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With some notable exceptions, uncon-
ventional protein secretion (UPS) is lar-
gely triggered by cellular stress,
inflammation, nutrient stress, endo-
plasmic reticulum (ER) stress, or
mechanical stress.

Leaderless cytoplasmic proteins can
be translocated across the plasma
membrane through pores or via mem-
brane-bound organelles. In the latter
case, leaderless proteins are proposed
to translocate across the membrane of
the organelle.

Compartments for UPS (CUPSs) are
not secretory autophagosomes and
represent a mechanism for the con-
centration of Acb1 before it is secreted.

Point-mutant transmembrane proteins
can bypass the Golgi on ER stress. ER
stress triggers Golgi reassembly stack-
ing protein 55 (GRASP55) phosphory-
lation and localization to the ER, where
it mediates the Golgi bypass of certain
cargos, whereas others depend on
HSP70/DNAJ14.

Specific ciliary proteins also bypass the
Golgi.

UPS has been observed in all organ-
isms studied so far.
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Secretory proteins are conventionally transported through the endoplasmic
reticulum to the Golgi and then to the plasma membrane where they are
released into the extracellular space. However, numerous substrates also reach
these destinations using unconventional pathways. Unconventional protein
secretion (UPS) is complex and comprises cargos without a signal peptide
or a transmembrane domain that can translocate across the plasma membrane,
and cargos that reach the plasma membrane by bypassing the Golgi despite
entering the endoplasmic reticulum (ER). With a few exceptions, unconventional
secretion is largely triggered by stress. Here I review new results and concepts
that are beginning to define these pathways.

From Classical Protein Secretion to UPS
The 50-year-old consensus states that secreted proteins and proteins integral to the plasma
membrane reach their destination using the classical secretory pathway. Briefly, these proteins
carry a signal peptide (see Glossary) and/or a transmembrane domain that direct their insertion
into the ER from where they exit via COPII-coated vesicles to reach the Golgi apparatus and
the plasma membrane [1] (for a recent review, see [2]). However, research over the past 15 years
has shown that proteins can also be delivered to the plasma membrane and the extracellular
space without entering the ER–Golgi conventional pathway of secretion [3,4]. This alternative
route of secretion is called UPS [4].

Two categories of proteins are unconventionally secreted. The first comprises cytoplasmic
‘leaderless’ proteins that cross the plasma membrane and are active in the extracellular
medium despite not having a signal peptide or a transmembrane domain. Note that these
proteins may contain other signals that direct their secretion. Leaderless proteins are secreted
along three pathways mediated by distinct mechanisms: Type I, or pore-mediated transloca-
tion across the plasma membrane; Type II, or ABC transporter-based secretion, which is
dedicated to the secretion of acylated peptides and yeast mating peptides; and Type III or
autophagosome/endosome-based secretion. The second category comprises proteins with a
signal peptide and/or a transmembrane domain that enter the ER but bypass the Golgi
apparatus on their way to the plasma membrane. This is the Type IV, or Golgi-bypass, pathway
(Figure 1, Key Figure).

These pathways appear distinct but share common features. First, with a few notable
exceptions they are induced by stress [5]. This is important because stress may cause
impairment in the functional integrity of the classical secretory pathway, thus driving the need
for efficient alternatives. Second, the leaderless substrates using the Type I and III pathways
appear to directly translocate across membranes: the plasma membrane for Type I and the
autophagosomal/endosomal membrane for Type III. Third, the Type III and IV pathways both use
the peripheral Golgi proteins of the Golgi Reassembly Stacking Protein (GRASP) family [3].
230 Trends in Cell Biology, March 2017, Vol. 27, No. 3 http://dx.doi.org/10.1016/j.tcb.2016.11.007

© 2016 Elsevier Ltd. All rights reserved.

mailto:c.rabouille@hubrecht.eu
http://dx.doi.org/10.1016/j.tcb.2016.11.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tcb.2016.11.007&domain=pdf


Glossary
Acb1/A: small leaderless proteins
secreted from yeast and
Dictyostelium during the stress of
glucose starvation. Once secreted
they are cleaved to produce the small
peptide SDF2, which acts as a
potent sporulation factor.
Atg proteins: proteins encoded by
the Atg genes (such as Atg5, Atg7,
and Atg8/LC3). They regulate key
steps of the autophagic process, a
discovery that led to the award of the
2016 Nobel Prize in Physiology or
Medicine to Japanese autophagy
researcher Yoshinori Ohsumi.
Autophagy (macroautophagy): the
orderly process by which cellular
components are degraded and
recycled. Targeted cytoplasmic
constituents are isolated from the rest
of the cell within double-membrane
vesicle known as autophagosomes.
They normally fuse with lysosomes to
allow the degradation and recycling
of their contents.
COPII-coated vesicle: a type of
vesicle that transports proteins from
the ER to the Golgi apparatus. It
comprises six subunits and its
formation is initiated by the
recruitment of the small GTPase
Sar1-GTP to the ER membrane.
Endoplasmic reticulum (ER)
stress: series of cellular insults
compromising ER homeostasis, such
as accumulation of misfolded
proteins, unbalance in redox activity,
or decrease in calcium concentration.
This elicits a series of responses
including the unfolded protein
response (UPR) that aims to restore
ER function. If the damage to the ER
is too severe and too protracted, the
UPR aims toward apoptosis.
Endosomal sorting complex
required for transport (ESCRT):
machinery comprising cytosolic
protein complexes known as ESCRT-
0, ESCRT-I, ESCRT-II, and ESCRT-
III. Together with Vps4, the ESCRTs
are able to remodel the membrane of
late endosomes to allow the
formation of small vesicles in the
lumen of the endosomes.
Fibroblast growth factor 2 (FGF2):
has broad mitogenic and angiogenic
activities in the extracellular medium.
Golgi Reassembly Stacking
Protein (GRASP): a family of
myristoylated peripheral proteins
localized to the Golgi apparatus that
act as membrane tethers. In
mammalian cells in steady state,
Because the Type II pathway is not well studied, this review focuses on the mechanisms
mediating the Type I, III, and IV pathways of unconventional secretion that are starting
to emerge.

