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SNAREs in the maturation and function of LROs
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ABSTRACT. The early/recycling endosomes of an eukaryotic cell perform diverse cellular
functions. In addition, the endosomal system generates multiple organelles, including certain cell
type-specific organelles called lysosome-related organelles (LROs). The biosynthesis of these
organelles possibly occurs through a sequential maturation process in which the cargo-containing
endosomal vesicular/tubular structures are fused with the maturing organelle. The molecular
machinery that regulates the cargo delivery or the membrane fusion during LRO biogenesis is poorly
understood. Here, we describe the known key molecules, such as SNAREs, that regulate both the
biogenesis and secretion of multiple LROs. Moreover, we also describe other regulatory molecules,
such as Rab GTPases and their effectors that modulate the SNARE activity for cargo delivery to one
such LRO, the melanosome. Overall, this review will increase our current understanding of LRO
biogenesis and function.
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INTRODUCTION

The endosomal system, especially the post-
Golgi compartments, performs multiple func-
tions and has a diverse membrane composition
and variable luminal pH. Early endosomes of
this secretory system continuously undergo
fusion and fission and mature into late stage
organelles, such as recycling and late endosomes
and lysosomes.1,2 In certain cell types, the endo-
somal system is partly diverted to generate spe-
cialized organelles called lysosome-related
organelles (LROs).3,4 The molecular machinery
that regulates endosomal fusion with maturing
LROs has been determined, at least partly, for
some LROs.5 However, the mechanisms of
assembly and disassembly of molecular compo-
nents that facilitate membrane fusion are poorly
understood. Moreover, the membrane fusion pro-
cess is highly regulated, and any alterations to
such pathways cause defects in cargo transport,
signaling, metabolism, organelle maturation and
other cellular functions.6 SNAREs (Soluble NSF
(N-ethylmaleimide-sensitive factor) Attachment
Protein REceptor) are the critical molecular
mediators of all membrane fusion events. These
proteins regulate the cargo transport, secretion,
autophagy and organelle biogenesis in all cells.7

Approximately 38 SNARE proteins have been
described so far, and their expression varies
slightly by cell type. SNAREs localize to specific
organelle membranes and mediate membrane
fusion into or out of the organelle.8 Additionally,
SNAREs indirectly determine the specificity of
cargo delivery to the target membrane. Further-
more, membrane fusion relies on several other
molecules, such as Rab GTPases (Rabs), tether-
ing factors, etc., and these molecules will bring
opposing membranes closer to each other and
facilitate interactions between the SNAREs.9 On
the other hand, chemical cues, such as calcium
level, play an important role during fusion.10 To
date, approximately 11 SNAREs have been
shown to localize to endocytic organelles,8 but
their roles in mediating cargo delivery to an
LRO or LRO secretion remain largely unknown.
After fusion, SNAREs should be recycled back
to their native organelle for another round of
membrane fusion, but information regarding
SNARE recycling is limited. In this review, we

summarize our current understanding of SNARE
function and discuss the regulation of SNAREs
by cytosolic factors during the biogenesis or
secretion of endosomal derived LROs, such as
melanosomes, dense granules, lamellar bodies
and secretory lysosomes. We also discuss possi-
ble methods of post-fusion SNARE recycling.

CARGO AND THEIR TRANSPORT
ROUTES TO MATURING LROs

Approximately 13 LROs have been described
in different cell types, and these organelles were
predicted to be synthesized either through the
endocytic system (early, recycling or late endo-
somes) or from Golgi in their respective cell
types.4 These organelles either coexist with
bonafide lysosomes, for example, melanosomes
(in melanocytes or retinal pigment epithelial
cells), lamellar bodies (in alveolar type II lung
epithelial cells), dense granules (in platelets),
and Weibel-Palade bodies (in endothelial cells),
or they may act as dual function organelles such
as lytic granules/secretory lysosomes (in cyto-
toxic T lymphocytes or natural killer cells).5

