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Chapter 2

Unconventional Protein Secretion in Animal Cells

Fanny Ng and Bor Luen Tang

Abstract

All eukaryotic cells secrete a range of proteins in a constitutive or regulated manner through the conventional 
or canonical exocytic/secretory pathway characterized by vesicular traffic from the endoplasmic reticulum, 
through the Golgi apparatus, and towards the plasma membrane. However, a number of proteins are 
secreted in an unconventional manner, which are insensitive to inhibitors of conventional exocytosis and use 
a route that bypasses the Golgi apparatus. These include cytosolic proteins such as fibroblast growth factor 
2 (FGF2) and interleukin-1β (IL-1β), and membrane proteins that are known to also traverse to the plasma 
membrane by a conventional process of exocytosis, such as α integrin and the cystic fibrosis transmembrane 
conductor (CFTR). Mechanisms underlying unconventional protein secretion (UPS) are actively being 
analyzed and deciphered, and these range from an unusual form of plasma membrane translocation to 
vesicular processes involving the generation of exosomes and other extracellular microvesicles. In this chap-
ter, we provide an overview on what is currently known about UPS in animal cells.
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1  Introduction: Protein Secretion—Conventional and Unconventional

Eukaryotic cells are characterized by an elaborate intracellular mem-
brane system, and protein secretion or exocytosis is classically 
viewed as occurring by multiple rounds of sequential budding and 
fusion of membranous vesicles or carriers from the endoplasmic 
reticulum (ER), the Golgi apparatus, and the trans-Golgi network 
(TGN), which ultimately fuse with the plasma membrane [1]. All 
cells secrete a range of proteins in a constitutive manner, but for 
specialized cells with regulated exocytosis, another classical route to 
the plasma membrane exists for specific cargoes such as hormone 
and neurotransmitters. Proteins destined for secretion (or those to 
be transported to the plasma membrane) are first targeted to the 
ER by N-terminal or internal signal sequences as the nascent poly-
peptide emerges from the ribosome. Secretory proteins exit the ER 
via coat protein complex II (COPII) vesicles nucleated by the small 
GTPase Sar1 [2, 3]. Many secretory proteins acquire a carbohy-
drate group-based post-translational modification, namely core 
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N-linked glycosylation at the ER, and undergo subsequent 
modifications to their N-linked carbohydrate groups by glycosyl-
transferases as they traverse through the Golgi/TGN. The conven-
tional exocytic transport process at the Golgi requires another 
GTPase, the ADP ribosylation factor 1 (Arf1), which nucleates the 
coat protein I (COPI) complex. COPI-mediated transport is known 
to be inhibited by a host of compounds, including the fungal 
metabolite brefeldin A (BFA), which inhibits guanine nucleotide 
exchange of Arf1 [4]. Viotti provides a more detail discussion on 
the conventional mode of protein secretion in a separate chapter.

Amongst proteins that are secreted from cells, a small number 
were released from cells in ways that appear independent of the 
conventional or canonical secretory pathway or mechanisms. 
Prominent in this regard are proteins such as FGF1/2 [5], cyto-
kines like IL-1β [6], the Drosophila α-integrin [7], the nuclear pro-
tein amphoterin/high motility group protein B1 (HMGB1) [8], 
extracellular matrix proteins like galectins [9], yeast heat-shock 
protein 150 (Hsp150) [10], the neuropathogenic protein 
α-synuclein [11, 12], and more recently the Dictyostelium and 
yeast acyl-CoA-binding protein [13–15] as well as the membrane 
protein cystic fibrosis transmembrane conductor (CFTR) [16]. 
Evidently, both soluble and membrane-bound proteins located at 
various cellular compartments can undergo unconventional pro-
tein secretion (UPS). There is no distinct commonality between 
these in terms of identity and function.

There appears to be different modes by which UPS can take 
place. At least three different transport modes are apparent, 
depending on the nature and cellular location of the cargoes 
involved. Firstly, for proteins that are absolutely cytosolic and are 
never enclosed by membranous vesicles (such as FGF2) secretion 
would require some specific membrane translocation processes 
that bring them across the plasma membrane [17]. Secondly, cyto-
plasmic proteins could become membrane encased prior to secre-
tion, and these processes may involve the generation of exosomes 
or ectosomes [18–23]. In the third scenario, there are cargoes, 
both soluble and membrane bound, that could initially enter the 
canonical secretory pathway through ER translocation as they pos-
sess ER-targeting signals. However, these could be subsequently 
transported to the cell surface or be secreted in a manner that is 
independent of COPII-mediated ER budding, and bypassing the 
Golgi apparatus. Some modes of UPS have been more extensively 
investigated, and some aspects of UPS are better known than oth-
ers. For example, while the mechanism of generation of exosomes 
by the endosomal sorting complexes required for transport 
(ESCRT) complexes has been extensively examined [24], the 
mode of unconventional secretion that is dependent on autophagy 
is less clear in mechanistic terms [25, 26].
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UPS appears to occur in organisms across the entire eukaryotic 
domain. In this chapter, we provide a brief overview of what is cur-
rently known about this process in animal cells, and also draw 
results from some lower eukaryotes. In the paragraphs that follow, 
we first describe some representative cargoes undergoing uncon-
ventional secretion or exocytic cell surface transport, followed by a 
discussion on the mechanisms involved.

2  Proteins Known to Undergo Unconventional Protein Secretion

We outline in this section a few prominent examples of proteins that 
are unconventionally secreted by animal cells. They are rather 
loosely categorized as below, and listed in Table 1. This list is far 
from being exhaustive. The reader is referred to more extensive and 
dedicated reviews in the literature for other examples [27–29].

Fibroblast growth factor 2 (FGF2, also known as basic FGF (bFGF)) is 
a member of the heparin-binding FGF family, which are key regulators 
of proliferative and differentiation processes in a wide spectrum of 

2.1  Growth Factors: 
Fibroblast Growth 
Factors 2

Table 1  
Proteins known to be secreted by unconventional secretion

Protein Cellular localization Known mechanistic insight

Fibroblast growth 
factor 2 (FGF2)

Cytosolic Direct plasma membrane crossing with 
unique mechanism dependent on 
phosphoinositides and extracellular heparin 
sulfate proteoglycans

Interleukin 1-β (IL1-β) Cytosolic Autophagy- and GRASP-dependent UPS, 
secretory lysosomes, exosomes

Acyl-CoA-binding 
protein (ACBP)

Autophagy- and GRASP-dependent UPS

Galectin Extracellular matrix

α-Integrin Plasma membrane (and 
internal membranes)

dGRASP dependent

Cystic fibrosis 
transmembrane 
conductor (CFTR)

Plasma membrane (and 
internal membranes)

Autophagy- and GRASP-dependent UPS

α-Synuclein Cytosolic Exosomal secretion

γ-Synuclein Cytosolic Exosomal secretion

Tau Cytosolic/microtubule 
associated

Exosomal secretion

See text for details
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tissues. FGF2’s known roles in tumor angiogenesis and would healing 
and as a key factor in maintenance of renewability in stem cell cultures 
are particularly prominent [30]. FGF2 has several isoforms of high and 
low molecular sizes, and the 18  kDa small isoform is known to be 
secreted extracellularly in an unconventional manner [31]. A related 
FGF family member, FGF1, is likewise unconventionally secreted, par-
ticularly under the condition of stress and starvation [32, 33]. FGF2 has 
no signal peptide or leader sequence and is expected to be exclusively 
cytoplasmic, but its non-cell-autonomous activity is of vital physiologi-
cal and pathological importance. FGF2’s unconventional secretion rep-
resents a unique pathway as secretion appears to occur via direct crossing 
of the plasma membrane [5, 34], which is discussed further below.