Type I Pathway: Plasma Membrane Pore Formation
The formation of plasma membrane pores allow cytoplasmic cargos known as cytoplasmic
leaderless proteins to translocate across the plasma membrane. Regulated pore formation can
be either self-sustained or driven by inflammation and is a key mechanism in the release of
leaderless proteins from the cytoplasm to the extracellular space. The identification of proteins in
different cell types as well as the pore they use to translocate is a key milestone to be reached in
the future.

Self-Made Lipidic Pores Mediate Constitutive Secretion of Fibroblast Growth Factor 2
(FGF2) and HIV Transactivator of Transcription (TAT)
Although most unconventional secretion pathways are stimulated by stress, two proteins,
FGF2 [6,7] and HIV TAT [8,9] are constitutively secreted. These proteins form a self-made
lipidic pore that allows them to translocate across the plasma membrane to reach the
extracellular space (Figure 2). Their translocation comprises four steps. (i) Fully folded FGF2
[10] and HIV TAT [11] are recruited to the cytoplasmic leaflet of the plasma membrane by
interaction with phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), which is enriched there.
FGF2 interaction with PI(4,5)P2 also drives its phosphorylation on Y82 by Tec kinase [12,13].
(ii) They undergo PI(4,5)P2-induced self-oligomerization at the plasma membrane [9]. (iii)
Their oligomerization drives membrane insertion and pore formation. Based on in vitro
experiments, oligomerized FGF2 and HIV TAT interacting with PI(4,5)P2 create a lipidic
membrane pore with a toroidal architecture [9,14,15]. This pore allows their translocation
to the extracellular membrane. (iv) Extracellular dissociated monomeric FGF2 [16] is trapped
by heparan sulfate proteoglycans. It is, however, unclear whether the pore disassembles on
one side of the cell while being formed on the other side or whether the pore is stable and
allows translocation of monomeric FGF2 [7]. HIV TAT has been shown to bind to heparin
sulfate [17] and it is tempting to speculate that this binding is necessary for its secretion as it
is for FGF2.

In addition to PI(4,5)P2 and TEC kinase, ATP1A1, the alpha chain of the Na/K-ATPase, has
recently been identified to play an important role in FGF2 secretion [18]. Its role appears to be
independent of the ATPase complex. ATP1A1 has a strong affinity for FGF2 and is proposed to
contribute to FGF2 recruitment to the cytoplasmic leaflet of the plasma membrane [18] (Figure 2).
Whether ATP1A1 also participates in HIV TAT secretion remains to be established.

Why does constitutive secretion of FGF2 and HIV TAT not proceed through the classical
secretory pathway? At least for FGF2, the Type I pathway may be used to avoid Golgi-based
modifications and/or ensure quality control. When FGF2 was forced to use the secretory
pathway by appending a signal peptide, it was secreted but not biologically active [19]. This
is because it receives undesired modifications when passing through the Golgi, such as O-linked
chondroitin. In addition, as FGF2 translocation is strictly dependent on its folding, it may
constitute a quality control more stringent than the one applied in the ER, where the folding
of its beta barrels might be suboptimal [10]. The same reasons may apply to HIV TAT but this is
currently unknown.

Inflammation-Driven Heterologous Pore Formation
Translocation across the plasma membrane is also triggered by inflammation, which leads to
massive and quick release of cytokines from the macrophage cytoplasm to the extracellular
space.
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GRASP65 and 55 are required to
maintain the integrity of the Golgi
ribbon.
HIV transactivator of transcription
(TAT): a small leaderless protein of
86–101 amino acids that is
synthesized in the early steps of HIV
infection. It functions as a
transcriptional activator but is also
secreted from infected cells, allowing
neighboring cells to internalizing it
and ensuring viral spread.
Signal peptide: a short peptide
present at the N terminus of the
majority of newly synthesized proteins
that are destined for the classical
secretory pathway. It mediates
insertion into the ER.
One of the most-studied cytokines is IL-1b. In response to inflammation, the leaderless
protein IL-1b precursor is rapidly synthesized and cleaved by caspase 1 yielding mature IL-1b,
which is secreted in an unconventional manner by a pathway that is a matter of intense debate
[20] (see also Type III, below). IL-1b secretion from macrophages on inflammation appears to
use the Type I pathway. However, IL-1b does not bind PIP2 and does not form pores. Instead,
IL-1b release is concomitant with the hyperpermeabilization of the macrophage plasma
membrane, which precedes cell lysis [21,22]. This hyperpermeabilization has been investi-
gated using the drug punicalagin, which allows the uncoupling of IL-1b maturation from its
secretion. On treatment with this drug, mature IL-1b accumulates but is not released, but on
drug washout mature IL-1b is released within minutes from the cytosolic pool of intact
macrophages [21].

What is the nature of this membrane hyperpermeabilization? Like the IL-1b precursor,
the protein gasdermin is cleaved by caspase 1 on inflammation yielding the N-terminal half
of the protein (gasdermin-N). This protein segment is efficiently recruited to the plasma mem-
brane through binding PIP2, where it can form 16-fold-symmetry pores [23]. Although not
formally proven, it is tempting to speculate that, at least in the early stages of inflammation,
cytosolic mature IL-1b uses this pore for secretion. Inflammation would then lead to cell lysis and
the release of other cytokines (Figure 2).

