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Abstract: Unconventional protein export/secretion (UPE/UPS), in contrast to the classical ER-Golgi-dependent export/se-
cretion of proteins with a leader sequence (signal peptide), employs multiple means to release leaderless cargoes (and in some
special cases, cargoes with a leader sequence) to the extracellular space. By far, two major types of UPE have been classified,
vesicle-independent UPE and vesicle-dependent UPE. In the former, UPE cargoes can directly translocate across the plasma
membrane from the cytoplasm without the assistance of a vesicle carrier. In the latter, UPE cargoes translocate into the lumen of
a vesicle which then delivers them out of the cell through membrane trafficking. Both types of UPE require multiple
unconventional solutions to complete secretion. Here, we briefly discuss the multiple strategies for a UPE cargo release,
focusing on two key steps of leaderless cargoes release in UPE: protein translocation and membrane trafficking.
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Introduction

Protein secretion is a key cellular process in almost every organism that delivers soluble and integral proteins
to the extracellular milieu or plasma membrane. In eukaryotes, most secretory proteins contain a hydrophobic
sequence at the NH2-terminus, termed the signal peptide or leader sequence [1]. The signal peptide, which
also exists in many transmembrane proteins, directs the entry of secretory proteins into the lumen of the
endoplasmic reticulum (ER) via the signal peptide recognition particle [2]. From there, the membrane
translocation process is completed by the SEC61 translocon, a protein channel located on the rough ER [3].
Once the secretory protein has entered the ER lumen or inserted into the ER membrane, it is exported out of
the cell via membrane trafficking from the ER to the Golgi. Vehicles like COPII- and COPI-coated vesicles
assist the transport of secretory cargoes between membrane compartments (Figure 1) [4]. The signal peptide-
directed ER-Golgi trafficking route, coined the conventional secretion pathway, has been extensively de-
scribed since the 1950s [5].
In 1990, interleukin-1β (IL-1β) was identified as a secretory factor lacking a signal peptide in monocytes

[6]. In the past decades, it has been found that many cytosolic proteins lacking a signal peptide (leaderless
cargoes) can be released, including cytokines (IL-1s and FGF2), nuclear factors (HMGB1), carbohydrate- or
phosholipid-binding proteins (galectins or annexins), aggregation-prone proteins (Tau and α-synuclein), and
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chaperone proteins (heat shock proteins (HSPs)) [7–9]. Expanding evidence indicates that these secretory
proteins function in diverse biological processes, including inflammation, development, immunity, and lipid
metabolism. In addition, their abnormal release has been associated with human diseases, such as neuro-
degeneration (e.g., Tau and α-synuclein) and cancer (e.g., HSPs and FGF2) [10], and therefore they are
potential drug targets or markers for diagnosis. Leaderless cargoes do not employ the ER-Golgi trafficking
itinerary for secretion, instead they must rely on alternative means to exit the cell, which are collectively
termed as unconventional protein secretion (UPS) (Figure 1) [9,11]. In addition, the trafficking of membrane
proteins to the post-Golgi stations (e.g., the plasma membrane) independent of the Golgi is also included in
UPS. Because the ubiquitin-proteasome system is also abbreviated as UPS, we modify unconventional
protein secretion to unconventional protein export (UPE) to avoid possible confusion from readers outside of
the unconventional secretion field.
The necessity of certain secretory cargoes being released by unconventional means is currently still being

explored, although several explanations have been suggested. Some secretory proteins may be de-activated
by glycol-modification in the ER-Golgi secretory pathway, and thus cannot utilize the conventional pathway.