The biogenesis processes or cargo delivery path-
ways to most of these organelles are still
unclear. Moreover, defects in the formation or
functioning of LROs result in several genetic
disorders such as Chediak–Higashi syndrome
(CHS), Griscelli syndrome (GS) or Hermansky–
Pudlak syndrome (HPS).11 In the past decade,
melanosomes in melanocytes became the main-
stream for understanding LRO biogenesis. This
is because the cargo transport pathways to this
organelle are partly known compared to other
LROs (Fig. 1).5,12 However, the key endocytic
SNAREs that regulate the cargo delivery to this
organelle during its maturation remain
unknown. Melanosome biogenesis is initiated
by the sorting of PMEL, an in vivo amyloido-
genic protein, from the endosomal domain
(Stage I) into intraluminal vesicles where it is
processed into fibrillar structures (Stage II).
Then, the primary melanin-synthesising
enzymes tyrosinase (TYR) and tyrosinase-
related protein-1 (TYRP1), along with other pro-
teins such as oculocutaneous albinism-2 (OCA2)
and a copper transporter (ATP7A), are
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transported from different recycling endosomal
domains to the melanosome membranes through
tubular-vesicular endosomal structures (Fig. 1).
These enzymes initiate melanin synthesis on the
PMEL fibrils (Stage III) and the organelle even-
tually matures into fully pigmented (Stage IV)
melanosomes (Fig. 1). The current studies sug-
gest that cargo transport to melanosomes follows
2 distinct routes, the first pathway involves
BLOC-1, an eight-subunit cytosolic HPS

complex that regulates the transport of TYRP1,
ATP7A and other cargo to melanosomes
(referred to here as BLOC-1-dependent cargo
transport), and the second pathway is dependent
on AP-3, a tetra-subunit HPS complex that con-
trols the trafficking of TYR to melanosomes
(referred to here as AP-3-dependent cargo trans-
port) (Fig. 1).5,12,13 Nevertheless, it is not clear
whether these 2 distinct pathways participate in
the biogenesis of other LROs.

FIGURE 1. Melanosome biogenesis is a typical model for studying LRO biogenesis. The biogene-
sis of melanosomes begins in early endosomes (Stage I) where the amyloidogenic fibrillar protein
PMEL is internalized and forms fibrils (Stage II, not shown). Further, the melanin-synthesising pro-
teins TYRP1 (BLOC-1-dependent cargo, orange symbols) and TYR (AP-3-dependent cargo, blue
symbols) were delivered from tubular-vesicular structures of recycling endosomes to maturing
Stage II (not shown) or Stage III melanosomes. Upon cargo transport and melanin synthesis, Stage
III melanosomes mature into Stage IV melanosomes. The cargo transport to maturing melano-
somes is possibly mediated by the pairing of cytosolic SNARE domains of STX13 (Qa SNARE,
green) and 2 other unknown SNAREs (Qb, Qc; black) on recycling endosomes with the SNARE
domain of VAMP7 (R-SNARE, black) on Stage III or Stage II (not shown) melanosomes. Moreover,
the current studies suggest that BLOC-2, Rab9A, BLOC-3, Rab38/32 and VARP molecules modu-
late the STX13-mediated cargo delivery to melanosomes, possibly functioning during membrane
fusion. In contrast, BLOC-1 and AP-3 possibly function at early steps of cargo transport or sorting,
respectively. Curved arrows represent the SNARE-mediated fusion of endosomal transport carriers
with melanosomes. The dotted black arrow indicates the possible route of melanosome secretion,
and the dotted gray arrows represent the different routes of the endocytic pathway. The solid black
lines in the Stage III melanosome represent the PMEL fibrils. The question marks indicate the roles
of those molecules that need to be validated in future studies. EE, early endosome and PM, plasma
membrane.
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Unlike melanosomes, the biogenesis of secre-
tory lysosomes in cytotoxic T lymphocytes starts
with an intermediate multivesicular structure
having many inner vesicles. Furthermore, the
organelle develops small dense core granules
(composed of perforin, granzymes and proteogly-
cans) that then mature into more electron dense
granules by accumulating the newly synthesized
lytic granule proteins. Additionally, these inter-
mediate structures can also fuse with mature
secretory lysosomes.14 It has been shown that the
transport of granzymes to secretory lysosomes
occurs predominantly through the mannose-6-
phosphate receptor (M6PR) from the trans-Golgi
network (TGN), while an M6PR-independent
route is used approximately 30% of the time.
However, the method of transport of perforin to
secretory lysosomes is unknown.15 Interestingly,
the other cargoes CD63, CTLA-4 (CTL antigen-
4) and GMP-17 (granule membrane protein of
17 kDa) were first sorted to the lysosomes and
then to the secretory lysosomes. Studies have
also shown that FasL (Fas ligand), a type II trans-
membrane protein, is directly delivered to the
secretory lysosomes from the TGN. Nonetheless,
the other membrane proteins that share the FasL
sorting mechanism have yet to be identified.14 In
contrast, dense granules (DGs) in platelets initiate
their biogenesis from late endosomes/multivesic-
ular bodies 16 and acquire different cargo through
the endosomal network.17,18 The limiting mem-
brane of DGs contains CD63 (LAMP-3) and
LAMP-2 but not LAMP-1. It has been reported
that the transport of LAMP-2 and VAMT2 (a
putative serotonin transporter, SLC18) from early
endosomes to DGs is regulated by AP-3, which
sorts these cargo through its classical tyrosine-
and dileucine-based sorting motifs, respec-
tively.17 In addition, Rab32 and Rab38 have also
been shown to play roles in trafficking of
VMAT2 as well as MRP4 (putative adenine
nucleotide transporter, ABCC4) to maturing
DGs. Consistently, Rab38/32 have been shown
to localize to endosome-associated tubules or
transport vesicles that are pinched off and
routed toward the maturing DGs.17 Interestingly,
SLC35D3 (a putative sugar nucleotide trans-
porter) has been shown to be transported to DGs
or to intermediates in DG biogenesis by BLOC-1
and the AP-3 complex.18 However, the trafficking