Another pore that forms on inflammation is the purinergic receptor P2X7 through which
transglutaminase 2 (TG2) and thioredoxin, two leaderless cytoplasmic proteins, are also
secreted by macrophages after stimulation that mimics inflammation [24] (Figure 2). However,
these results raise several questions, as stimulation of P2X7 leads to the shedding of flottilin-
positive microvesicles as well as IL-1b secretion. Furthermore, how P2X7 oligomerization is
mediated is unknown.

It is not fully understood why these proteins do not use the conventional secretory pathway.
Cytokine release occurs during the acute stress of inflammation, which may compromise the
functional integrity of the classical secretory pathway. Furthermore, to cope with the quantity and
speed needed to respond to inflammation, a large amount of IL-1b precursor would need to be
stored in one of the compartments of the secretory pathway, with the risk of being detrimental for
constitutive secretion. To circumvent this, the precursor could be translated from a stored
mRNA pool, translocated to the ER, and transported, but this might not meet the demand for
speedy release.

Cellular Stress and Pore Formation?
FGF1, a ubiquitously expressed proangiogenic protein of the same family as FGF2, is also a
leaderless protein that is secreted but in response to stress [25]. Furthermore, unlike FGF2,
FGF1 secretion requires the formation of a large multiprotein release complex comprising several
other leaderless proteins (such as annexin A2, sphingosine kinase, synaptotagmin p40, and
small calcium protein S100A3) that also appear to translocate [25] (Figure 2). However, many
questions remain regarding their mechanism of action. Do they form a pore? Do they use a pore
formed by other proteins that need to be identified? Why are they not secreted through the
classical secretory pathway?

Type I Pathway: Similar to Bacterial Secretion?
Pore formation is also a mechanism used by bacteria for the secretion of proteins across a
membrane [26]. Does pore formation in Type I UPS share features with a bacterial secretion
mechanism? Bacteria have eight known secretion systems, most of which permit secretion
across multiple membranes while three allow translocation across one membrane only. The
bacterial secretion (Sec) system, which is structurally and mechanistically analogous to the
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Key Figure

Schematic Representation of Three Types of Unconventional Protein Secretion (UPS)
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Figure 1. Leaderless proteins (red) can translocate across the plasma membrane through a pore (brown) or via a membrane-bound organelle (orange). Transmembrane
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conventional eukaryotic secretion translocon machinery, allows translocation of unfolded sub-
strates while the Type I pathway translocates folded substrates only. In this respect, the twin-
arginine translocase (Tat) system translocates folded substrates across the inner bacterial
membrane. These substrates exhibit a Ser-Arg-Arg motif at their N terminus that is recognized
by two of the Tat subunits and targeted to the channel formed by the third. The Tat system could
therefore be a blueprint for heterologous pore formation and usage. However, the Tat system
has not evolved in higher eukaryotes and, accordingly, the Ser-Arg-Arg motif is not present in, for
instance, cytokine protein sequences. The Type V bacterial secretion system allows protein
translocation from the periplasm across the outer membrane. Similar to FGF2 and HIV TAT, it is
an autotransporter whereby proteins secrete themselves. They carry their own beta-barrel
domains that insert into the outer membrane to form a channel that it used by the rest of
the protein.

Type III Pathway: Organelle-Based Translocation of Leaderless Proteins
The stress-mediated Type III pathway relies on membrane-bound organelles that are diverted
from their normal function and become secretory. These organelles are proposed to be endo-
somes and autophagosomes [27]. Late endosomes are already known to be ‘secretory’ and to
release their internal vesicles (exosomes). However, several leaderless proteins do not utilize
exosomes for their release [28–30]. Instead, they appear to translocate across the organelle
membrane similarly to how they cross the plasma membrane in the Type I pathway.

From Atg Genes to Secretory Autophagosomes
The notion of secretory autophagosomes as a key step in the unconventional secretion of
leaderless proteins has emerged during the study of yeast Acb1 [28,31], a small leaderless
protein secreted during stress on glucose starvation. As Acb1 secretion relies on Atg genes
[28,31] and a plasma membrane SNARE, it raised the possibility that it is mediated by
specialized secretory autophagosomes [4].

This discovery relaunched interest in autophagy as a mechanism regulating IL-1b secretion on
stimulation by nutrient starvation. In addition to being a substrate of Type I UPS, IL-1b precursor
has also been proposed to reach the lumen of a membrane organelle long thought to be an
endo/lysosome, where it is converted into mature IL-1b. On fusion of this organelle with the
plasma membrane, mature IL-1b is released into the extracellular space [32]. Several mecha-
nisms have been proposed to account for IL-1b presence in an endolysosome [20], including its
translocation across the lysosomal membrane using a transporter [32] and its capture by an
autophagosome [33–36]. In this regard, IL-1b secretion is inhibited by the (albeit not very
specific) autophagy inhibitors Wortmanin and 30-methyladenine [36]. Furthermore, primary
macrophages mutant for the key autophagy gene Atg5 [34], as well as Atg5-depleted recon-
stituted Hek293T cells [36], do not secrete IL-1b on starvation. Last, the autophagosome marker
LC3 colocalizes with IL-1b [34,36]. Of note, the stimuli triggering IL-1b secretion appear to
determine which secretory pathway is used. When inflammation is the trigger, IL-1b secretion
utilizes the Type I pathway and appears quickly from a cytoplasmic pool, followed by cell death.
When starvation is the trigger, IL-1b secretion goes through the Type III pathway via a membrane
compartment and is not followed by cell death.