Figure 1 Conventional and unconventional secretory pathways. In conventional secretion (left), cargoes with a signal peptide enter the ER
with the signal peptide removed. The secretory cargoes are then delivered out of the cell through vesicle trafficking via the ERGIC and Golgi.
In unconventional secretion (right), four types of pathways have been classified. The leaderless cargoes can directly translocate across the
plasma membrane (type I) or via ABC transporters (type II). The cargoes can also enter into a membrane-bound organelle which ultimately
reaches the plasma membrane through membrane trafficking (type III). In addition, the transport of transmembrane proteins towards the
plasma membrane or post-Golgi compartments can occur independently of the Golgi (type IV).
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For example, FGF2 loses its function when it is artificially fused with a signal peptide due to undesired
glycoslyation [12]. In line with the notion of de-activation, the luminal side of the compartments in the ER-
Golgi pathway contains higher concentrations of calcium and a lower pH. This environment may lead to
improper protein folding of some UPE cargoes that are normally synthesized in the cytosol. In addition,
multiple UPE cargoes have dual functions inside and outside of the cell. For example, annexins are calcium-
dependent phospholipid binding proteins that regulate multiple membrane-related processes in the cell,
while, outside of the cell, they act as receptors for serum proteases, as well as regulators of cell migration and
blood coagulation [13]. Finally, as the release of a majority of UPE cargoes is induced by stress, it is likely
that some UPE pathways are generated during evolution for the purpose of anti-stress. One such example of
stress-induced UPE cargo release is the release of IL-1β by pathogen infection [14,15].
Until now, four major types of UPE (i.e., type I-IV) have been classified. In type I UPE (vesicle-in-

dependent UPE), the protein cargoes directly translocate across the plasma membrane from the cytoplasm to
the extracellular space. In this type of secretion, the cargoes can either self-translocate through the plasma
membrane via oligomerization (e.g., FGF2 or HIV-TAT) or exit via Gasdermin D (GSDMD) pore formation
(e.g., IL-1β or HMGB1) [9,16]. Type II UPE refers to the export of lipidated proteins dependent on ABC
transporters and limited studies have been performed regarding the molecular mechanisms driving this
activity [11]; therefore, type II UPE will not be the focus of this review. Type III UPE (vesicle-dependent
UPE) is the umbrella term for all UPE cargoes that require membrane trafficking to complete secretion and
multiple membrane compartments have been reported as stations for cargo transition, including secretory
autophagosomes, multivesicular bodies (MVBs), endolysosomes, and a recently identified compartment in
the ER-Golgi system known as the ER-Golgi intermediate compartment (ERGIC) [17–19]. Finally, the type
IV UPE does not include a soluble cargo but defines the trafficking of a subset of integral membrane proteins
from the ER to the plasma membrane in a Golgi-independent manner [20]. It is worth noting that UPE
cargoes like IL-1β and Tau can employ different pathways (vesicle-dependent and independent) to facilitate
release based on cell type and stress conditions [11,14]. Broadly speaking, another form of protein export, the
nanotube formation between cells, can also be included as a means of UPE. However, in this case, the
proteins are transmitted between cells instead of reaching the cell’s exterior [21]. In this review, we briefly
summarize the up-to-date knowledge regarding multiple strategies employed by soluble leaderless cargoes to
complete secretion, with a focus on two key steps, membrane translocation and vesicle delivery.

Unconventional solutions to cross the phospholipid bilayer

A key step in releasing a secretory protein into an extracellular space is crossing the border of the phos-
pholipid bilayer. In vesicle-independent UPE, the cytosolic cargoes need to directly cross the plasma
membrane. Whereas in vesicle-dependent UPE, secretory cargoes must pass through the border of in-
tracellular membrane compartments into the lumen for subsequent vesicle delivery. Multiple mechanisms
regarding cargo transition from the cytosol to the exterior space or the lumen of compartments have been
described. Cytosolic cargoes can either be taken up by MVBs, engulfed by the autophagosomes, or in-
corporated into vesicles shedding from the plasma membrane, including migrasomes [9,22,23]. These
pathways will lead to the initial release of cargos in extracellular vesicles and, therefore, not be the focus of
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our discussion. Below we focus on illustrating membrane translocation as a mechanism in both vesicle-
dependent and independent UPE for transporting cargo across the phospholipid bilayer, which ultimately
leads to the release of free proteins.