IL-1β belongs to the IL-1 family of pro- and anti-inflammatory cyto-
kines [35], which unlike most other cytokines do not would have an 
ER-targeting signal peptide and thus have no access to the conven-
tional secretory pathway. Many if not all members of the IL-1 family 
are secreted unconventionally, but IL-1β is the best studied in this 
regard [36]. IL-1β is synthesized as a pro-peptide in monocytes, 
which is proteolytically processed by activated caspase-1 of the inflam-
masome complex upon infection, injury, and other forms of stress 
[37]. Cleaved/mature IL-1β could then exit the cells if these are 
lysed during pyroptosis, a mode of lytic cell death driven by caspase-1 
or caspase-11 [38]. Otherwise, its release is not inhibited by pertur-
bation of the secretory pathway with drugs such as BFA or monensin 
[39]. Unconventional secretion of IL-1β could occur by a variety of 
mechanisms that include plasma membrane translocation, exosomes, 
or other forms of secretory micovesicles [18, 25, 28, 36]. Caspase-1 
is also apparently a driver for the unconventional secretion of dam-
age-associated molecular patterns (DAMPs) or alarmins, such as the 
nuclear HMGB1 [40]. Recent findings suggest that IL-1β secretion 
is dependent on autophagy and the Golgi reassembly stacking pro-
tein 55 (GRASP55) [41]. This “GRAPSP and autophagy-depen-
dent” (GAD) pathway/mechanism [25] is further discussed below.

The evolutionarily conserved acyl-CoA-binding protein (ACBP) [42, 
43] has both a cell-autonomous activity of binding to medium- and 
long-chain acy-CoA esters [44], as well as non-cell-autonomous func-
tions as a secreted protein. The Dictyostelium AsbA product is secreted 
as the sporulation factor spore differentiation factor 2 (SDF-2) [45], 
while the mammalian ACBP is the precursor of benzodiazepine-bind-
ing inhibitor (BDI) [46]. A series of recent studies have revealed that 
ACBP orthologues in Dictyostelium and yeast are unconventionally 
secreted in a GRASP and autophagy-dependent manner [13–15].

The evolutionarily conserved galectin-1 is a nuclear/cytoplasmic 
β-galactoside-binding protein that has cell adhesion, immune suppres-
sion, and neuroprotective activities [47–49]. Lacking an ER-targeting 
signal peptide, it is nonetheless secreted into the extracellular matrix 

2.2  Cytokines: 
Interleukin-1β (IL-1β)

2.3  Non-Cell-
Autonomous 
Modulator: Acyl-CoA-
Binding Protein

2.4  Extracellular 
Matrix Components: 
Galectin-1 
and Integrin-α
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[9, 50]. Integrin subunits are known to go through conventional exo-
cytosis en route to the cell surface. However, during certain stages of 
Drosophila wing imaginal disc epithelia development nascent integrin-α 
subunits are transported to the specific plasma membrane domains in 
contact with the basal membrane via a mechanism that appears to 
bypass the Golgi, but is dependent on the Drosophila dGRASP [7, 
51]. Whether integrins could be unconventionally secreted in mam-
malian cells has not yet been clearly demonstrated.

The multi-membrane-spanning cystic fibrosis transmembrane 
conductance regulator (CFTR) is the protein mutated in cystic 
fibrosis [52]. It is ER targeted and transported via conventional 
exocytosis to the cell surface, which is critical for its function as a 
chloride channel. Surface CFTR also undergoes endocytic recy-
cling and its surface transport was shown to be dependent on the 
TGN SNARE syntaxin 16 [53, 54]. The most common and 
prominent class of CFTR mutations, ΔF508-CFTR, has a defect 
in ER exit and exocytosis. Both wild-type and mutant CFTR are 
however capable of undergoing some form of unconventional ER 
to cell surface transport [55, 56]. Such a mode of exocytosis is not 
inhibited by BFA or by silencing of COPI and COPII compo-
nents, and the transported CFTR retains its ER core-glycosylated 
forms [56]. This unconventional surface trafficking process of 
core-glycosylated CFTR is dependent on GRASP55 and autoph-
agy, and appears to be enhanced by stress. The discovery of an 
unconventional transport mode for integrin-α and CFTR (partic-
ularly ER-entrapped ΔF508-CFTR) suggests that even proteins 
that usually undergo conventional exocytosis could be engaged in 
unconventional exocytosis under certain conditions, and this 
funding has important implications.

Many neurodegenerative diseases are characterized by intra- or 
extracellular accumulation of protein aggregates with a domi-
nant etiological component. The small molecule α-synuclein 
encode by the SNCA gene has the propensity to form toxic 
aggregates, which is a major component of the pathological fea-
ture of Lewy bodies (LB) in brains of Parkinson’s disease (PD) 
and other LB disease [57]. α-Synuclein mutations could enhance 
its propensity to aggregate, and give rise to the juvenile onset 
form of PD. α-Synuclein pathology could spread in a prion-like 
manner from neuron to neuron [58], and evidence has accumu-
lated to suggest that α-synuclein could be unconventionally 
secreted by an exosome-based mechanism [11, 59, 60]. The 
microtubule-binding protein tau, whose pathological hyper-
phosphorylated form is found in intracellular fibrillary tangle in 
Alzheimer’s disease and other taupathies [61], is likewise 
secreted in an unconventional manner [62, 63], likely through 
the generation of microvesicles.

2.5  Membrane 
Proteins with 
Conventional 
Exocytosis: The Cystic 
Fibrosis 
Transmembrane 
Conductance 
Regulator

2.6  Neuropathogenic 
Proteins: α-Synuclein 
and Tau
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3  Mechanisms of Unconventional Protein Secretion

In this section, we review what is currently known about the mech-
anisms underlying unconventional secretion in animal cells. It 
should be noted that some proteins have possibly more than a sin-
gle mode of unconventional secretion (such as IL-1β) while some 
others could be secreted by both canonical and unconventional 
means (such as CFTR). A schematic summary of the UPS path-
ways is presented in Fig. 1.