Although not induced by starvation, Atg proteins are also involved in the secretion of insulin
degradation enzyme (IDE) by astrocytes [37]. This enzyme is critical for the efficient degradation
of the APP peptide Ab, the peptide that accumulates outside cells in Alzheimer disease.
Importantly, IDE secretion is triggered by the presence of Ab in the extracellular medium in a
positive feedback loop. Under conditions where autophagy is impaired [for instance, in Atg7
knockout (KO) mice], Ab does not trigger IDE release. This leads to Ab extracellular accumulation
and contributes to Alzheimer disease progression. Accordingly, deregulated autophagy is
234 Trends in Cell Biology, March 2017, Vol. 27, No. 3



reported to accelerate the progression of the disease [37]. It remains to be determined how
extracellular Ab triggers the autophagic flux and IDE release in healthy astrocytes.

While it is accepted that Atg proteins are involved in the unconventional secretion of several
leaderless proteins, the role of secretory autophagosomes as mediators in this pathway is less
clear. The first sign of caution comes from AcbA/1 secretion, which strictly depends on Grh1, a
member of the GRASP family of peripheral Golgi proteins [4,28,38–40]. On glucose starvation
Grh1 relocates from the ER–Golgi to one or two large cytoplasmic spots, the compartments for
UPS (CUPSs). Importantly, CUPS formation (and Acb1 secretion) strictly depends on Grh1.
Furthermore, IL-1b secretion on starvation also requires the two mammalian GRASP family
members GRASP55 [34,36] and GRASP65 [36], with a role for GRASP55 in the formation of
secretory autophagosomes [34]. It was therefore assumed that the CUPSs were secretory
autophagosomes [41]. However, none of the Atg proteins appears necessary for CUPS
formation in yeast [29,41,42]. Furthermore, besides Grh1, only a few factors are required for
both Acb1 release and CUPS formation, suggesting that these two processes represent two
sequential steps of Acb1 secretion. The first is the formation of mature CUPSs that contain Grh1.
CUPSs are initially a collection of small vesicles and tubules that mature to an Acb1-positive,
stable tubular compartment [29] in an endosomal sorting complex required for transport
(ESCRT)-I-, II-, and III-dependent manner. Mature CUPSs are then encased in saccules
(Figure 3), whose nature has not been clarified. The second step is the export of Acb1 from
mature CUPSs to the exterior. While the exact mechanism remains unknown, one possibility is
that Acb1 translocates into the flattened saccule (Figure 3), followed by the fusion of the saccule
to the plasma membrane [29].

It is also becoming clear that Atg proteins have autophagy-independent functions [43]. Further-
more, caution should be exerted in the interpretation of LC3 colocalization with IL-1b, as it could
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refer to degradation, not secretion. Last, the fusion of a secretory autophagosome with the
plasma membrane remains to be demonstrated. Taking these findings together, the exact role of
Atg proteins in the unconventional release of leaderless proteins remains to be clarified.

Protein Translocation across Organelle Membranes: Not Only for the Type I Pathway
An important issue with the extracellular release of leaderless proteins from secretory autopha-
gosomes is that they are membrane bound (i.e., enclosed by the inner membrane of the
autophagosome) and are therefore not soluble. Digestion of this membrane in the extracellular
medium has been hypothesized but has remained speculative.

To circumvent this insolubility, proteins to be secreted could translocate across the inner
membrane of the autophagosome, thus ensuring their release as a soluble protein on fusion.
This has been shown for IL-1b in vitro [36] (Figure 3). Interestingly, a mechanism for protein
translocation across the lysosomal membrane exists in the form of chaperone-mediated
autophagy (CMA). Substrates exhibiting a KFERC motif are recognized by Hsp70 and brought
onto the lysosome surface across which they are translocated in a LAMP2a-dependent
mechanism before being degraded [44]. The motif necessary for IL-1b translocation has features
resembling that used for CMA. However, IL-1b is not degraded but secreted, its translocation is
proposed to occur across an early autophagosome membrane and not a lysosome, and it
appears to depend on Hsp90 and not on Hsp70 as in CMA. The exact mechanism of this
translocation remains to be established.

Membrane translocation of another membrane-bound organelle, the late endosome, has
recently been proposed for the unconventional secretion of misfolded proteins that accumulate
in the cytoplasm due to overloading of the proteasome [30]. The misfolding-associated protein
secretion (MAPS) pathway describes how cellular stress-induced misfolded proteins are ubiq-
uitinated, recognized by the ER-localized deubiquitylase USP19, and translocated into the
lumen of an Rab9-positive endosome (Figure 3). These loaded endosomes are then proposed
to fuse with the plasma membrane in a VAMP7/8-dependent manner, thus releasing misfolded
proteins into the extracellular medium [30]. How this translocation is achieved is unclear, but
given the presence of LAMP2a in late endosomes it could depend on a CMA-like pathway.

Type IV Pathway: Bypassing the Golgi with Signal Peptide/Transmembrane
Domain-Containing Proteins
Despite also being triggered by cellular stresses such as ER and mechanical stress, the Type IV
unconventional secretion pathway is distinct from the Type I and III pathways. It involves signal
peptide- and/or transmembrane domain-containing proteins that are synthesized in the ER but
bypass the Golgi when they are delivered to the plasma membrane. They reach the plasma
membrane even in the presence of brefeldin A, a drug that disturbs ER-to-Golgi transport [45]
and/or the absence of syntaxin 5. As a result of this bypass, these substrates harbor ER high-
mannose oligosaccharides that are not processed by Golgi enzymes and cannot be cleaved by
Golgi-localized proteases [45].

