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Abstract

Secretion of proteins lacking leader sequence was deemed rare and unconventional, only
accountable for the export of a limited number of clients by mechanisms that are poorly defined.
However, recent studies have shown that many leaderless proteins misfolded in the cytoplasm can
be selectively exported to extracellular milieu via an unconventional secretory path termed
Misfolding-Associated Protein Secretion (MAPS). This process uses the surface of the
endoplasmic reticulum (ER) as a platform to enrich abnormally folded polypeptides, and then
transport them into the lumen of ER-associated late endosomes for subsequent secretion.
Elimination of misfolded proteins via MAPS appears to serve a role in protein homeostasis
maintenance, particularly for stressed cells bearing an excess of protein quality control (PQC)
burden.
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Despite being catalyzed by a plethora of chaperons in the cell, protein folding remains as an
error-prone task; misfolding frequently occurs, imposing a threat to the protein homeostasis
network, particularly in terminally differentiated cells such as neurons as these cells cannot
use proliferation to dilute aberrant polypeptides below aggregation thresholds (Balch et al,
2008; Wolff et al, 2014). Upon aggregation, misfolded proteins can recruit and inactivate
functional proteins to cause great damages. As a result, links between protein aggregation
and neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) etc. have frequently
been noted. In fact, in each of these disorders, aggregates formed by specific misfolded
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proteins were reported, which include AP peptide and microtubule-associated Tau in AD, a-
Synuclein (a-Syn) in PD, Tau and TDP-43 in FTD, and TDP-43 in ALS etc. [1].

To cope with protein misfolding crisis, eukaryotic cells have crafted a sophisticated protein
quality control (PQC) network, which is comprised of chaperones, protein disaggregases,
and degradation pathways. Among them, the ubiquitin proteasome system is the most
effective ‘garbage disposing’ mechanism [2], accountable for clearing a large fraction of
misfolded proteins from diverse subcellular compartments ranging from mitochondria to
nuclei. This system uses the small polypeptide ubiquitin to ‘flag” aberrant proteins for
degradation by the 26S proteasome. Given its importance in protein homeostasis regulation,
defects in the ubiquitin proteasome system are commonly associated with proteotoxic stress.
Additionally, aging-associated decline in the efficiency of the ubiquitin proteasome system
has been suggested as a potential contributor for age-dependent neurodegenerative diseases
[3, 4].

Given the complexity and dynamics of the proteome landscape in higher eukaryotes, there
may exist other PQC mechanisms. Indeed, recent studies have uncovered a unique
mechanism capable of exporting misfolded cytosolic proteins to the extracellular milieu via
an unconventional protein secretion (UPS) pathway [5, 6]. Intriguingly, many
neurodegenerative disease-associated neurotoxic proteins such as Tau and a.-Syn are clients
of this pathway, suggesting a link between protein secretion-based PQC and neuronal
dysfunctions.

An overview of unconventional protein secretion

It has been well established that secretory proteins usually exploit an amino-terminal signal
sequence (also termed leader sequence) to gain access to the endoplasmic reticulum (ER),
from which they are sorted into COPII vesicles for secretion to cell exterior. However, it has
also been noted that some proteins, despite lacking signal sequence, can still be exported
from cells through an conventional secretion mechanism [7]. To date, only a few UPS cargos
have been characterized [8-10]. These studies collectively delineated four routes through
which secretion of a leaderless protein can occur [11]. Among them, FGF-2 [12, 13] and
HIV TAT [14, 15] each form a homo-oligomer upon binding to the plasma membrane, which
creates a path for its own secretion. This process is referred to as type | UPS. By contrast,
many cargos seem to reach cell exterior using a membrane compartment characteristic of the
so-called type 111 UPS. In addition, a secretory pathway resembling type 111 UPS is the
protein release via extracellular vesicles, the best characterized being the exosomes.
Exosomes are vesicles formed when membranes of late endosomes bud inwards,
sequestering cytoplasmic materials in vesicles in the lumen of late endosomes. These
vesicles are then released to cell exterior upon fusion of late endosomes with the plasma
membrane.

At first glance, the membrane organelles involved in type 111 UPS seem different (e.g.
autophagosome, late endosomes, lysosomes in mammalian cells [11] or in yeast a
compartment termed CUPS (Compartment for Unconventional Protein Secretion) [16, 17]),
resulting in what appears to be distinct forms of UPS [11, 18]. However, since most endo-
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vesicles converge on late endosomes or lysosomes [19], and because lysosomes and a pre-
lysosomal compartment are known to form a secretory compartment in specialized secretory
cells such as mast cells and lymphocytes [20, 21], it is possible that a subset of late
endosomes or pre-lysosomes normally have a secretory function even in non-secretory cells
[22]; distinct type 111 UPS mechanisms may simply reflect the different recruiting strategies
that target distinct cargos to this endo-secretory compartment (see below).