N

ER

GA

FGF2

HSPG

Tec-1

PIP2

Ectosomes

Ap

CUPS

Conventional secretion

Unconventional secretion

SL

Exosomes

PM

MVB

EE/RE

Fig. 1 Conventional versus unconventional secretion. A schematic diagram depicting paths and compartments 
known to be involved in UPS. The conventional secretory pathways are marked by green arrows while the 
unconventional pathways by blue arrows. For simplicity, the endocytic pathways are not depicted. FGF2 UPS 
requires phosphatidylinositol 4,5-bisphosphate (PIP2) and extracellular heparin sulfate proteoglycan (HSPG), 
and is regulated by the Tec-1 kinase. The underlying molecular components for other modes of UPS are less 
clear. N nucleus, ER endoplasmic reticulum, CUPS compartment for unconventional protein secretion, Ap 
autophagosome, GA Golgi apparatus, MVB multivesicular bodies, EE/RE early endosome/recycling endosome, 
SL secretory lysosomes, PM plasma membrane
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Proteins that are absolutely cytosolic and have no access to any 
form of membranous vesicles would not be able to exit an intact 
cell unless there are ways to negotiate the plasma membrane (PM). 
In theory, peptides could penetrate a barrier of lipid bilayer via 
hydrophilic channels and pumps, such as the ATP-binding cassette 
(ABC) transporters and the mitochondrial translocon complexes. 
Membrane-penetrating peptides could interact with and perturb 
the structure of the phospholipid bilayer and form inverted micelles 
[64]. In most if not all of these mechanisms, however, the polypep-
tide is translocated in a denatured or misfolded form.

Work from the laboratory of Walter Nickle has shed light on a 
rather unique mode of plasma membrane translocation that is 
exhibited by FGF2 [5, 34], which appears to translocate directly 
through the PM in a fully folded form without relying on protein-
conducting channels. FGF2 is able to interact with phosphoinositi-
des at the inner leaflet of the PM [65]. Membrane-recruited FGF2 
could oligomerize to form a membrane pore [66]. Phosphorylation 
of Tyr 81 of FGF2 by Tec kinase, a non-receptor tyrosine kinase 
which contains a pleckstrin homology (PH) domain that binds 
phosphoinositides, enhances the lipidic membrane pore formation 
[67]. FGF2 has a high affinity for heparin sulfate proteoglycans 
enriched at the outer leaflet of the PM bilayer [68], and the latter 
could literally extract FGF2 from their prior interaction with phos-
phoinositides, thus completing the translocation. At the moment it 
is yet uncertain whether this mode of PM translocation is utilized 
by other proteins. However, the HIV-TAT protein is known to 
require phosphoinositides for secretion [69] and a direct PM trans-
location mechanism has also been proposed for FGF1 and IL-1β.

A more common mode of unconventional secretion is one that 
utilizes some form of membranous vesicles. The unconventional 
secretion of IL-1β, for example, is perhaps largely through a vesicle-
mediated mechanism. Amongst these, exosomes from multivesicu-
lar bodies (MVBs) are perhaps the best understood. These 
40–100  nm endosome-derived vesicles [70–72] are formed in 
MVBs by an unusual luminal budding of vesicles from the limiting 
membrane of late endosomes. The mechanism involves the genera-
tion of intra-MVB vesicles by the ESCRT complexes [73, 74], and 
these vesicles are released as exosomes when MVBs move towards 
the cell periphery and fuse with the plasma membrane. Other than 
proteins, exosomes also contain RNA and DNA molecules, and 
these are potential mediators of intercellular communication.

Another possible mode of unconventional secretion of IL-1β 
involves the secretory lysosomes, or lytic granules [75, 76]. 
Lysosomes are traditionally viewed as lytic compartments for the 
terminal destruction of cellular materials. However, in some cases, 
modified lysosomes could undergo regulated secretion in response 
to intracellular Ca2+ elevation, for example resulting from the 

3.1  Crossing 
the Plasma 
Membrane: The FGF2 
Chronicle

3.2  Exosome, 
Ectosomes, and Other 
Microvesicles

Unconventional Protein Secretion in Animal Cells



38

activation of P2X7 purinergic receptors on monocytes [77], which 
are ATP-gated ion channels [78]. When secretory lysosomes fuse 
with the plasma membrane, likely facilitated by a set of syntaxin 
11-based [79] fusion machinery akin to that used by lytic granules 
[80], their contents could be released into the extracellular space. 
In human monocytes and dendritic cells, Ca2+ elevation triggers 
secretion of both IL-1β and the lysosomal hydrolase cathepsin D 
[81–83], which suggest that IL-1β could be co-released from the 
same compartment as a lysosomal marker.

Another possible mode of extracellular release of cytosolic 
materials is plasma membrane shedding of microvesicles. These 
plasma membrane-derived microvesicles have been given several 
different names, ranging from ectosomes to shedding microvesi-
cles [23, 84]. These microvesicles are generally somewhat larger 
than the MVB-derived exosomes (100 nm to 1 μm in size), and are 
enriched in the inner leaflet phospholipid phosphatidylserine on 
their outer surface. The mechanism for microvesicle formation is 
yet unclear. Like the case for secretory lysosomes, there is evidence 
that P2X7 receptors expressed in the membrane of microvesicles 
may be involved in the regulation of IL-1β release [85, 86].

A particularly interesting recent development is emerging evidence 
for the involvement of GRASPs and the autophagy machinery in 
unconventional secretion. Both the unconventional secretion of 
the cytoplasmic ACBP [14, 15] and the membrane-bound CFTR 
[16] involve GRASP and autophagy. In fact, it was recently showed 
that the secretion of IL-1β [41] also requires these to be functional. 
GRASP orthologues act in Golgi cisternae stacking and Golgi rib-
bon formation [87–89] by forming oligomers through the 
N-terminal PDZ domains. Two paralogues exist in the mammalian 
genome GRASP65 and GRASP55; both are peripheral membrane 
proteins at the cis- and medial-trans-Golgi cisternae. Silencing of 
both GRASP proteins leads to disassembly of the Golgi stack [89].

The involvement of GRASPs in unconventional secretion may 
superficially appear paradoxical, as cargoes unconventionally 
secreted (including CFTR which also follows the canonical secre-
tory route) could bypass the Golgi apparatus in reaching the plasma 
membrane. In that case why should the Golgi cisternae stacker 
GRASP be involved? It is possible that GRASPs’ function in Golgi 
stack maintenance is unrelated to its role in unconventional secre-
tion. It has been proposed that GRASPs are primarily membrane 
tethers, as GRASPs oligomerization through their PDZ motifs 
could bring opposing membranes in close proximity [90]. Thus, 
they could possibly act in membrane tethering of a specific subset 
of ER-derived vesicles with the PM. While this is an interesting 
hypothesis, the PM-targeting mechanism based on GRASP alone 
is not yet well defined. It is possible that canonical secretory path-
way components such as Rabs and SNAREs are involved in this 

3.3  The GRASP 
and Autophagy-
Dependent (GAD) 
Pathway of UPS
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tethering and fusion step. Acb1secretion in S. cerevisiae requires 
the plasma membrane t-SNARE, Sso1p [14], and that in P. pastoris 
requires PM SNAREs of Pichia [15].