ER Stress Triggers Golgi Bypass via GRASP or Hsp70
Specific transmembrane proteins normally destined for the plasma membrane can bypass the
Golgi by triggering ER stress. A point mutation in a transmembrane protein can prevent the full
folding of that protein in the ER, which leads to its accumulation and the activation of ER stress
pathways. For instance, protein C harboring the mutation A267 [46], which is associated with
high risk of venous thrombosis, cannot reach the plasma membrane. The same is true for
H723R-mutated pendrin, an anion transporter [47], and for Phe508-deleted cystic fibrosis
transmembrane conductance regulator (CFRT), which leads to cystic fibrosis [48,49]. ER stress
stimulates the exit of these mutated proteins from the ER and their delivery to the plasma
236 Trends in Cell Biology, March 2017, Vol. 27, No. 3



membrane but without passing through the Golgi. This relies on their recognition in the ER by
sorting machineries, two of which have been identified.

The first sorting machinery is built around the GRASP family members. dGRASP was first
identified in Drosophila for its role in the unconventional secretion of integrins [50] and
GRASP55 was thereafter shown to be required for the Golgi bypass of mutant CFTR in
mammals [49]. At steady state GRASP55 forms a homodimer that is localized at the Golgi.
However, ER stress triggers the phosphorylation of serine 441 on GRASP55, which results in its
monomerization and relocalization to the ER [51] (Figure 4). Tagging GRASP55 at the N
terminus facilitates its ER localization, and this form has been used to rescue the cystic fibrosis
phenotype in a mouse model [49]. At the ER monomeric GRASP55 recognizes the PDZ domain
of specific ‘Golgi-bypass’ substrates (such as CFTR) via its own PDZ1 domain [40,49]. This
creates a sorting mechanism followed by substrate encapsulation into carriers. It is unlikely that
the carriers are COPII-coated vesicles as the expression of a dominant-negative form of Sar1
triggers Golgi bypass while preventing COPII vesicle formation. These carriers are then targeted
directly to the plasma membrane (or possibly to endosomes [48]) without passing through the
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Outstanding Questions
How many proteins are secreted
unconventionally? What proteins are
secreted through a pore (Type I path-
way), use a membrane-bound organ-
elle (Type III pathway), or bypass the
Golgi (Type IV pathway)?

Is this pool cell-type specific? Is this
pool specific to a given stress?

How many of these proteins can form
self-made pores?

How are leaderless proteins recog-
nized? What is the signal in leaderless
proteins resulting in their translocation
through pores?

What is the biochemical composition of
membrane-bound organelles that medi-
ate secretion of leaderless proteins?

How does unconventional cargo trans-
locate across the membrane of these
organelles?

What is the role of Atg proteins in Type
III unconventional secretion?

What mediates the fusion of these
organelles with the plasma membrane?

What type of carriers do signal peptide/
transmembrane domain-containing
proteins use to exit the ER and be
delivered to the plasma membrane
while bypassing the Golgi?

How does ER and mechanical stress
trigger Golgi bypass?

How do GRASP family members func-
tion in Type III and IV UPS?
Golgi (Figure 4). The identification of the kinase required for GRASP55-specific phosphorylation
and the mechanism of its ER-stress activation remain to be investigated.

The second sorting machinery is Hsp70 and its co-chaperone DNAJC14, which mediates Golgi
bypass of H723R pendrin to the plasma membrane. Hsp70 interacts directly with H723R
pendrin. Furthermore, ER stress leads to the upregulation of DNAJC14, which appears to
retrieve the mutated protein from the ERAD pathway and to mediate its plasma membrane
delivery (Figure 4) [47].

Questions remain to be answered regarding the role of ER stress in triggering Golgi bypass.
What determines the use of the GRASP55-based machinery versus HSP70/DNAPC14? The
presence of a PDZ domain at the C terminus of CFTR appears critical for the GRASP pathway,
but is it the same for other transmembrane proteins? How are these carriers targeted to the
plasma membrane without reaching the Golgi?

Mechanical Stress and Golgi Bypass
Mechanical stress has also been implicated in the Golgi bypass of integrins at a specific stage of
Drosophila follicular epithelium development during oogenesis [5,50,52,53]. Interestingly, a
subset of ciliary membrane proteins such as polycystin 2, M2-mutant Smoothened [54], and
peripherin/rds [55] also bypass the Golgi and share features with integrin Golgi bypass. First,
although not experimentally proven, mechanical stress (shear forces) produced by ciliary beating
could induce the Golgi bypass of ciliary proteins. Second, integrins and cilia that bypass the Golgi
are delivered to a small and defined region of the plasma membrane [50]. Third, both integrins and
ciliary proteins are not mutated. Last, delivery of transmembrane proteins to other domains of the
plasma membrane uses the classical secretory pathway, such as rhodopsin for the cilia [56],
which suggests that the Golgi is functional and that specific signals elicit sorting to the Golgi-
bypass pathway. However, dGRASP, which is required for integrin Golgi bypass in Drosophila,
does not appear to be needed for the secretion of ciliary proteins. Are Hsp70 and DNAJC14
involved? If not, what is the machinery mediating ciliary protein Golgi bypass? Furthermore, it will
be important to determine how mechanical stress triggers Golgi bypass and how it compares with
ER stress. Does dGRASP also relocate to the ER? Are the carriers COPII-coated vesicles?

Similar to the Type I and III pathways, the Type IV pathway is clearly triggered by stress.
However, how is Golgi-bypass cargo segregated from that using the classical secretory
pathway? How does stress activate this specific sorting? Furthermore, why do certain trans-
membrane proteins (including point-mutant proteins) bypass the Golgi? Part of the answer lies
perhaps in the resulting glycosylation profile. N-oligosaccharides forming on proteins are
modified in the Golgi to become complex, whereas they remain high mannose when they
bypass the Golgi. This difference in oligosaccharide processing may modify protein function at
the plasma membrane in terms of oligomerization and binding affinity for ligands. This might be
needed to respond to the cell's environment. Alternatively, the cargo segregation away from
conventional cargos in the ER is perhaps a critical step; for instance, to avoid undesired complex
formation in the ER and/or at the plasma membrane.