of the CD63 and ABCA3 (a lipid transporter)
proteins from late endosomes to DGs is unknown.
Though the lamellar bodies (LBs) in lung type II
epithelial cells are one of the critical LROs, stud-
ies related to their biogenesis are very limited.
These organelles are thought to form from multi-
vesicular bodies and to acquire surfactant proteins
(SPs), such as SP-A, SP-B, SP-C and phospholi-
pids during LB maturation,19 but the mechanism
is largely unknown. Although ABCA3 (phospho-
tidylcholine transporter) 20 and NPC1 21 were
identified on mature LBs, their trafficking routes
to LBs remain elusive. Overall, these studies
clearly identified multiple cargoes and their trans-
port pathways to different LROs. Nevertheless,
the SNARE proteins that regulate membrane
fusion during cargo delivery to maturing LROs
are largely unknown.

SNAREs AND THEIR KNOWN
REGULATORS

Earlier studies classified the SNAREs into v
(vesicle)-SNARE and t (target)-SNARE, which
are associated with the transport or carrier
vesicles and acceptor or target compartments,
respectively. It has been observed that the
donor or acceptor compartments contain more
than one type of SNARE protein. To reduce the
complexity, SNAREs were classified into Q-
SNARE (Qa, Qb or Qc) and R-SNARE based
on the crystal structure of the SNARE’s com-
plex. Bioinformatic analysis showed that syn-
taxin (STX) family SNAREs including
SNAP23, 25 and 29 belong to the Q-SNARE
family, whereas synaptobrevin and VAMP pro-
teins belong to the R-SNARE family.8,22 In
general, all SNAREs possess a conserved 60–
70 amino acid SNARE motif with a C-terminal
transmembrane domain, with the exception of a
few SNAREs such as SNAP23, SNAP25,
SNAP29, YKT6, STX11 8 and STX1C.23 Dur-
ing membrane fusion, cytosolic domains of Qa,
Qb and Qc SNAREs on one membrane pair
with R- SNARE on the opposing membrane
and form trans-SNARE or SNAREpin com-
plex. It is unknown how the SNAREs recognize
each other before membrane fusion. Post
fusion, the 4 SNAREs (cis-SNARE complex)
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on the target membrane will be disassembled
by NSF and SNAP proteins, and later the
SNAREs will be recycled back to the original
membrane either in another active SNARE
complex or in the form of inactive SNAREs.24

However, the mechanism of SNARE recycling
has not been well studied.