The apparent requirement for components of the autophagy 
pathway for the unconventional secretion of quite a range of cargo 
types is intriguing. Autophagy is an evolutionarily conserved pro-
cess in which cytosolic materials and membranous organelles like 
the mitochondria are encased within a double-membrane autopha-
gosome, which eventually fuses with the vacuole or lysosome for 
the degradation of its contents [91]. The roles of autophagy in 
cellular and systemic physiology as well as pathology have been 
extensively studied [92–97]. A particularly interesting point to 
note is that autophagy is typically induced under conditions of 
nutrient or growth factor starvation, or during various conditions 
of stress [98]. For the cases of ACBP, CFTR, and IL-1β, autophagy-
dependent unconventional secretion of these proteins does indeed 
become apparent under conditions of stress. It is thus conceivable 
that during times of stress, the cell may resort to unconventional 
secretion of cytosolic proteins (such as IL-1β and ACBP) to elicit a 
non-cell-autonomous signal. For the case of proteins already tar-
geted to the ER (such as CFTR), activation of UPS by stress could 
help relieve the accumulation of unfolded protein in the ER, or 
bypass of trafficking defects in the canonical secretory pathway to 
allow some degree of secretion to occur.

Exactly how autophagy leads to UPS is not yet clear, and sev-
eral possibilities have been proposed. Interestingly, autophagy 
components that are important for unconventional secretion are 
largely those involved in the early stages of generation of autopha-
gosome and for endosomal fusion, but not for the final lysosomal 
fusion. Secretion of the Acb-1  in yeast, for example, does not 
require the vacuole/lysosomal SNARE VAMP7p or the Rab Ypt7p 
that are important for vacuole fusion [14]. Possible intermediates 
for autophagy-mediated unconventional secretion may therefore 
be autophagosomes (specifically created or otherwise) that fuse 
with endosomes/MVBs to form amphisomes [99] that subse-
quently fuse with the PM [25, 26, 29], and not lysosomes. In the 
former case, exosomes are presumably generated from the intralu-
minal vesicles in the amphisome or MVB.

In yeast, a novel compartment for UPS, known as the com-
partment for unconventional protein secretion (CUPS), is induced 
by nutrient starvation and the GRASP orthologue Grh1p as well as 
autophagy proteins initiating autophagosome formation are 
recruited into these structures [100]. Whether the autophagosome 
generated by CUPS differs from other sites of autophagosomal 
origin is not yet clear, and structures analogous to CUPS have not 
yet been reported in mammalian cells. While amphisome-PM 
fusion may be akin to MVB-PM fusion, direct fusion between 
autophagosome and the PM has not been clearly documented. It 

Unconventional Protein Secretion in Animal Cells



40

is however conceivable that autophagosomes generated by CUPS-
like structures carrying GRASPs could dock with the PM. What 
happens after this fusion is unclear. It should be noted that other 
than exosomes, microvesicles known as ectosomes could be gener-
ated by direct budding from the PM [101]. These microvesicles 
are known to be shed from the cilium and flagellum [102, 103]. At 
the moment the mechanism of ectosome generation remains 
unknown and any connection with autophagy remains 
speculative.

4  Studying Unconventional Protein Secretion in Animal and Yeast/Fungal Cells/
Tissues

UPS, far from simply a curious set of biological phenomena, has 
important implications in health and disease. Its mechanism and 
functions have been rigorously tackled by workers in various 
research niches. A lot of the work is cargo centered, with impor-
tant molecules such as FGF2 [34], IL-1β [36], and CFTR [16] 
being investigated as part of efforts to understand their basic biol-
ogy. Another major aspect of the work pertains to investigations 
done on microvesicle-based secretion, which are of pathological 
interest [104, 105]. Biophysical and biochemical characterization 
of extracellular microvesicles is actively pursued in various contexts 
[106, 107]. With advances in high-throughput screening 
approaches, it is anticipated that more holistic analysis such as 
genome-wide siRNA screens will be performed to decipher 
components and pathways underlying the various modes of uncon-
ventional secretion. Genetic screens with model organisms such as 
S. cerevisiae should be ongoing, and are likely to reveal more mech-
anistic insights into the near future. Although unconventional pro-
tein secretion tends to bypass some, if not most, of the needs of the 
conventional secretory machinery, it is likely that some vesicular 
transport components responsible for conventional secretion are 
still involved. A bunch of Rab proteins, for example, are critically 
involved in various aspects of autophagy [108–110], and are there-
fore likely to influence UPS that rely on autophagy. UPS processes 
that rely on fusion of amphisomes, MVB, or other membranous 
carriers with the plasma membrane would likely need the participa-
tion of SNAREs. As proposed earlier, secretory lysosome may use 
a bunch of cell surface syntaxins or the atypical syntaxin 11 [79, 
80] to facilitate plasma membrane fusion.

From a translational perspective, exosome and other extracel-
lular microvesicles are being developed as specific sources for dis-
ease biomarkers [111] and as biomimetic drug delivery vehicles 
[112, 113]. Unconventional secretion appears to be a major con-
tributor to the secretome of cancer cells and tissues [114], and 
some of the proteins that are unconventionally secreted could 
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promote tumorigenesis and metastasis [115, 116]. UPS, particu-
larly in the mode of exosomal release, has also been extensively 
implicated in neurodegenerative diseases [117, 118]. Causative 
agents of neurodegeneration such as prion protein [119] and tau 
[62, 63] could potentially spread from diseased neurons to healthy 
ones via UPS. On the other hand, discovery of ΔF508-CFTR’s 
unconventional exocytosis to the cell surface opens up new thera-
peutic possibilities for cystic fibrosis [16] and potentially other dis-
eases that result from impaired surface transport of mutated and 
misfolded proteins. A thorough understanding of both the modes 
and mechanism of UPS would therefore be of tremendous aca-
demic and clinical interest in the coming years.

In this collection, methods and approaches for investigating 
many of the proteins undergoing unconventional secretion shall be 
presented and discussed. Methods for preparation and analysis of 
the tissue secretome from tumor interstitial fluid (TIF) are pre-
sented by Gromov and colleagues. Amaral and co-workers examine 
unconventional transport of CFTR, Lacazette and colleagues dis-
cuss studies on FGF2, Shou and colleagues look at synuclein-γ in 
cancer cells, while Beer and colleagues examine the role of caspase-
1 in unconventional secretion. Yeast and fungal genetics shall pro-
vide useful handles for dissecting mechanisms and identification of 
mechanistic components of UPS, and could be used for the prepa-
ration of molecules of biological interests via UPS. Schipper and 
colleagues present the use of UPS to express sugar-free heterolo-
gous proteins in the plant fungal pathogen Ustilago maydis. On 
UPS-related pathogenicity, MacLean and colleagues look at the 
hydrophilic acylated surface protein B of Leishmania, and Reynard 
and colleagues discuss the role of unconventional matrix protein 
VP40 secretion in Ebola pathogenicity. Shedding of microvesicles 
may underlie a large fraction of all UPS, and in their respective 
chapters, Hajj and colleagues discuss microvesicle-based UPS of 
the co-chaperone stress-inducible protein 1, while Rodrigues and 
co-workers examine extracellular vesicles from yeast.