Concluding Remarks
Many questions remain to be answered (see Outstanding Questions), including whether
unconventional secretion occurs in all eukaryotic organisms. So far all organisms examined,
including yeast, Dictyostelium, Drosophila, and mammals [4], appear to have pathways for UPS.
Unconventional secretion of leaderless proteins, such as endochitinase Cts1, also occurs in
fungi (Ustilago maydis) [57]. In plants the only leaderless protein that appears to be unconven-
tionally secreted is the merolectin Helja, a lectin from Helianthus annuus that is located at the
apoplast (corresponding to the cell wall) of sunflower seeds [58,59]. However, the published
238 Trends in Cell Biology, March 2017, Vol. 27, No. 3



Arabidopsis secretome includes several leaderless proteins that appear to localize to the cell wall
or the apoplastic proteome [60–63]. The value of proteomics data is dependent on the purity of
the organelle or subcellular fraction, but combined these results suggest that UPS of leaderless
proteins exists in plants. Of note, this is GRASP independent as GRASP does not have an
ortholog in plants.

Conversely, examples of fungal BFA-insensitive secretion of signal peptide-containing proteins
are the chitin synthases of Neurospora crassa and a cellobiase of the fungus Termitomyces
clypeatus [57]. Furthermore, parasite fungi secrete small effector proteins in the cytoplasm of the
host cell to manipulate it and facilitate colonization. This is mediated by an invasive hypha that
induces a large invagination or inclusion of the host-cell plasma membrane. Most of these
effectors have a signal peptide and some are secreted to the tip of the hypha using the classical
secretory pathway. However, some of the effectors reach either the invasive hypha plasma
membrane or the cytoplasm of the host cell in a structure called BIC in a BFA-resistant manner
and are thus likely to bypass the Golgi. This Golgi bypass seems to depend on Sec5 and Sso1
[64]. Interestingly, Golgi bypass has so far been restricted to transmembrane proteins, not
secreted ones, which opens the scope of this pathway.

The field of UPS is diverse and heterogeneous, uncovering many pathways to reach the plasma
membrane and extracellular medium. This diversity is surely dictated by the nature of the cargos
that are released, the conditions triggering their release (stress), and the cell type, but this is not
clearly understood. Despite this diversity similarities start to emerge, like their triggering by
cellular stress, the use of the GRASP family members, and the existence of pores to translocate
across membranes. To gain a more unified and precise picture of the UPS field will require
identification of the substrates using these pathways. This will then allow the deciphering of
signals on the released cargos. Furthermore, the machineries sustaining the three UPS path-
ways need to be identified, as well as their regulation by stress. Only then will we gain a better
understanding of why such alternative routes exist.

Acknowledgments
The author thanks Walter Nickel and Vivek Malhotra for important discussions and for critically reading the manuscript, and

the reviewers for incisive comments.

References

1. Palade, G. (1975) Intracellular aspects of the process of protein

synthesis. Science 189, 347–358

2. Ferro-Novick, S. and Brose, N. (2013) Nobel 2013 Physiology or
Medicine: traffic control system within cells. Nature 504, 98

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

4. Rabouille, C. et al. (2012) Diversity in unconventional protein
secretion. J. Cell Sci. 125, 5251–5255

5. Giuliani, F. et al. (2011) Unconventional secretion: a stress on
GRASP. Curr. Opin. Cell Biol. 23, 498–504

6. Steringer, J.P. et al. (2015) Unconventional secretion of fibroblast
growth factor 2 – a novel type of protein translocation across
membranes? J. Mol. Biol. 427, 1202–1210

7. La Venuta, G. et al. (2015) The startling properties of fibroblast
growth factor 2: how to exit mammalian cells without a signal
peptide at hand. J. Biol. Chem. 290, 27015–27020

8. Debaisieux, S. et al. (2012) The ins and outs of HIV-1 Tat. Traffic
13, 355–363

9. Zeitler, M. et al. (2015) HIV-Tat protein forms phosphoinositide-
dependent membrane pores implicated in unconventional protein
secretion. J. Biol. Chem. 290, 21976–21984

10. Torrado, L.C. et al. (2009) An intrinsic quality-control mechanism
ensures unconventional secretion of fibroblast growth factor 2 in a
folded conformation. J. Cell Sci. 122, 3322–3329
11. Rayne, F. et al. (2010) Phosphatidylinositol-(4,5)-bisphosphate
enables efficient secretion of HIV-1 Tat by infected T-cells. EMBO
J. 29, 1348–1362

12. Ebert, A.D. et al. (2010) Tec-kinase-mediated phosphorylation of
fibroblast growth factor 2 is essential for unconventional secretion.
Traffic 11, 813–826

13. La Venuta, G. et al. (2016) Small molecule inhibitors targeting Tec
kinase block unconventional secretion of fibroblast growth factor
2. J. Biol. Chem. 291, 17787–17803

14. Qian, S. et al. (2008) Structure of transmembrane pore induced by
Bax-derived peptide: evidence for lipidic pores. Proc. Natl. Acad.
Sci. U. S. A. 105, 17379–17383

15. Steringer, J.P. et al. (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

16. Nickel, W. (2007) Unconventional secretion: an extracellular trap for
export of fibroblast growth factor 2. J. Cell Sci. 120, 2295–2299