Direct translocation across the plasma membrane

A simple solution for UPE cargoes to exit the cell in a vesicle-independent manner is through direct
translocation across the plasma membrane. Until now, two types of membrane translocation have been
identified. One strategy is to form a lipidic membrane pore for self-translocation. The other is to penetrate the
membrane with assistance from GSDMD pore formation [15].
FGF2 is the best defined cargo utilizing self-translocation. FGF2 is synthesized in the cytosol and binds to

phosphoinositide PI(4,5)P2, an acidic phospholipid enriched in the inner leaflet of the plasma membrane. The
interaction between FGF2 and PI(4,5)P2 triggers the oligomerization of FGF2, which then forms a lipidic
membrane pore with a toroidal architecture across the plasma membrane. Once FGF2 is located at the
outermost portion before reaching the outside of the cell, it binds to acidic heparan sulfate chains of
proteoglycans on the surface to complete its translocation to the exterior [15,16,24]. A recent work identified
Glypican-1 as a major contributor providing heparan sulfate chains to drive FGF2 translocation [25]. The
self-translocation of FGF2 could be reconstituted in an inside-out GUV (giant unilamellar vesicle) system
with only PI(4,5)P2 and heparan sulfates located on different layers of the GUV membrane, suggesting that
the minimal requirements for a functional translocation system are PI(4,5)P2 and heparan sulfates [26]. In
addition, Tec kinase and the Na,K-ATPase have been shown to modulate the translocation process [27,28]. A
requirement of PI(4,5)P2 in vesicle-independent UPE has been reported in other cargoes, including HIV-Tat
[29], Tau [30], and EN2 [31], among which Tau also requires heparan sulfates for secretion [32]. Whether
these cargoes also follow a similar release mechanism remains to be verified (Figure 2A).
The self-translocation model contains several challenges. The first challenge is to ensure directional

transport from the plasma membrane’s inner leaflet to the outer leaflet. This can be achieved by FGF2’s
higher binding affinity to heparan sulfates (Kd~100 nM (1 M=1 mol L−1) [33]; outside) than to PI(4,5)P2
(Kd~5 μM [26]; inside). The second challenge is to maintain cargo activity. In this case, protein unfolding
should be avoided because the extracellular space lacks the chaperone systems needed for protein refolding.
Therefore, FGF2 translocation occurs while FGF2 is in its folded state [34]. The third challenge is the
prevention of membrane rupture mediated by pore formation. This problem can be addressed using at least
two different strategies. Real time imaging found that FGF2 translocation takes a short amount of time to
occur (~200 ms) [35], which minimizes damage to the plasma membrane. In addition, it has been shown that
FGF2 translocation occurs in liquid-ordered microdomains, likely to be lipid rafts, where the rigidity of the
microdomains can account for the resistance to membrane leakage [36]. Interestingly, different from the
requirement of ordered phospholipid microdomains for FGF2 translocation, another kind of vesicle-in-
dependent UPE cargo, annexins, require phospholipid remodeling to complete a flip-flop style of translo-
cation [37]. This indicates that translocation of annexins occurs in a liquid disordered region of the plasma
membrane. It has been unclear how plasma membrane integrity is maintained during this flip-flop translo-
cation.
It can be imagined that the most straightforward way to release cytosolic proteins is to form a protein pore
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Figure 2 Cargo translocation pathways in conventional and unconventional secretion as well as CMA. (A) FGF2 self-translocation across
the plasma membrane. With the assistance of ATP1A1, FGF2 binds to PI(4,5)P2 on the plasma membrane and is phosphorylated by the Tec
kinase. FGF2 then oligomerizes to form a toroidal pore and translocates across the plasma membrane. The inside-out direction of translo-
cation is achieved by FGF2 higher binding affinity to heparan sulfate proteoglycan (HSPG) which locates on the outside. (B) GSDMD-
mediated pore formation and UPE cargo release. In response to stress signals, toxic compounds, or invasive pathogens, GSDMD is activated
by proteolytic cleavage by the active caspase, leading to the release of N-terminal (NT) fragment and subsequently formation of large
GSDMD pores. Cytokines and other inflammatory mediators are released through GSDMD pores. (C) The TMED10-channelled un-
conventional protein secretion (THU). The cytoplasmic HSP90A assists the unfolding of leaderless cargoes which bind to TMED10 on the
ERGIC and induce the oligomerization of TMED10 to form a protein channel. With the help of HSP90B1, the cargoes are translocated into
the lumen of the ERGIC through the TMED10 channel and are ready to be secreted via membrane trafficking. (D) The SEC61-mediated post-
translational translocation in conventional secretion. The process begins with the targeting of polypeptide chain to the SEC61 channel, which
is mediated by the chaperone HSP70 and its membrane binding partner (SEC62/63 complex). With the aid of ER-luminal BiP ATPase, the
polypeptide is translocated unidirectionally from the cytosol into the ER lumen through the SEC61 channel. (E) Protein translocation in
CMA. In CMA, the substrate bearing KFERQ motif is recognized by cytosolic chaperone HSC70 and cochaperones, and then translocated
into the lysosome for degradation with the help of LAMP2A channel and the lysosomal HSC70 (lys-HSC70). (F) Protein translocation in
MAPS. MAPS involves the selective release of misfolded cytosolic proteins delivered to the perinuclear compartment via the aid of ER-
located USP19, chaperone HSC70, DNAJC5 and its regulator CD98hc. The detailed mechanism by which misfolded cargoes are translocated
into the perinuclear compartment and subsequently release remains unclear.
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on the plasma membrane. The study of GSDMD provides a good example of this. It has been shown that the
full length GSDMD contains an active N-terminal domain and a C-terminal domain of self-inhibition [38].
Upon certain cellular stresses (e.g., inflammation), intracellular proteases (such as caspases) are activated to
cleave GSDMD, leading to the release of the N-terminal domain (GSDMD-N) [39,40]. GSDMD-N binds to
PI(4,5)P2 and oligomerizes to form a protein pore with a diameter of ~20 nm [41]. The protein pore allows for
the release of small cytosolic proteins, including IL-1β, IL-18, and HMGB1 [42]. In addition to having a size
control of the released proteins, the negative charge of the pore conduit confers a preference towards proteins
with more positive charges, which is the case for the specific release of mature IL-1β instead of its precursor
[43]. Plasma membrane damage caused by moderate pore formation can be repaired using the ESCRTsystem
[44] or possibly vesicle shedding [39]. If pore formation occurs extensively, it can lead to pyroptosis and the
massive release of cellular contents [40,45] (Figure 2B).