Bellucci, Zhang, Goring, and Pocsfalvi discuss methods for 
preparation and isolation of exosome-like vesicles or secretome, 
derived from various plant materials, and chemical modulation of 
secretory pathway in protoplasts.

Acknowledgements 

The authors are supported by NUS Graduate School for Integrative 
Sciences and Engineering. The authors declare no financial conflict 
of interest.

Unconventional Protein Secretion in Animal Cells



42

	 1.	 Bonifacino JS, Glick BS (2004) The mecha-
nisms of vesicle budding and fusion. Cell 
116:153–166

	 2.	 Tang BL, Wang Y, Ong YS, Hong W (2005) 
COPII and exit from the endoplasmic reticu-
lum. Biochim Biophys Acta 1744:293–303

	 3.	 Jensen D, Schekman R (2011) COPII-
mediated vesicle formation at a glance. J Cell 
Sci 124:1–4

	 4.	 Beck R, Rawet M, Ravet M, Wieland FT, 
Cassel D (2009) The COPI system: molecu-
lar mechanisms and function. FEBS Lett 
583:2701–2709

	 5.	 Nickel W (2011) The unconventional secre-
tory machinery of fibroblast growth factor 2. 
Traffic 12:799–805

	 6.	 Eder C (2009) Mechanisms of interleukin-
1beta release. Immunobiology 214:543–553

	 7.	 Schotman H, Karhinen L, Rabouille C (2008) 
dGRASP-mediated noncanonical integrin 
secretion is required for Drosophila epithelial 
remodeling. Dev Cell 14:171–182

	 8.	 Gardella S, Andrei C, Ferrera D, Lotti LV, 
Torrisi MR, Bianchi ME, Rubartelli A (2002) 
The nuclear protein HMGB1 is secreted by 
monocytes via a non-classical, vesicle-mediated 
secretory pathway. EMBO Rep 3:995–1001

	 9.	 Seelenmeyer C, Wegehingel S, Tews I, Künzler 
M, Aebi M, Nickel W (2005) Cell surface 
counter receptors are essential components of 
the unconventional export machinery of 
galectin-1. J Cell Biol 171:373–381

	 10.	 Karhinen L, Bastos RN, Jokitalo E, Makarow 
M (2005) Endoplasmic reticulum exit of a 
secretory glycoprotein in the absence of 
sec24p family proteins in yeast. Traffic 
6:562–574

	 11.	 Lee HJ, Patel S, Lee SJ (2005) Intravesicular 
localization and exocytosis of alpha-synuclein 
and its aggregates. J Neurosci 25:6016–6024

	 12.	 Ejlerskov P, Rasmussen I, Nielsen TT, 
Bergström AL, Tohyama Y, Jensen PH, Vilhardt 
F (2013) Tubulin polymerization-promoting 
protein (TPPP/p25α) promotes unconven-
tional secretion of α-synuclein through exoph-
agy by impairing autophagosome-lysosome 
fusion. J Biol Chem 288:17313–17335

	 13.	 Kinseth MA, Anjard C, Fuller D, Guizzunti 
G, Loomis WF, Malhotra V (2007) The 
Golgi-associated protein GRASP is required 
for unconventional protein secretion during 
development. Cell 130:524–534

	 14.	 Duran JM, Anjard C, Stefan C, Loomis WF, 
Malhotra V (2010) Unconventional secretion 
of Acb1 is mediated by autophagosomes. 
J Cell Biol 188:527–536

	 15.	 Manjithaya R, Anjard C, Loomis WF, 
Subramani S (2010) Unconventional 
secretion of Pichia pastoris Acb1 is dependent 
on GRASP protein, peroxisomal functions, 
and autophagosome formation. J  Cell Biol 
188:537–546

	 16.	 Gee HY, Noh SH, Tang BL, Kim KH, Lee 
MG (2011) Rescue of ΔF508-CFTR traffick-
ing via a GRASP-dependent unconventional 
secretion pathway. Cell 146:746–760

	 17.	 Schäfer T, Zentgraf H, Zehe C, Brügger B, 
Bernhagen J, Nickel W (2004) 
Unconventional secretion of fibroblast 
growth factor 2 is mediated by direct translo-
cation across the plasma membrane of mam-
malian cells. J Biol Chem 279:6244–6251

	 18.	 Nickel W, Rabouille C (2009) Mechanisms of 
regulated unconventional protein secretion. 
Nat Rev Mol Cell Biol 10:148–155

	 19.	 Mathivanan S, Ji H, Simpson RJ (2010) 
Exosomes: extracellular organelles important 
in intercellular communication. J Proteomics 
73:1907–1920

	 20.	 Camussi G, Deregibus MC, Bruno S, 
Cantaluppi V, Biancone L (2010) Exosomes/
microvesicles as a mechanism of cell-to-cell 
communication. Kidney Int 78:838–848

	 21.	 Sadallah S, Eken C, Schifferli JA (2011) 
Ectosomes as modulators of inflammation 
and immunity. Clin Exp Immunol 
163:26–32

	 22.	 Record M, Subra C, Silvente-Poirot S, Poirot 
M (2011) Exosomes as intercellular signalo-
somes and pharmacological effectors. 
Biochem Pharmacol 81:1171–1182

	 23.	 Lee TH, D'Asti E, Magnus N, Al-Nedawi K, 
Meehan B, Rak J  (2011) Microvesicles as 
mediators of intercellular communication in 
cancer--the emerging science of cellular 
‘debris’. Semin Immunopathol 33:455–467

	 24.	 Kowal J, Tkach M, Théry C (2014) Biogenesis 
and secretion of exosomes. Curr Opin Cell 
Biol 29:116–125

	 25.	 Chua CEL, Lim YS, Lee MG, Tang BL (2012) 
Non-classical membrane trafficking processes 
galore. J Cell Physiol 227:3722–3730

	 26.	 Jiang S, Dupont N, Castillo EF, Deretic V 
(2013) Secretory versus degradative autoph-
agy: unconventional secretion of inflamma-
tory mediators. J Innate Immun 5:471–479

	 27.	 Nickel W (2003) The mystery of nonclassical 
protein secretion. A current view on cargo 
proteins and potential export routes. Eur 
J Biochem 270:2109–2119

	 28.	 Nickel W, Seedorf M (2008) Unconventional 
mechanisms of protein transport to the cell 

References

Fanny Ng and Bor Luen Tang



43

surface of eukaryotic cells. Annu Rev Cell 
Dev Biol 24:287–308

	 29.	 Manjithaya R, Subramani S (2011) 
Autophagy: a broad role in unconventional 
protein secretion? Trends Cell Biol 21:67–73