17. Chang, H.C. et al. (1997) HIV-1 Tat protein exits from cells via a
leaderless secretory pathway and binds to extracellular matrix-
associated heparan sulfate proteoglycans through its basic region.
AIDS 11, 1421–1431

18. Zacherl, S. et al. (2015) A direct role for ATP1A1 in unconventional
secretion of fibroblast growth factor 2. J. Biol. Chem. 290, 3654–
3665
Trends in Cell Biology, March 2017, Vol. 27, No. 3 239

http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0325
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0325
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0330
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0330
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0335
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0335
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0335
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0340
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0340
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0345
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0345
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0350
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0350
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0350
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0355
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0355
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0355
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0360
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0360
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0365
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0365
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0365
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0370
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0370
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0370
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0375
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0375
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0375
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0380
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0380
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0380
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0385
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0385
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0385
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0390
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0390
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0390
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0395
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0395
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0395
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0395
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0400
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0400
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0405
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0405
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0405
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0405
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0410
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0410
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0410


19. Wegehingel, S. et al. (2008) Rerouting of fibroblast growth factor 2
to the classical secretory pathway results in post-translational
modifications that block binding to heparan sulfate proteoglycans.
FEBS Lett. 582, 2387–2392

20. Monteleone, M. et al. (2015) Mechanisms of unconventional secre-
tion of IL-1 family cytokines. Cytokine 74, 213–218

21. Martin-Sanchez, F. et al. (2016) Inflammasome-dependent IL-1b
release depends upon membrane permeabilisation. Cell Death
Differ. 23, 1219–1231

22. Conos, S.A. et al. (2016) Cell death is not essential for caspase-1-
mediated interleukin-1b activation and secretion. Cell Death Differ.
23, 1827–1838

23. Ding, J. et al. (2016) Pore-forming activity and structural auto-
inhibition of the gasdermin family. Nature 535, 111–116

24. Adamczyk, M. et al. (2015) P2X7 receptor activation regulates
rapid unconventional export of transglutaminase-2. J. Cell Sci.
128, 4615–4628

25. Prudovsky, I. et al. (2013) Protein–phospholipid interactions in
nonclassical protein secretion: problem and methods of study.
Int. J. Mol. Sci. 14, 3734–3772

26. Green, E.R. and Mecsas, J. (2016) Bacterial secretion systems: an
overview. Microbiol. Spectr. 4, http://dx.doi.org/10.1128/micro-
biolspec.VMBF-0012-2015 VMBF-0012-2015

27. Ktistakis, N.T. and Tooze, S.A. (2016) Digesting the expanding
mechanisms of autophagy. Trends Cell Biol. 26, 624–635

28. Duran, J.M. et al. (2010) Unconventional secretion of Acb1 is
mediated by autophagosomes. J. Cell Biol. 188, 527–536

29. Curwin, A.J. et al. (2016) ESCRT-III drives the final stages of CUPS
maturation for unconventional protein secretion. Elife 5, e16299

30. Lee, J.G. et al. (2016) Unconventional secretion of misfolded
proteins promotes adaptation to proteasome dysfunction in mam-
malian cells. Nat. Cell Biol. 18, 765–776

31. Manjithaya, R. et al. (2010) Unconventional secretion of Pichia
pastoris Acb1 is dependent on GRASP protein, peroxisomal
functions, and autophagosome formation. J. Cell Biol. 188,
537–546

32. Andrei, C. et al. (1999) The secretory route of the leaderless protein
interleukin 1b involves exocytosis of endolysosome-related
vesicles. Mol. Biol. Cell 10, 1463–1475

33. Harris, J. et al. (2011) Autophagy controls IL-1b secretion by
targeting pro-IL-1b for degradation. J. Biol. Chem. 286, 9587–
9597

34. Dupont, N. et al. (2011) Autophagy-based unconventional secre-
tory pathway for extracellular delivery of IL-1b. EMBO J. 30, 4701–
4711

35. Ponpuak, M. et al. (2015) Secretory autophagy. Curr. Opin. Cell
Biol. 35, 106–116

36. Zhang, M. et al. (2015) Translocation of interleukin-1b into a vesicle
intermediate in autophagy-mediated secretion. Elife 4, e11205

37. Son, S.M. et al. (2016) Insulin-degrading enzyme secretion from
astrocytes is mediated by an autophagy-based unconventional
secretory pathway in Alzheimer disease. Autophagy 12, 784–800

38. Kinseth, M.A. et al. (2007) The Golgi-associated protein GRASP is
required for unconventional protein secretion during development.
Cell 130, 524–534

39. Vinke, F.P. et al. (2011) The multiple facets of the Golgi reassembly
stacking proteins. Biochem. J. 434, 423–433

40. Rabouille, C. and Linstedt, A.D. (2016) GRASP: a multitasking
tether. Front. Cell Dev. Biol. 4, 1

41. Bruns, C. et al. (2011) Biogenesis of a novel compartment for
autophagosome-mediated unconventional protein secretion. J.
Cell Biol. 195, 979–992
240 Trends in Cell Biology, March 2017, Vol. 27, No. 3
42. Cruz-Garcia, D. et al. (2014) Remodeling of secretory compart-
ments creates CUPS during nutrient starvation. J. Cell Biol. 207,
695–703

43. Mauthe, M. and Reggiori, F. (2016) ATG proteins: are we always
looking at autophagy? Autophagy 12, 2502–2503

44. Kaushik, S. and Cuervo, A.M. (2012) Chaperone-mediated
autophagy: a unique way to enter the lysosome world. Trends
Cell Biol. 22, 407–417

45. Grieve, A.G. and Rabouille, C. (2011) Golgi bypass: skirting around
the heart of classical secretion. Cold Spring Harb. Perspect. Biol.
3, a005298