Transmembrane P24 trafficking protein 10 (TMED10)-mediated translocation at the ERGIC

While it has been established that the SRP-SEC61 translocation system recognizes secretory proteins with a
signal peptide in conventional secretion, it remains unknown how leaderless proteins enter into membrane
trafficking systems in vesicle-dependent UPE. Early studies on IL-1β secretion suggested that membrane
translocation is required for the incorporation of IL-1β into a membrane compartment [6,46]. A later study
confirmed this notion by showing that IL-1β entry into a vesicle depends on protein unfolding assisted by
HSP90s [47]. Nonetheless, it has been unclear what transporter is involved in the translocation process.
Using a DHFR-aminopterin system to trap IL-1β in an intermediate state on the membrane, in combination

with crosslinking and mass spectrometry, a single membrane protein TMED10 was identified as a possible
transporter for IL-1β entry into the membrane compartment during secretion. In this model, TMED10
localizes to the ERGIC and forms a protein channel via homo-oligomerization to translocate unfolded UPE
cargoes across the membrane of the ERGIC. At least two HSP90s facilitate this translocation process.
HSP90AB1 is located in the cytosol and may assist the unfolding of cargoes or stabilize the unfolding state.
In the lumen of the ERGIC, HSP90B1(GRP94) likely retains the unfolded cargo in the ERGIC to ensure
unidirectional transport. The process is termed TMED10-channelled unconventional protein secretion (THU)
and multiple UPE cargoes are likely regulated by this pathway, including the IL-1 family members, HSPB5,
Galectin-1/3, Tau, and Annexin A1. Sequence alignment identified a motif of 14 aa (motif-1) existing in
these cargoes and, in the case of IL-1β, the motif-1 is both necessary and sufficient to drive the secretion of
cytosolic proteins through THU, indicating that motif-1 may be a UPE signal peptide [17] (Figure 2C).
TMED10 belongs to the P24 protein family, the members of which have been shown to regulate ER-Golgi