Several Rab GTPases have been shown to
recruit their effectors, such as tethering pro-
teins, which are predicted to function in bring-
ing the 2 membranes together and allowing the
SNAREs to interact prior to membrane
fusion.9,25 Moreover, SM (Sec1/Munc18-like)
family proteins play regulatory roles in SNARE
fusion events. These proteins bind to the N-ter-
minus a-helical structure of STXs and form a
closed SNARE conformation, which is thought
to inhibit the non-specific SNARE interactions.
It has also been suggested that SM proteins
release the pre-associated SNARE (Qabc) com-
plex for interaction with R-SNARE and then
bind to the trans-SNARE complex in a cal-
cium-dependent manner. This process possibly
helps to stabilize the SNAREpin complex dur-
ing the completion of membrane fusion. Synap-
totagmins are another important type of
regulators that bind to the C-terminus of SNAP
proteins and sense the influx of calcium during
calcium-triggered membrane fusion.10,24,26

Thus, every membrane fusion step possibly
requires Rab and SM proteins in addition to
SNAREs for accurate cargo delivery.

SNAREs REGULATE CARGO
DELIVERY TO MATURING LROs

As we discussed above, the type of cargo to
be transported to different LROs is varied and
specific to the organelle function.5 We predict
that the machinery that regulates the delivery
of different cargo to their respective LROs
might be conserved, at least for some LROs.
For example, BLOC-1 and -3 complexes are
predicted to function in the biogenesis of multi-
ple LROs such as melanosomes, dense granules
and lamellar bodies.3,11 However, it is not clear
whether the SNARE proteins are also con-
served for the transport of cargo to these organ-
elles. Moreover, the SNARE proteins involved

in these transport pathways are uncharacter-
ized. Nonetheless, recent studies have illus-
trated the role of several SNAREs in the
transport to melanosomes. An initial study
reported that B16 melanoma cells upregulate
the expression of multiple SNAREs, such as
STX7 (Qa), STX13 (Qa), VAMP7 (R) and
VAMP8 (R) with an increase in melanogene-
sis,27 indicating a possible link between
SNAREs and melanosome biogenesis. A more
recent study demonstrated that STX13 (Qa)
and VAMP7 (R) localize to the recycling endo-
somes and melanosomes, respectively, and reg-
ulate the transport of TYRP1 and TYR to
melanosomes. Consistently, the depletion of
either SNARE in melanocytes blocks melano-
some maturation due to mistargeting of both
TYRP1 and TYR to the lysosomes for degrada-
tion. Additional studies using live cell imaging
and steady state localization have shown that
VAMP7 mislocalizes to lysosomes in STX13-
knockdown cells and the length of STX13-posi-
tive tubular structures is affected in VAMP7-
knockdown cells, indicating that STX13 (Qa)
and VAMP7 (R) are essential for melanosome
biogenesis.28 Nevertheless, the cognate
SNAREs Qb and Qc or Qbc of STX13 need to
be identified in the future studies.

Are the SNAREs solely responsible for the
specificity to the targeted membrane fusion/
LRO maturation? Several in vitro membrane
fusion assays demonstrated that SNAREs could
mediate membrane fusion. However, studies in
cellular systems have shown that the process of
membrane fusion requires multiple factors such
as Rab GTPases and tethering factors in addi-
tion to SM proteins. Likewise, several Rabs
and their effectors, such as Rab38, Rab32 and
VARP (effector of Rab38), have been shown to
regulate cargo delivery to melanosomes.29,30 In
addition, these Rab proteins have been shown
to be activated by the GEF (guanine exchange
factor) BLOC-3 complex (composed of HPS4
and HPS1 subunits), which is known to cause
HPS disease. Additionally, the HPS4 subunit of
BLOC-3 physically interacts with a late endo-
somal/lysosomal localized Rab9A.31,32 How
these molecules regulate SNAREs during cargo
delivery to melanosomes is an open question.
Moreover, none of the tethering factors have
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been implicated in the biogenesis of melano-
somes. To answer these questions, recent stud-
ies have attempted to understand the regulation
between Rabs and SNAREs during cargo trans-
port using 2 methods: (1) analysis of the tubu-
lar-vesicular structures of recycling endosomes
by the live imaging of SNARE STX13 and (2)
overexpression studies utilizing the dominant
active mutant of STX13.