46. Tjeldhorn, L. et al. (2011) Protein C mutation (A267T) results in ER
retention and unfolded protein response activation. PLoS One 6,
e24009

47. Jung, J. et al. (2016) The HSP70 co-chaperone DNAJC14 targets
misfolded pendrin for unconventional protein secretion. Nat. Com-
mun. 7, 11386

48. Yoo, J.S. et al. (2002) Non-conventional trafficking of the cystic
fibrosis transmembrane conductance regulator through the early
secretory pathway. J. Biol. Chem. 277, 11401–11409

49. Gee, H.Y. et al. (2011) Rescue of DF508-CFTR trafficking via a
GRASP-dependent unconventional secretion pathway. Cell 146,
746–760

50. Schotman, H. et al. (2008) dGRASP-mediated noncanonical
integrin secretion is required for Drosophila epithelial remodeling.
Dev. Cell 14, 171–182

51. Kim, J. et al. (2016) Monomerization and ER relocalization of
GRASP is a requisite for unconventional secretion of CFTR. Traffic
17, 733–753

52. Schotman, H. et al. (2009) Integrins mediate their unconventional,
mechanical-stress-induced secretion via RhoA and PINCH in
Drosophila. J. Cell Sci. 122, 2662–2672

53. Giuliani, G. et al. (2014) The Drosophila RNA-binding protein HOW
controls the stability of dgrasp mRNA in the follicular epithelium.
Nucleic Acids Res. 42, 1970–1986

54. Hoffmeister, H. et al. (2011) Polycystin-2 takes different routes
to the somatic and ciliary plasma membrane. J. Cell Biol. 192,
631–645

55. Tian, G. et al. (2014) An unconventional secretory pathway medi-
ates the cilia targeting of peripherin/rds. J. Neurosci. 34, 992–1006

56. Lodowski, K.H. et al. (2013) Signals governing the trafficking and
mistrafficking of a ciliary GPCR, rhodopsin. J. Neurosci. 33,
13621–13638

57. Robinson, D.G. et al. (2016) Unconventional protein secretion in
plants: a critical assessment. Protoplasma 253, 31–43

58. Pinedo, M. et al. (2012) Extracellular sunflower proteins: evidence
on non-classical secretion of a jacalin-related lectin. Protein Pep-
tide Lett. 19, 270–276

59. Regente, M. et al. (2012) Apoplastic exosome-like vesicles: a new
way of protein secretion in plants? Plant Signal. Behav. 7, 544–546

60. Albenne, C. et al. (2013) Plant cell wall proteomics: the leadership
of Arabidopsis thaliana. Front. Plant Sci. 4, 111

61. Ding, Y. et al. (2012) Unconventional protein secretion. Trends
Plant Sci. 17, 606–615

62. Krause, C. et al. (2013) Plant secretome – from cellular process to
biological activity. Biochim. Biophys. Acta 1834, 2429–2441

63. Lehtonen, M.T. et al. (2014) Protein secretome of moss plants
(Physcomitrella patens) with emphasis on changes induced by a
fungal elicitor. J. Proteome Res. 13, 447–459

64. Giraldo, M.C. et al. (2013) Two distinct secretion systems facilitate
tissue invasion by the rice blast fungus Magnaporthe oryzae. Nat.
Commun. 4, 1996

http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0415
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0415
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0415
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0415
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0420
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0420
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0425
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0425
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0425
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0430
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0430
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0430
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0435
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0435
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0440
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0440
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0440
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0445
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0445
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0445
http://dx.doi.org/10.1128/microbiolspec.VMBF-0012-2015
http://dx.doi.org/10.1128/microbiolspec.VMBF-0012-2015
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0455
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0455
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0460
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0460
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0465
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0465
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0470
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0470
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0470
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0475
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0475
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0475
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0475
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0480
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0480
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0480
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0485
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0485
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0485
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0490
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0490
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0490
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0495
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0495
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0500
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0500
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0505
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0505
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0505
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0510
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0510
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0510
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0515
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0515
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0520
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0520
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0525
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0525
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0525
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0530
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0530
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0530
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0535
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0535
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0540
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0540
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0540
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0545
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0545
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0545
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0550
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0550
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0550
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0555
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0555
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0555
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0560
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0560
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0560
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0565
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0565
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0565
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0570
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0570
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0570
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0575
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0575
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0575
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0580
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0580
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0580
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0585
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0585
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0585
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0590
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0590
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0590
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0595
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0595
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0600
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0600
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0600
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0605
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0605
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0610
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0610
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0610
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0615
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0615
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0620
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0620
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0625
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0625
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0630
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0630
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0635
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0635
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0635
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0640
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0640
http://refhub.elsevier.com/S0962-8924(16)30205-7/sbref0640

	Pathways of Unconventional Protein Secretion
	From Classical Protein Secretion to UPS
	Type I Pathway: Plasma Membrane Pore Formation
	Self-Made Lipidic Pores Mediate Constitutive Secretion of Fibroblast Growth Factor 2 (FGF2) and HIV Transactivator of Transcription (TAT)
	Inflammation-Driven Heterologous Pore Formation
	Cellular Stress and Pore Formation?
	Type I Pathway: Similar to Bacterial Secretion?

	Type III Pathway: Organelle-Based Translocation of Leaderless Proteins
	From Atg Genes to Secretory Autophagosomes
	Protein Translocation across Organelle Membranes: Not Only for the Type I Pathway

	Type IV Pathway: Bypassing the Golgi with Signal Peptide/Transmembrane Domain-Containing Proteins
	ER Stress Triggers Golgi Bypass via GRASP or Hsp70
	Mechanical Stress and Golgi Bypass

	Concluding Remarks
	Acknowledgments
	References


