Rab11 works
with MYO5B to recycle cAMP activated chloride
channels and AMPA receptors from recycling endo-
somes. Through selective Rab11-mediated coupling,
Myosin-5B recycles Kv1.5-containing endosomes and
contributes to the steady-state Kv1.5 channel protein
cell surface levels. Therefore, Rab11 likely plays a role
in native cardiac myocyte electrical excitability.30

Kv1.5 acts as an important voltage-gated Kþ channel
underlying the IKur, the major repolarization current
in atrial myocytes. A reduction in outward Kþ current
and in Kv1.5 expression have both been associated
with atrial fibrillation.30 Cholesterol also modulates
cardiac excitability via interactions with Kv1.5 and
Rab11. Membrane cholesterol depletion via MbCD



FIGURE 2 Schematic Representation of Rab1 and Rab11 Function

Rab11 and Rab1 play roles in cardiac myocyte electrical excitability through regulation of the Kv1.5 and Kv4.2 channels, respectively. Trafficking

protein particle (TRAPP) complexes play roles in Rab1 and Rab11 GTPase activity, therefore providing a theoretical mechanism for TRAPPII

and TRAPPIII modulation of cardiac excitability. GDP ¼ guanosine diphosphate; GTP ¼ guanosine triphosphate; IKTO ¼ transient outward

Kþ current; IKur ¼ ultra-rapid delayed rectifier Kþ current.
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increased IKur in rat adult atrial myocytes, increased
the quantity of active Kv1.5 channels, and decreased
colocalization between Kv1.5 and Rab11. MbCD treat-
ment increased IKur in approximately 7 minutes,
which is faster than Kv1.5 protein synthesis could
occur, suggesting that cholesterol depletion causes
increased plasma membrane localization via trans-
port of Kv channels from a submembrane vesicular
compartment. Rab11, which is highly expressed in
myocytes, is involved in the recycling endosome—a
slow recycling pathway—which plays a role in Kv1.5
membrane expression. Therefore, cholesterol was
hypothesized to regulate exocytosis of Kv1.5. Indeed,
transfection with Rab11 dominant negative protected
Kv1.5 from the effects of cholesterol depletion via
MbCD. Overexpression of active Rab11, however,
reduced IKur. This result was similar to results ach-
ieved when adult atrial rat myocytes were incubated
with low-density lipoprotein cholesterol, which
reduced outward Kþ current and inward rectifying Kþ

current. These data, in summary, suggest that
cholesterol modulates Kv1.5, and therefore IKur, by
activating Rab11 and the Rab11-associated recycling
endosome, therefore causing internalized Kv1.5
channels to remain in submembrane storage com-
partments. Cholesterol depletion may not only in-
crease IKur via lack of Rab11 activation, but also may
induce release of Kv1.5 channels from the sub-
membrane storage vesicles.81,82 Statins, which have
cholesterol-lowering abilities, therefore also likely
play a role in modulation of the Rab11-Kv1.5 pathway.
Certain statins also have further non–cholesterol-
related effects on Rab5, Rab7, and Rab11 by prevent-
ing isoprenylation and inhibiting endosomal
localization. Therefore, specific statins could be used
as therapies in disease situations in which Rab is
upregulated.83 Although the direct relationship
between TRAPPII and atrial fibrillation has never
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been studied, the potential downstream role of
TRAPPII on Kv1.5 provides the framework for a theo-
retical mechanism that requires further exploration.

Rab1 is also potentially necessary for normal Kv4.2
channel trafficking from the ER to the Golgi in the
heart. Kv4.2 plays a major role in Ito in the
mammalian heart and is thus crucial for normal
heart excitability and function. Rab1 dominant
negative expression, which inhibits function of the
native Rab1 protein, reduced the Ito,f current density
by half in adult rat ventricular cardiomyocytes.3

Therefore, TRAPPII and TRAPPIII may both play an
understudied role in Kv4.2 expression and overall
cardiac excitability. Some have also hypothesized
that Kv4.2 channel density can also be regulated by
internalization/recycling of the channel (controlled
by Rab4 and Rab5), and re-delivery of the recycled
channel to the membrane (controlled by Rab11 as
previously discussed).3 Finally, Rab1 and its role in
cell-growth promotion of neonatal cardiomyocytes
has shown that ER-to-Golgi protein transport acts as
a regulatory site for cardiomyocyte growth control.84

Therefore, TRAPPII and TRAPPIII may play various
and significant functions in the heart through their
role as GEFs. This is also supported by the associa-
tion of human variants in TRAPPC subunits and
changes in TRAPPC subunit expression with cardio-
vascular disease states. However, future research
should be directed into exploring their specific roles
in diseased heart.

FUTURE IMPLICATIONS

The TRAPP complex is an evolved, important player
in cardiovascular physiology. As a GEF for Rab1 and
Rab11 GTPases, TRAPPII/TRAPPIII may regulate
expression of Kv4.2, and therefore, may influence
depolarization-activated transient outward Kþ cur-
rent in ventricular myocytes. Also, TRAPPII may
facilitate the recycling of Kv1.5 that conducts the
ultra-rapid delayed rectifier current that contributes
to action potential repolarization in atrial myocytes.
Thus, TRAPPII and TRAPPIII may play a role in the
determination of electrical excitability of native car-
diomyocytes.3,30,36 Continued research to better un-
derstand this TRAPP-GTPase-ion channel relationship
and its impact on the heart function could help
determine a novel target to treating arrhythmias and
other cardiovascular diseases associated with
impaired Kþ channel functioning. Interestingly, Rab11
has been implicated in ENaC (epithelial sodium
channel) density. Expression of dominant negative
Rab11a or Rab11b significantly decreased Naþ trans-
port.85 The relationship of the cardiac sodium
channel, Nav1.5, and Rab11 has yet to be explored.
Nav1.5 localization has not been shown to be Rab-
dependent, but the role of Rab11 in ENaC expression
warrants investigation into sodium channels of other
cell types, including cardiomyocytes.

Within the TRAPP complex, it is also exceedingly
apparent that a large portion of its subunits play a
role in heart function. Future studies examining the
interactions of these subunits with important myo-
cyte structures will provide more accurately mapped
cardiovascular biochemical pathways, which in turn
may be used to better treat patients that suffer from
these conditions. TRAPPC1 may play a downstream
role in cardiomyocyte apoptosis while TRAPPC13 is
positively correlated with atrial fibrillation. Addi-
tionally, TRAPPC11 variants have been predicted to
result in decreased cardiac beta-adrenergic signaling
that cause defects in sarcoplasmic release of stored
Ca2þ ions and heart contractility while TRAPPC12 fa-
cilitates correct heart looping and atrium placement,
and may cause coronary artery disease when defec-
tive. TRAPPC9 has been associated with intracerebral
hemorrhaging and blood pressure regulation.15-20

Taken together, the current literature on TRAPP
complexes and heart function seem like an unrelated
assemblage of various cardiac diseases that were
associated with TRAPPC variants and/or differential
TRAPPC expression. More focus on TRAPP complexes
in cardiac research is necessary to align and organize
the literature. Further understanding of TRAPPC
subunits opens up avenues to novel therapeutic tar-
gets that can eventually transition to personalized
medicine at the patient bedside.
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