trafficking via sorting specific cargoes (e.g., GPI-anchored proteins) to the cell surface and assisting vesicle
carrier (COPI and COPII vesicles) formation in the ER-Golgi system [48,49]. The P24 protein family is
classified into four subfamilies, α, β, δ and γ. As the only member of the δ subfamily in most vertebrates,
TMED10 cooperates with other subfamily members in conventional cargo transport [50,51]. How does
TMED10 coordinate its functions in both conventional and unconventional secretion? It is likely that
different types of oligomers may account for the dual function of TMED10. In the case of ER-Golgi
trafficking, TMED10 forms hetero-oligomers with other TMEDs to act as cargo receptors, whereas in THU
TMED10 homo-oligomerizes to form a putative protein channel for leaderless cargo translocation [17,50].
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The switch of different oligomer formations may be controlled by leaderless cargo abundance because
overexpression of IL-1β, as well as several other leaderless cargoes, increased the formation of TMED10
homo-oligomer [17]. Notably, TMED family members share homologous domain distributions. Therefore,
one obvious question is whether the TMED family proteins could act as unconventional secretion regulators
similarly to TMED10.
The above findings imply that two protein translocation systems may act in parallel for conventional and

unconventional secretion. Functionally, THU resembles the SEC61 translocation system for post-transla-
tional insertion of substrates into the ER in conventional secretion by harboring functional equivalents. Here,
HSP90AB1, TMED10, and HSP90B1 correspond to HSP70, SEC61, and BIP, respectively. However, there
are mechanistic differences. For example, SEC61 contains three subunits encompassing a core ten-pass
transmembrane SEC61α with two regulatory SEC61β and SEC61γ, whereas TMED10 is a single trans-
membrane protein that requires cargo-induced homo-oligomerization to form a putative protein channel. In
addition, it appears that the location of translocation is different, in which the SEC61 translocon resides on
the rough-ER while TMED10 localizes on the ERGIC. Lastly, the SEC62/SEC63 complex associates with
SEC61 which assists the docking of substrates in conventional export whereas it is pending to identify more
auxiliary factors for TMED10 in THU [3,17,52,53] (Figure 2C and 2D).
It is worth mentioning that another translocation system termed chaperone-mediated autophagy (CMA)

mechanistically works similarly to THU. The purpose of CMA is to degrade single proteins in the lysosome.
Similar to TMED10, in CMA a single transmembrane protein, LAMP2A, forms a protein channel on the
lysosome via oligomerization, which allows unfolded proteins to translocate across the limiting membrane of
the lysosome [54,55]. Two HSC70s act in the cytosol and in the lumen of the lysosome to facilitate cargo
recognition, unfolding, and translocation [55]. A key feature of the proteins degraded by CMA is that they
harbor KFERQ motifs which can be recognized by cytosolic HSC70 [55] (Figure 2E). In THU, two KFERQ-
like motifs in IL-1β have been found. Instead of binding to HSC70, these motifs are essential for HSP90AB1
association and IL-1β release [47]. However, it is unknown if other THU cargoes contain KFERQ-like motifs
for HSP90AB1 binding, as well as how motif-1 coordinates with KFERQ-like motifs to determine UPE
cargo targeting to the THU.

Misfolding-associated protein secretion

It has been shown that misfolded proteins are usually cleared by the ubiquitin-proteasome pathway or the
autophagy pathway. In addition to clearance, it was found that cells can also dispose of misfolded proteins via
secretion, termed misfolding-associated protein secretion (MAPS) [56]. In this pathway, misfolded proteins
are recognized and deubiquitinated by a dual function protein, UPS19, which has both chaperone and
deubiquitylase activities. The ER-located UPS19 acts together with two other chaperones, HSC70 and
DNAJC5 (CSPα), to tether late endosomes to the ER and promote the translocation of misfolded proteins into
the endolysosome and a perinuclear compartment which lacks LAMP1 labeling. Of the two compartments,
misfolded protein entry into the endolysosome belongs to the ESCRT-dependent microautophagy which
leads to the degradation of the cargoes. Interestingly, it is the perinuclear compartment that facilitates the
release of misfolded cargoes. CD98hc cooperates with DNAJC5 to promote the cargo entry into the peri-
nuclear compartment for subsequent release [56–58] (Figure 2F). The cellular function of MAPS is proposed
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to act as another layer of quality control to maintain intracellular homeostasis. In addition, one could
speculate that this system may contribute to misfolded toxic protein transmission in the state of neurode-
generation, though evidence supporting this hypothesis is still pending. In this pathway, it is unknown
whether a protein channel exists on the late endosome for cargo transport. Although LAMP2A, the protein
channel for CMA, modulates MAPS, it is not essential in this pathway, suggesting that LAMP2A is not the
protein channel for MAPS [59]. Importantly, protein unfolding is not required for MAPS [59].