1. Analysis of tubular-vesicular structures of
recycling endosomes in mouse melano-
cytes: STX13 has been characterized as
a marker for recycling endosomes in
non-melanocytes.33 However, in melano-
cytes, STX13 has been shown to regulate
cargo transport to melanosomes, and
STX13 cycles between recycling endo-
somes and melanosomes.28 Moreover,
STX13-positive tubular structures in mel-
anocytes originate from Rab5-positive
early endosomes and colocalize with
Rab11, which resembles the characteris-
tics of recycling endosomes.34 In addi-
tion, immunoelectron microscopic (IEM)
studies have shown that STX13-postive
tubular structures possess melanosomal
cargo 28,34 and can make contact with the
maturing melanosome,35 suggesting that
STX13-postive tubular structures mediate
cargo delivery to melanosomes. Consis-
tent with the IEM studies, live imaging
studies of GFP-STX13 in wild type mela-
nocytes showed that STX13 localized to
long tubular structures that exist for a
minute and make frequent contact with
melanosomes.34 Moreover, a shorter
length of STX13-positive tubular struc-
tures in melanocytes was indicative of
less efficient cargo delivery or membrane
fusion with melanosomes. In addition, it
was assumed that the cargo present in
these shorter tubular structures entered
into other pathways from the recycling
endosomes or, by default, these were tar-
geted to the lysosomes. Interestingly,
recent studies have shown the presence of
shorter STX13-positive tubular structures
having reduced contacts with melano-
somes in BLOC-2 (composed of HPS3, 5

and 6 subunits)-deficient HPS cell lines.
Moreover, the cargo (such as TYRP1) in
BLOC-2-deficient melanocytes was accu-
mulated in the Golgi, suggesting that
BLOC-2 possibly functions either in sta-
bilizing the longer STX13-positive tubu-
lar structures or is required for directing
these tubular structures toward the mela-
nosomes.34 The latter hypothesis is con-
sistent with the observed phenotypes in
BLOC-2-deficient melanocytes, in which
the melanosomal proteins (TYRP1 but
not TYR) were misrouted to the plasma
membrane, endosomes and Golgi, and a
cohort to lysosomes. Currently, it is
unclear how BLOC-2 regulates the target-
ing of recycling endosomal tubules to the
melanosomes.34 Additionally, shorter
GFP-STX13 tubular structures similar to
BLOC-2-deficient cells were also
observed in BLOC-3 (composed of HPS1
and 4 subunits)-deficient HPS cell lines
and in melanocytes depleted for Rab9A,
Rab38, Rab32 or VARP molecules.13

However, in contrast to BLOC-2-defient
melanocytes, the cargo in these cells was
mislocalized to lysosomes. These results
indicate that Rab9A, BLOC-3, Rab38/
Rab32 and VARP possibly regulate
SNAREs (see below) during membrane
fusion between recycling endosomes and
melanosomes (Fig. 1).13 Consistent with
this hypothesis, Rab9A, Rab38, Rab32,
VARP and BLOC-3 have been shown to
partly localize to both of the organ-
elles.13,29,30,32 Additionally, VARP has
been shown to interact with the SNARE
VAMP7 and regulate its SNARE
activity.36