	 30.	 Dvorak P, Dvorakova D, Hampl A (2006) 
Fibroblast growth factor signaling in embryonic 
and cancer stem cells. FEBS Lett 
580:2869–2874

	 31.	 Mignatti P, Morimoto T, Rifkin DB (1992) 
Basic fibroblast growth factor, a protein 
devoid of secretory signal sequence, is released 
by cells via a pathway independent of the 
endoplasmic reticulum-Golgi complex. J Cell 
Physiol 151:81–93

	 32.	 Jackson A, Friedman S, Zhan X, Engleka KA, 
Forough R, Maciag T (1992) Heat shock 
induces the release of fibroblast growth factor 
1 from NIH 3T3 cells. Proc Natl Acad Sci U 
S A 89:10691–10695

	 33.	 Shin JT, Opalenik SR, Wehby JN, Mahesh 
VK, Jackson A, Tarantini F, Maciag T, 
Thompson JA (1996) Serum-starvation 
induces the extracellular appearance of FGF-
1. Biochim Biophys Acta 1312:27–38

	 34.	 Steringer JP, Müller HM, Nickel W (2015) 
Unconventional secretion of fibroblast 
growth factor 2—a novel type of protein 
translocation across membranes? J  Mol Biol 
427:1202–1210

	 35.	 Garlanda C, Dinarello CA, Mantovani A 
(2013) The interleukin-1 family: back to the 
future. Immunity 39:1003–1018

	 36.	 Monteleone M, Stow JL, Schroder K (2015) 
Mechanisms of unconventional secretion of 
IL-1 family cytokines. Cytokine 74(2):213–218

	 37.	 Strowig T, Henao-Mejia J, Elinav E, Flavell R 
(2012) Inflammasomes in health and disease. 
Nature 481:278–286

	 38.	 Jorgensen I, Miao EA (2015) Pyroptotic cell 
death defends against intracellular pathogens. 
Immunol Rev 265:130–142

	 39.	 Rubartelli A, Cozzolino F, Talio M, Sitia R 
(1990) A novel secretory pathway for inter-
leukin-1 beta, a protein lacking a signal 
sequence. EMBO J 9:1503–1510

	 40.	 Zhu H, Wang L, Ruan Y, Zhou L, Zhang D, 
Min Z, Xie J, Yu M, Gu J (2011) An efficient 
delivery of DAMPs on the cell surface by the 
unconventional secretion pathway. Biochem 
Biophys Res Commun 404:790–795

	 41.	 Dupont N, Jiang S, Pilli M, Ornatowski W, 
Bhattacharya D, Deretic V (2011) Autophagy-
based unconventional secretory pathway for 
extracellular delivery of IL-1β. EMBO 
J 30:4701–4711

	 42.	 Knudsen J (1990) Acyl-CoA-binding protein 
(ACBP) and its relation to fatty acid-binding 
protein (FABP): an overview. Mol Cell 
Biochem 98:217–223

	 43.	 Faergeman NJ, Knudsen J (2002) Acyl-CoA 
binding protein is an essential protein in 
mammalian cell lines. Biochem 
J 368:679–682

	 44.	 Huang H, Atshaves BP, Frolov A, Kier AB, 
Schroeder F (2005) Acyl-coenzyme A bind-
ing protein expression alters liver fatty acyl-
coenzyme A metabolism. Biochemistry 
44:10282–10297

	 45.	 Cabral M, Anjard C, Malhotra V, Loomis WF, 
Kuspa A (2010) Unconventional secretion of 
AcbA in Dictyostelium discoideum through a 
vesicular intermediate. Eukaryot Cell 
9:1009–1017

	 46.	 Chang JL, Tsai HJ (1996) Carp cDNA 
sequence encoding a putative diazepam-
binding inhibitor/endozepine/acyl-CoA-
binding protein. Biochim Biophys Acta 
1298:9–11

	 47.	 Perillo NL, Marcus ME, Baum LG (1998) 
Galectins: versatile modulators of cell adhe-
sion, cell proliferation, and cell death. J Mol 
Med 76:402–412

	 48.	 Welsh JW, Seyedin SN, Cortez MA, Maity A, 
Hahn SM (2014) Galectin-1 and immune 
suppression during radiotherapy. Clin Cancer 
Res 20:6230–6232

	 49.	 Wang J, Xia J, Zhang F, Shi Y, Wu Y, Pu H, 
Liou AKF, Leak RK, Yu X, Chen L, Chen 
J  (2015) Galectin-1-secreting neural stem 
cells elicit long-term neuroprotection against 
ischemic brain injury. Sci Rep 5:9621

	 50.	 Seelenmeyer C, Stegmayer C, Nickel W 
(2008) Unconventional secretion of fibro-
blast growth factor 2 and galectin-1 does not 
require shedding of plasma membrane-
derived vesicles. FEBS Lett 582:1362–1368

	 51.	 Schotman H, Karhinen L, Rabouille C (2009) 
Integrins mediate their unconventional, 
mechanical-stress-induced secretion via RhoA 
and PINCH in Drosophila. J  Cell Sci 
122:2662–2672

	 52.	 Quinton PM (1999) Physiological basis of 
cystic fibrosis: a historical perspective. Physiol 
Rev 79:S3–S22

	 53.	 Tang BL, Low DY, Lee SS, Tan AE, Hong W 
(1998) Molecular cloning and localization of 
human syntaxin 16, a member of the syntaxin 
family of SNARE proteins. Biochem Biophys 
Res Commun 242:673–679

	 54.	 Gee HY, Tang BL, Kim KH, Lee MG (2010) 
Syntaxin 16 binds to cystic fibrosis transmem-

Unconventional Protein Secretion in Animal Cells



44

brane conductance regulator and regulates its 
membrane trafficking in epithelial cells. J Biol 
Chem 285:35519–35527

	 55.	 Yoo JS, Moyer BD, Bannykh S, Yoo HM, 
Riordan JR, Balch WE (2002) Non-
conventional trafficking of the cystic fibrosis 
transmembrane conductance regulator 
through the early secretory pathway. J  Biol 
Chem 277:11401–11409

	 56.	 Tang BL, Gee HY, Lee MG (2011) The cystic 
fibrosis transmembrane conductance regula-
tor’s expanding SNARE interactome. Traffic 
12:364–371

	 57.	 Kim WS, Kågedal K, Halliday GM (2014) 
Alpha-synuclein biology in Lewy body dis-
eases. Alzheimer Res Ther 6:73

	 58.	 Recasens A, Dehay B (2014) Alpha-synuclein 
spreading in Parkinson’s disease. Front 
Neuroanat 8:159

	 59.	 Emmanouilidou E, Melachroinou K, 
Roumeliotis T, Garbis SD, Ntzouni M, Margaritis 
LH, Stefanis L, Vekrellis K (2010) Cell-produced 
alpha-synuclein is secreted in a calcium-depen-
dent manner by exosomes and impacts neuronal 
survival. J Neurosci 30:6838–6851