Multiple vesicular stations on the path to the plasma membrane

In vesicle-dependent UPE, cargoes transit through different membrane stations that are functionally re-
purposed for UPE. For example, the ERGIC separates from its function in conventional secretion to cope
with the need of the UPE. For example, a compartment around the ER-exit site (ERES) called the com-
partment for unconventional protein secretion (CUPS), which is positive for Grh1 (the yeast homologue of
mammalian GRASP), is generated for the UPE of the Acetyl CoA binding protein Acb1 in yeast S. cerevisiae
[60], and the autophagosome and the endolysosome, usually for the purpose of degradation, are re-routed
towards the plasma membrane for secretion [61]. Below we briefly discuss the functional change and
remodeling of the endomembrane compartments during UPE.

ER-associated membrane compartments

As is mentioned above, the ERGIC acts as an initial station for multiple UPE cargoes entry into the
membrane in THU. The ERGIC-localized protein channel TMED10 can translocate UPE cargoes into the
lumen of the ERGIC [17]. Unlike the ER, the ERGIC lacks glycosyltransferase used to initiate protein
glycosylation. Therefore, cargo translocation in the ERGIC avoids undesirable glyco-modifications that may
cause cargo deactivation. After entering the ERGIC, vesicles may be generated to deliver cargo to the plasma
membrane. These vesicles bypass the Golgi station because the ARF1 inhibitor Brefeldin A does not affect
UPE. The ERGIC was initially identified as a cycling station between the ER and Golgi for conventional
secretion [62] and it is still being characterized how the ERGIC differentiates its dual function in conven-
tional and unconventional secretion, as well as how the ERGIC produces vesicles that can avoid the Golgi.
One possible explanation is the inhibition of conventional secretion under stress conditions that activate the
UPE. Therefore, stress-related molecular machineries may account for the functional switch of the ERGIC.
Furthermore, the ERGIC has been shown to respond to starvation by forming a contact with ERES [63] and
generating a special class of COPII vesicles (ERGIC-COPII) which merge with the pathway of autopha-
gosome formation [64–66]. The scenario of ERGIC-autophagosome crosstalk in autophagy may be applied
to UPE because cargoes, such as IL-1β and galectins, require both THU and secretory autophagosomes
(shown below) to release [67,68]. Therefore, the switch of the ERGIC connection from the Golgi to the
autophagosome under stress provides a solution for ERGIC functional conversion and Golgi bypass (Figure
3).
In yeast S. cerevisiae, a distinct ERGIC compartment is lacking. Nonetheless, a novel ERGIC-like com-

partment, termed CUPS, is generated under stress conditions for the release of UPE cargoes Acb1 and SOD1
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Figure 3 Endomembrane compartments for vesicle-dependent UPE. In yeast (up), an ERGIC-like structure, called CUPS, is generated near
the ERES for the secretion of UPE cargoes like Acb1. The cargoes may enter into the CUPS and transport out of the cell through a yet-
unknown itinerary likely involving MVBs or secretory autophagosomes. In mammals (down), after the translocation of UPE cargoes into the
ERGIC, multiple membrane compartments downstream of the ERGIC may be involved in the delivery of cargoes out of the cell, including
secretory autophagosomes, MVBs, and secretory lysosomes. Distinct SNARE and RAB proteins are involved in the selectivity of degradative
and secretory autophagy (e.g., SEC22B, RAB8A, RAB27A). GRASP and TRIM16 may be involved in Golgi bypass and SEC22B loading to
UPE vehicles. In addition to the ERGIC as a station for cargo loading, MVB invagination and autophagosome engulfment, as well as a hybrid
pathway the LC3-dependent EV loading and secretion (LDELS) pathway, also participate in the loading and secretion of UPE cargoes,
especially RNA granules and organelles.
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[60,69]. Like ERGIC, CUPS localizes adjacent to the ERES and contains properties of the pre-Golgi, and has
a tubule-vesicular structure [60,70]. In addition, CUPS is functionally connected with the secretory autop-
hagosome [18,71]. Regarding the function, CUPS is also proposed as the initial site for vesicle-dependent
UPE. However, CUPS also harbors its unique features, for example, it is positive for Grh1 [60], and
components of the ESCRT complex Snf7 were shown to transiently associate with and maintain the structure
of CUPS [72] (Figure 3). It is unclear how UPE cargoes enter into the lumen of the compartments at CUPS.
One possibility is through an uncharacterized protein channel. The other possibility is via ESCRT-mediated
membrane invagination.