2. Overexpression of a constitutively active
mutant of STX13 in mouse melanocytes:
Recently, it has been shown that the dele-
tion of the N-terminus (1–129 amino
acids, STX13D129) or the regulatory
domain alone (STX13D14-129) in STX13
increases both the SNARE activity and
the cargo transport to melanosomes 28 in
wild type melanocytes, indicating that
these mutants function as constitutively
active SNAREs inside the cell. Moreover,
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a recent study tested whether the Rab9A,
Rab38 or Rab32 proteins could regulate
the activity of these active STX13
mutants in mouse melanocytes. In this
study, the authors overexpressed the con-
stitutively active STX13 mutants in Rab-
depleted melanocytes with the assump-
tion that these SNARE mutants would
rescue the hypopigmentation defects of
the cells. Surprisingly, neither of the
STX13 mutants rescued the pigmentation
defects observed in Rab-knockdown mel-
anocytes, suggesting that Rab9A, Rab38,
and Rab32 are required for STX13 activ-
ity, most likely for the transport of cargo
to melanosomes.13 Consistently, the N-
terminal deleted STX13 mutants have
been shown to localize to the melano-
somes in wild type cells, whereas these
mutants were absent from hypopigmented
melanosomes in Rab9A-, Rab38- or
Rab32-knockdown cells. Overall, these
studies clearly suggest that Rabs and their
effectors, VARP and possibly BLOC-2
(shown to interact with Rab38), regulate
the biogenesis of LROs, such as melano-
somes. It would be of great interest to
determine the roles of these Rabs in the
maturation of other LROs.

SNARE RECYCLING IS POSSIBLY
REQUIRED FOR LRO BIOGENESIS

SNAREs acts as fusogens in any membrane
fusion event. Therefore, the membrane locali-
zation of these proteins is stringently regulated
both at the steady-state level and during mem-
brane fusion. It has been hypothesized that post
fusion, the cis-SNARE complex on the target
membrane or an LRO would be disassembled
and would allow the SNAREs to recycle back
to their donor membrane or vesicle/tubular
endosomal membrane (in the case of melano-
some biogenesis). However, the perturbation of
the recycling of SNAREs may possibly inhibit
LRO maturation. Moreover, the mechanisms
regulating SNARE recycling are not very well
understood. Studies have shown that clathrin
coat components, such as adaptor proteins

(APs) interact with cargo, as well as with
SNAREs (mostly with the N-terminal unstruc-
tured region), by recognizing canonical dileu-
cine- or tyrosine-based motifs. Likewise, AP-1
regulates the recycling of VAMP4 (R) from
endosomes to trans-Golgi through a dileucine
motif.37 In addition, adaptor-related proteins,
like GGA, epsins and AP-180/CALM have also
been shown to interact with SNAREs. For
example, epsinR, a monomeric adaptor
required for the distribution of Vti1b (Qb) in
HeLa cells and AP-180/CALM regulate the
retrieval of synaptic proteins by interacting
with synaptobrevin in neurons.38,39 Interest-
ingly, AP-3 has been implicated in recycling
the SNARE STX13 (Qa) from melanosomes to
endosomes in melanocytes 40 and VAMP7 (R)
in a cis-SNARE complex from early/recycling
endosomes to late endosomes.41 Consistent
with this hypothesis, the absence of expression
of the AP-3 subunit, such as delta or beta3A,
results in mislocalization of STX13 to melano-
somes in melanocytes 28,40 and mislocalization
of VAPM7 (in a cis-SNARE complex) to the
Golgi in non-melanocytes. Furthermore, recy-
cling of VAMP7 by AP-3 has been shown to be
dependent on its N-terminal longin domain.42

Similarly, a recent study showed that AP-3
indirectly regulates the recycling of STX13
through a non-canonical binding motif other
than the classical dileucine or tyrosine-based
motifs in the protein.28 Thus, SNARE recycling
is an important aspect of SNARE function and
more of the underlying mechanisms need to be
explored in the future.

SNAREs FOR LRO SECRETION OR
EXOCYTOSIS

In neurons, the biogenesis of synaptic
vesicles require BLOC-1 and AP-3 complexes
for the delivery of cargo (neurotransmitters).43

Even through synaptic vesicles are not typical
LROs, their mechanisms of secretion resemble
LRO exocytosis or the release of LRO contents
into the extracellular milieu.26 Secretion of
LRO contents or exocytosis of the entire LRO
are essential for their function. For example,
melanocytes secrete melanosomes for skin
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pigmentation, lytic granules release their con-
tents at the site of infection or upon T-lympho-
cyte signaling and platelets release their dense
granule components at the site of vascular
injury. Interestingly, the processes of both exo-
cytosis and secretion also require specific
SNAREs on the organelle and on the plasma
membrane, which are predicted to be different
than the SNAREs involved in cargo transport
or biogenesis. Studies have shown that the
fusion complex of neuronal exocytosis consists
of the SNAREs STX1 (Qa) and synaptobrevin
(R), which are anchored in membranes by their
transmembrane domains, whereas SNAP-25
(Qbc) is tethered to the plasma membrane via
several cysteine-linked palmitoyl chains.44