	 60.	 Danzer KM, Kranich LR, Ruf WP, Cagsal-
Getkin O, Winslow AR, Zhu L, Vanderburg 
CR, McLean PJ (2012) Exosomal cell-to-cell 
transmission of alpha synuclein oligomers. 
Mol Neurodeg 7:42

	 61.	 Ballatore C, Lee VMY, Trojanowski JQ 
(2007) Tau-mediated neurodegeneration in 
Alzheimer’s disease and related disorders. Nat 
Rev Neurosci 8:663–672

	 62.	 Saman S, Kim W, Raya M, Visnick Y, Miro S, 
Saman S, Jackson B, McKee AC, Alvarez VE, 
Lee NCY, Hall GF (2012) Exosome-
associated tau is secreted in tauopathy models 
and is selectively phosphorylated in cerebro-
spinal fluid in early Alzheimer disease. J Biol 
Chem 287:3842–3849

	 63.	 Chai X, Dage JL, Citron M (2012) 
Constitutive secretion of tau protein by an 
unconventional mechanism. Neurobiol Dis 
48:356–366

	 64.	 Di Pisa M, Chassaing G, Swiecicki JM (2015) 
Translocation mechanism(s) of cell-penetrating 
peptides: biophysical studies using artificial 
membrane bilayers. Biochemistry 54:194–207

	 65.	 Temmerman K, Ebert AD, Müller HM, 
Sinning I, Tews I, Nickel W (2008) A direct 
role for phosphatidylinositol-4,5-bisphosphate 
in unconventional secretion of fibroblast 
growth factor 2. Traffic 9:1204–1217

	 66.	 Steringer JP, Bleicken S, Andreas H, Zacherl 
S, Laussmann M, Temmerman K, Contreras 
FX, Bharat TAM, Lechner J, Müller HM, 
Briggs JAG, García-Sáez AJ, Nickel W (2012) 

Phosphatidylinositol 4,5-bisphosphate 
(PI(4,5)P2)-dependent oligomerization of 
fibroblast growth factor 2 (FGF2) triggers the 
formation of a lipidic membrane pore 
implicated in unconventional secretion. J Biol 
Chem 287:27659–27669

	 67.	 Ebert AD, Laussmann M, Wegehingel S, 
Kaderali L, Erfle H, Reichert J, Lechner J, Beer 
HD, Pepperkok R, Nickel W (2010) Tec-
kinase-mediated phosphorylation of fibroblast 
growth factor 2 is essential for unconventional 
secretion. Traffic 11:813–826

	 68.	 Zehe C, Engling A, Wegehingel S, Schäfer T, 
Nickel W (2006) Cell-surface heparan sulfate 
proteoglycans are essential components of the 
unconventional export machinery of FGF-2. 
Proc Natl Acad Sci U S A 103:15479–15484

	 69.	 Rayne F, Debaisieux S, Yezid H, Lin YL, 
Mettling C, Konate K, Chazal N, Arold ST, 
Pugnière M, Sanchez F, Bonhoure A, Briant 
L, Loret E, Roy C, Beaumelle B (2010) 
Phosphatidylinositol-(4,5)-bisphosphate 
enables efficient secretion of HIV-1 Tat by 
infected T-cells. EMBO J 29:1348–1362

	 70.	 Février B, Raposo G (2004) Exosomes: 
endosomal-derived vesicles shipping extracel-
lular messages. Curr Opin Cell Biol 
16:415–421

	 71.	 Schorey JS, Bhatnagar S (2008) Exosome 
function: from tumor immunology to patho-
gen biology. Traffic 9:871–881

	 72.	 Simons M, Raposo G (2009) Exosomes—
vesicular carriers for intercellular communica-
tion. Curr Opin Cell Biol 21:575–581

	 73.	 Babst M (2011) MVB vesicle formation: ESCRT-
dependent, ESCRT-independent and everything 
in between. Curr Opin Cell Biol 23:452–457

	 74.	 Hurley JH (2010) The ESCRT complexes. 
Crit Rev Biochem Mol Biol 45:463–487

	 75.	 Blott EJ, Griffiths GM (2002) Secretory lyso-
somes. Nat Rev Mol Cell Biol 3:122–131

	 76.	 Holt OJ, Gallo F, Griffiths GM (2006) Regulating 
secretory lysosomes. J Biochem 140:7–12

	 77.	 Qu Y, Dubyak GR (2009) P2X7 receptors 
regulate multiple types of membrane traffick-
ing responses and non-classical secretion 
pathways. Purinergic Signal 5:163–173

	 78.	 Bours MJL, Dagnelie PC, Giuliani AL, 
Wesselius A, Di Virgilio F (2011) P2 recep-
tors and extracellular ATP: a novel homeo-
static pathway in inflammation. Front Biosci 
(Schol Ed) 3:1443–1456

	 79.	 Tang BL, Low DY, Hong W (1998) Syntaxin 
11: a member of the syntaxin family without a 
carboxyl terminal transmembrane domain. 
Biochem Biophys Res Commun 
245:627–632

Fanny Ng and Bor Luen Tang



45

	 80.	 Halimani M, Pattu V, Marshall MR, Chang 
HF, Matti U, Jung M, Becherer U, Krause E, 
Hoth M, Schwarz EC, Rettig J  (2014) 
Syntaxin11 serves as a t-SNARE for the fusion 
of lytic granules in human cytotoxic T lym-
phocytes. Eur J Immunol 44:573–584

	 81.	 Andrei C, Dazzi C, Lotti L, Torrisi MR, 
Chimini G, Rubartelli A (1999) The secre-
tory route of the leaderless protein interleukin 
1beta involves exocytosis of endolysosome-
related vesicles. Mol Biol Cell 10:1463–1475

	 82.	 Andrei C, Margiocco P, Poggi A, Lotti LV, 
Torrisi MR, Rubartelli A (2004) 
Phospholipases C and A2 control lysosome-
mediated IL-1 beta secretion: Implications 
for inflammatory processes. Proc Natl Acad 
Sci U S A 101:9745–9750

	 83.	 Gardella S, Andrei C, Lotti LV, Poggi A, 
Torrisi MR, Zocchi MR, Rubartelli A (2001) 
CD8(+) T lymphocytes induce polarized exo-
cytosis of secretory lysosomes by dendritic 
cells with release of interleukin-1beta and 
cathepsin D. Blood 98:2152–2159

	 84.	 Cocucci E, Racchetti G, Meldolesi J  (2009) 
Shedding microvesicles: artefacts no more. 
Trends Cell Biol 19:43–51

	 85.	 Bianco F, Pravettoni E, Colombo A, Schenk 
U, Möller T, Matteoli M, Verderio C (2005) 
Astrocyte-derived ATP induces vesicle shed-
ding and IL-1 beta release from microglia. 
J Immunol 174:7268–7277