Secretory autophagosome and endolysosomes

Autophagy was initially identified as a lysosome-dependent bulk degradation pathway through the formation
of double-membrane autophagosomes [73]. Interestingly, studies in lower organisms have found that au-
tophagy can mediate unconventional secretion of the cytosolic Acb1 in yeast S. cerevisiae [74] and AcbA in
the slime mold Dictyostelium [75]. The involvement of autophagy in UPE was further revealed in mam-
malian cells when assessing the UPE of IL-1β [67,68]. Secretory autophagy, as well as its vesicle carrier
secretory autophagosome (as opposed to degradative autophagy and autophagosome), has become an area of
interest in the field of UPE study.
Until now, several types of UPE cargoes have been found to be delivered for secretion by the secretory

autophagosome, including soluble proteins (e.g., IL-1β), organelles (e.g., mitochondria), and protein ag-
gregates [76]. At least two pathways have been proposed to explain cargo entry into the secretory autop-
hagosome. One pathway deals with soluble proteins like IL-1β. The proteins are firstly translocated into the
ERGIC where vesicles are generated with IL-1β in the lumen and these vesicles subsequently merge into the
autophagosome biogenesis pathway. In this case, the topological location of the cargo is the intermembrane
space of the double-membrane autophagosome [17,47]. Fusion of the outer membrane of the autophagosome
with the plasma membrane leads to the release of contents from the intermembrane space in the form of free
proteins and, therefore, enables immediate cytokine function in the case of IL-1β secretion. The other
pathway copes with the release of organelles and protein aggregates via secretory autophagy [19,77]. In this
pathway, it is highly likely that these cargoes are engulfed by the phagophore (the cup shape precursor of the
autophagosome) and localize to the inner membrane of the autophagosome. It is conceivable that these
cargoes are released in the form of extracellular vesicles (Figure 3).
A key question relating to the autophagy system is how secretion and degradation are balanced. Early

studies found that blockage of degradative autophagy by bafilomycin A1 inhibition of lysosome degradation
increased autophagy-mediated secretion [78], suggesting that this double function of autophagy may employ
similar early autophagic factors and the molecular machinery diverged in the late step before fusion with the
plasma membrane (secretion) or the lysosome (degradation). This notion was also confirmed by a recent
study [79]. Later, it was shown that the molecular machinery involved in differentiating secretory autophagy
from degradative autophagy contains RAB GTPases. RAB8 and RAB27A have been shown to regulate
secretory autophagy, whereas RAB7 directs autophagosomes to lysosomes for degradation [67,78,80]
(Figure 3). In addition, it was found that the two types of the autophagosomes contain different SNARE
proteins, in which the secretory autophagosomes contain SEC22B, which can pair with the plasma membrane
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SNAREs STX3/STX4, SNAP23, or SNAP29 [68], but the degradative autophagosome has Syntaxin 17,
which pairs with the lysosome SNARE VAMP8 [81] (Figure 3). Even though we know that different
SNAREs and RABs determine the function of autophagosomes, it is unknown how secretory or degradative
cargoes determine the loading of specific membrane targeting factors, such as RABs and SNAREs.
It is worth noting that the Golgi protein GRASP, which was initially identified as a regulator of Golgi