However, only few SNAREs responsible for
the secretion/exocytosis of LROs are known.
Studies have shown that the exocytosis of
lamellar bodies through the plasma membrane
is regulated by the SNAREs STX2 (Qa) and
SNAP-23 (Qbc) and their co-factor, a-SNAP,
on the plasma membrane and VAMP2 (R) on
the LRO.45,46 Furthermore, the exocytosis of
dense granules in platelets requires the
SNAREs VAMP8 (R) on the LRO and STX11
(Qa), SNAP23 (Qbc) and Munc18b on the tar-
get/plasma membrane.47 Unlike the LRO, the
exocytosis of insulin granules (a non-LRO) is
regulated by STX1 (Qa) and SNAP25 (Qbc) on
the plasma membrane and VAMP2 (R) on the
vesicles.48 Moreover, similar to other mem-
brane fusion events, the process of LRO secre-
tion/exocytosis appears to be dependent on the
influx of calcium at the site of fusion. Addition-
ally, synaptotagmin family proteins have been
described as calcium sensors during organelle
exocytosis. For example, synaptotagmin I in
neuronal cells 49 and synaptotagmin 7 in alveo-
lar type-II cells 50 have been shown to act as
calcium sensors for the exocytosis of synaptic
vesicles and lamellar bodies, respectively. In
addition, synaptotagmins interact with C-termi-
nus of SNAP (Qbc SNARE) upon calcium
influx and induce fusion by binding to the Qa
and R SNAREs present on both membranes.
Dense granule exocytosis is also dependent on
calcium flux but the synaptotagmin or SNAP
proteins that are involved have not yet been
identified. Interestingly, studies have also

shown that complexin, a repressor for the
fusion machinery, has been shown to be modu-
lated by interaction with synaptogamin. In the
future, it will be crucial to identify the SNAREs
that are responsible for the secretion of other
LROs. Moreover, it would be of interest to
determine whether the SNARE machinery
involved in LRO exocytosis also functions in
LRO biogenesis.

Unexpectedly, AP-3 has been shown to reg-
ulate the function of secretory lysosomes,
where the deficiency of AP-3 results in
enlarged secretory lysosomes with defects in
microtubule-dependent movement during
secretion. However, the sorting of lytic pro-
teins to these granules was not affected in AP-
3-deficient cells, suggesting that AP-3 is
required to deliver the secretory lysosome
contents through the plasma membrane. In
contrast, the size and number of lamellar bod-
ies in alveolar type II cells of chocolate
(Rab38-knockout) mice are increased along
with the levels of phosphatidylcholine and sur-
factant protein B in the lung tissues. More-
over, the malfunction in the secretion of
lamellar bodies in these mice is possibly due
to the decreased in alveolar space in the lung
tissue, and subsequent cellular accumulation
of these organelles.51 In addition, studies have
shown that LRRK2, leucine-rich repeat kinase
2, regulates the lamellar body size and exocy-
tosis in alveolar type II cells by modulating
intracellular Ca2C signaling upon stimulation
with ATP.52 Thus, these studies illustrate that
multiple regulatory mechanisms exist for the
secretion or exocytosis of different LROs.

FUTURE DIRECTION
AND PROSPECTS

Several Qb and Qc SNAREs have been
implicated in melanosome biogenesis, but their
precise roles need to be tested. Moreover, it is
unknown whether the SNAREs STX13 and
VAMP7, which have reported roles in melano-
some biogenesis, regulate the formation of
other LROs. In addition, the recycling mecha-
nisms and functions of SNAREs in LRO secre-
tion remain to be determined. Likewise,
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studying the process of SNARE sorting along
with cargo sorting during vesicle formation
will provide clues to the specificity of mem-
brane fusion.
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