	 86.	 Pizzirani C, Ferrari D, Chiozzi P, Adinolfi E, 
Sandonà D, Savaglio E, Di Virgilio F (2007) 
Stimulation of P2 receptors causes release of 
IL-1beta-loaded microvesicles from human 
dendritic cells. Blood 109:3856–3864

	 87.	 Shorter J, Watson R, Giannakou ME, Clarke 
M, Warren G, Barr FA (1999) GRASP55, a 
second mammalian GRASP protein involved 
in the stacking of Golgi cisternae in a cell-free 
system. EMBO J 18:4949–4960

	 88.	 Feinstein TN, Linstedt AD (2008) GRASP55 
regulates Golgi ribbon formation. Mol Biol 
Cell 19:2696–2707

	 89.	 Xiang Y, Wang Y (2010) GRASP55 and 
GRASP65 play complementary and essential 
roles in Golgi cisternal stacking. J  Cell Biol 
188:237–251

	 90.	 Giuliani F, Grieve A, Rabouille C (2011) 
Unconventional secretion: a stress on 
GRASP. Curr Opin Cell Biol 23:498–504

	 91.	 Yang Z, Klionsky DJ (2010) Eaten alive: a 
history of macroautophagy. Nat Cell Biol 
12:814–822

	 92.	 Banerjee R, Beal MF, Thomas B (2010) 
Autophagy in neurodegenerative disorders: 

pathogenic roles and therapeutic implica-
tions. Trends Neurosci 33:541–549

	 93.	 Xilouri M, Stefanis L (2010) Autophagy in 
the central nervous system: implications for 
neurodegenerative disorders. CNS Neurol 
Disord Drug Targets 9:701–719

	 94.	 Beau I, Mehrpour M, Codogno P (2011) 
Autophagosomes and human diseases. Int 
J Biochem Cell Biol 43:460–464

	 95.	 Mathew R, White E (2011) Autophagy in 
tumorigenesis and energy metabolism: friend 
by day, foe by night. Curr Opin Genet Dev 
21:113–119

	 96.	 Rosenfeldt MT, Ryan KM (2011) The multi-
ple roles of autophagy in cancer. 
Carcinogenesis 32(7):955–963

	 97.	 Mariño G, Madeo F, Kroemer G (2011) 
Autophagy for tissue homeostasis and neuro-
protection. Curr Opin Cell Biol 23:198–206

	 98.	 Kroemer G, Mariño G, Levine B (2010) 
Autophagy and the integrated stress response. 
Mol Cell 40:280–293

	 99.	 Fader CM, Colombo MI (2009) Autophagy 
and multivesicular bodies: two closely related 
partners. Cell Death Differ 16:70–78

	100.	 Bruns C, McCaffery JM, Curwin AJ, Duran 
JM, Malhotra V (2011) Biogenesis of a novel 
compartment for autophagosome-mediated 
unconventional protein secretion. J Cell Biol 
195:979–992

	101.	 Cocucci E, Meldolesi J  (2015) Ectosomes 
and exosomes: shedding the confusion 
between extracellular vesicles. Trends Cell 
Biol 25(6):364–372

	102.	 Wood CR, Huang K, Diener DR, Rosenbaum 
JL (2013) The cilium secretes bioactive ecto-
somes. Curr Biol 23:906–911

	103.	 Wood CR, Rosenbaum JL (2015) Ciliary 
ectosomes: transmissions from the cell’s 
antenna. Trends Cell Biol 25:276–285

	104.	 Hulsmans M, Holvoet P (2013) MicroRNA-
containing microvesicles regulating inflam-
mation in association with atherosclerotic 
disease. Cardiovasc Res 100:7–18

	105.	 Candelario KM, Steindler DA (2014) The 
role of extracellular vesicles in the progression 
of neurodegenerative disease and cancer. 
Trends Mol Med 20:368–374

	106.	 Raposo G, Stoorvogel W (2013) Extracellular 
vesicles: exosomes, microvesicles, and friends. 
J Cell Biol 200:373–383

	107.	 Kastelowitz N, Yin H (2014) Exosomes and 
microvesicles: identification and targeting by 
particle size and lipid chemical probes. 
Chembiochem 15:923–928

Unconventional Protein Secretion in Animal Cells



46

	108.	 Chua CEL, Gan BQ, Tang BL (2011) Involvement 
of members of the Rab family and related small 
GTPases in autophagosome formation and matura-
tion. Cell Mol Life Sci 68:3349–3358

	109.	 Szatmári Z, Sass M (2014) The autophagic 
roles of Rab small GTPases and their upstream 
regulators: a review. Autophagy 10:1154–1166

	110.	 Ao X, Zou L, Wu Y (2014) Regulation of 
autophagy by the Rab GTPase network. Cell 
Death Differ 21:348–358

	111.	 Julich H, Willms A, Lukacs-Kornek V, Kornek 
M (2014) Extracellular vesicle profiling and 
their use as potential disease specific bio-
marker. Front Immunol 5:413

	112.	 Fleury A, Martinez MC, Le Lay S (2014) 
Extracellular vesicles as therapeutic tools in 
cardiovascular diseases. Front Immunol 5:370

	113.	 Lässer C (2015) Exosomes in diagnostic and 
therapeutic applications: biomarker, vaccine 
and RNA interference delivery vehicle. Expert 
Opin Biol Ther 15:103–117

	114.	 Villarreal L, Méndez O, Salvans C, Gregori J, 
Baselga J, Villanueva J (2013) Unconventional 

secretion is a major contributor of cancer cell 
line secretomes. Mol Cell Proteomics 
12:1046–1060

	115.	 Liu C, Qu L, Lian S, Tian Z, Zhao C, Meng 
L, Shou C (2014) Unconventional secretion 
of synuclein-γ promotes tumor cell invasion. 
FEBS J 281:5159–5171

	116.	 Costa-Silva B et  al (2015) Pancreatic cancer 
exosomes initiate pre-metastatic niche forma-
tion in the liver. Nat Cell Biol 17(6):816–826

	117.	 Bellingham SA, Guo BB, Coleman BM, Hill 
AF (2012) Exosomes: vehicles for the transfer 
of toxic proteins associated with neurodegen-
erative diseases? Front Physiol 3:124

	118.	 Schneider A, Simons M (2013) Exosomes: 
vesicular carriers for intercellular communica-
tion in neurodegenerative disorders. Cell 
Tissue Res 352:33–47

	119.	Fevrier B, Vilette D, Archer F, Loew D, 
Faigle W, Vidal M, Laude H, Raposo G 
(2004) Cells release prions in association 
with exosomes. Proc Natl Acad Sci U S A 
101:9683–9688

Fanny Ng and Bor Luen Tang



http://www.springer.com/978-1-4939-3802-5


		2016-09-21T16:03:52+0530
	Preflight Ticket Signature