stacking factor [82,83], has been shown to act as an upstream regulator of the secretory autophagosome in
multiple studies, indicating that GRASP may be a determinant of the secretory autophagosome [75,84,85].
However, a recent study also indicated a role for GRASP in the process of degradative autophagy [86].
Therefore, GRASP has multiple functions depending on cellular contexts. One potential regulatory control of
GRASP function is post-translactional modification, in which phosphorylation and O-GlcNAcylation reg-
ulate the distribution of GRASP55 between the Golgi and the autophagosome [84,86]. Nonetheless, it is still
unclear how GRASP differentiates between the secretory and the degradative autophagosome. Another UPE
regulatory candidate, TRIM16, was proposed to link cargoes to SEC22B-tagged vesicles for secretory
autophagy-mediated UPE trafficking [68]. However, TRIM16 has also been shown to regulate the selective
clearance of autophagic cargoes, including aggregates and damaged endomembranes [87,88]. Therefore, it is
pending to define how GRASP and TRIM16 specifically control the two types of autophagy. Furthermore, it
is necessary to identify additional layers of regulation for the separation of secretory and degradative
autophagy.
Studies on degradative autophagy have shown that autophagosome can fuse with endosomes to form an

amphisome before fusion with the lysosome. Similarly, the secretory autophagosome can crosstalk with
compartments in the endolysosomal system. For example, autophagy-mediated release of Annexin A2 has
been shown to associate with MVBs [89]. Consistently, the release of IL-1β was reported to be dependent on
both autophagic and ESCRT factors [14]. Furthermore, a recent study found that LC3 lipidation, a marker for
the autophagosome, can occur on the MVB to directly mediate the sorting of UPE cargoes (here RNA
binding proteins) into the MVB in a mechanism similar to autophagosome engulfment, termed LC3-de-
pendent EV loading and secretion (LDELS) (Figure 3) [90]. In addition to MVBs, secretory lysosomes have
also been reported to facilitate UPE in a calcium and pH-dependent manner [91]. Two populations of
lysosomes with different pHs have been identified, indicating differential function of lysosomes in the cell
[92]. It is likely that a population of high pH lysosomes may cooperate with secretory autophagosomes to
complete UPE.

Concluding remarks

Unconventional secretion has been investigated for more than 30 years. Extensive studies have revealed
multiple facets of UPE. Many UPE cargoes have been identified and their roles in human health and disease
are still being described. It has been difficult to unify all pathways of UPE, and it is increasingly recognized
that cells employ different strategies to release UPE cargoes depending on physiological and pathological
contents. Multiple types of translocation pathways and membrane trafficking routes have been characterized.
However, several major questions still remain, for example:
(1) What makes a cytosolic protein an unconventional secretory protein? Although certain properties for
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specific proteins have been proposed, including the PI(4,5)P2 and heparan sulfate binding of FGF2, the
diacidic motif of SOD1 [15,17,69], and the motif-1 regarding THU, it has been unclear if these properties are
limited to a specific class of cargoes or could be applied to general roles. Therefore, there is a need to
systematically identify cargoes undergoing each type of UPE and characterize their common features to
provide further clues as to what makes a cytosolic protein an unconventional secretory protein.
(2) Regarding the vesicle-independent UPE, it has been suggested that several other cargoes (e.g., HIV-

TAT, Tau) share a similar requirements for PI(4,5)P2 and heparan sulfate for secretion. In addition, HIV-TAT
has also been indicated to form membrane pores for translocation [93]. Is formation of a lipidic pore for self-
translocation across the plasma membrane a common mechanism for vesicle-independent UPE? If so, how is
plasma membrane rupture prevented during translocation?
(3) In the case of THU, TMED10 is sufficient to drive cargo translocation across the membrane and protein

unfolding is required. However, it is still unclear if TMED10 forms a protein channel without structural
dissection of molecular details. It is not clear if cargo translocates in a totally linearized form or partially
unfolded state.
(4) In vesicle-mediated UPE, especially the autophagosome stage, do secretory and degradative autop-

hagosomes share the same autophagosome carriers or are they separated? In the latter case, what is the initial
trigger for the formation of a secretory or a degradative autophagosome?
(5) Many UPE cargoes have been shown to undergo multiple pathways of UPE, for example, IL-1β. What

determines the selection of a UPE cargo towards a certain pathway to release?
Answering these questions will not only deepen our understanding of perplexing UPE pathways but will

also lead to the comprehensive identification of new UPE cargoes and, therefore, shed light on diagnosis and
treatment of human diseases related to UPE dysfunction.
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