Misfolding-associated protein secretion (MAPS)

The MAPS pathway is a recently discovered UPS mechanism, which exports primarily
misfolded proteins from mammalian cells using a type 111 UPS pathway [5]. This process is
initiated when misfolded proteins are recruited to the surface of the ER by an ER-associated
deubiquitinase (DUB) named USP19. Subsequently, cargo proteins enter the lumen of late
endosomes, which are usually located in proximity to the ER. Secretion takes place when
these vesicles fuse with the plasma membrane (Figure 1). As a result, the secreted cargos are
not associated with any extracellular vesicles.

An important feature of the MAPS pathway is its selectivity towards misfolded proteins. In
fact, even for wild-type proteins such as green fluorescence protein (GFP), upon
overexpression a fraction of it appears to be misfolded, which can be secreted from
mammalian cells [5, 23]. A truncated GFP variant that is more prone to misfolding is
secreted much more efficiently than wild-type GFP. Likewise, an ectopically expressed
unassembled (therefore misfolded) cytosolic protein is subject to USP19-mediated secretion,
whereas the properly assembled endogenous counterpart is exempted [5]. Importantly, many
neurodegenerative disease-associated proteins can all be secreted via MAPS, albeit with
different efficiencies [5, 6]. The secretion efficiency of individual client seems to be at least
in part regulated by the aggregation propensity of the substrate [24]. Accordingly, the MAPS
pathway prefers soluble misfolded proteins or small aggregates, but exclude large protein
aggregates.

The substrate specificity of MAPS can be in part attributed to an intrinsic chaperoning
activity of USP19, which allows it to function as a membrane receptor to recruit misfolded
polypeptides [5]. In addition, USP19 is also known to interact with two major cytosolic
chaperones, Hsp90 and HSC70 [25]. While Hsp90 is dispensable for the secretion of the
MAPS substrates tested to date [24], HSC70 serves a regulatory function in MAPS, but the
precise role of HSC70 in this process remains to be determined. In one possible scenario,
HSC70 may form a chaperone cascade with USP19, delivering substrates to a downstream
effector for further processing (see below). Alternatively, HSC70 may be required to
maintain the MAPS machinery in a function state.

Secretion of neurotoxic proteins has also been characterized by Fontaine and colleagues [6].
In a recent report, they demonstrated that misfolded Tau and a-Syn are both released into
media from primary neurons and cultured cell lines via a mechanism depending on HSC70
and its co-chaperone DNAJCS. In addition, the secretion of these client proteins also
requires a SNARE regulator, which normally governs intracellular membrane fusion [6].
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These observations raise the possibility that USP19-regulated MAPS and DNAJC5-
dependent secretion may occur via a common membrane compartment.

Indeed, it was recently demonstrated that USP19-stimulated protein secretion requires
DNAJCS5 acting downstream of USP19 [24]. Moreover, in DNAJC5-stimulated secretion,
cargos could be detected entering a late endosome or pre-lysosomal compartment
reminiscent of that in USP19-dependent secretion. Coincidentally, endogenous DNAJCS is
also localized to the surface of this compartment [24]. Although DNAJCS is not a membrane
protein, it contains a string of cysteine residues that can undergo palmitoylation [26]. This
lipid modification facilitates the anchor of DNAJCS5 into the membrane of late endosomes
and lysosomes. Intriguingly, only the late endosome-associated DNAJC5 displays extensive
co-localization with a MAPS substrate [24]. Collectively, these studies reveal a pathway in
which misfolded proteins are initially enriched at the ER by interacting with USP19, and
subsequently translocated to DNAJCS on late endosomes for secretion (Figure 1).

Can MAPS helps to reduce the load of misfolded proteins and therefore promote protein
homeostasis? Quantitative immunoblotting analyses suggested that although MAPS can
export a wide spectrum of misfolded proteins, its capacity is limited; for any given substrate
tested, only a small fraction (5-10%) ends up being secreted [25]. Intriguingly, many MAPS
substrates were also reported to be degraded by the 26S proteasome [27, 28], suggesting that
MAPS and proteasome represent two alternative paths for disposal of misfolded or
unwanted proteins. In agreement with this idea, inhibition of proteasome enhances
unconventional secretion of misfolded proteins through MAPS [25, 29]. However, it is
unclear whether MAPS can be regulated by other cellular stress signals.

Although the ubiquitin proteasome system is more effective in eliminating misfolded
proteins, the MAPS pathway clearly contributes to protein homeostasis because USP19
deficient cells are highly sensitive to proteasome inhibitor treatment [25]. This observation
suggests that under normal conditions, MAPS occurs constitutively as a supplementary PQC
mechanism as cells rely more on proteasome to eliminate misfolded proteins. The
significance of the MAPS pathway only becomes recognizable when cells encounter an
overwhelming load of unwanted proteins, exceeding the degradation capacity of the
proteasome. Such scenario may occur during aging when the function of the proteasome
declines or during cell differentiation when the cellular proteome landscape undergoes
drastic reshaping. For instance, the differentiation of hematopoietic stem cell to red blood
cells requires removing most cellular proteins but hemoglobin in a short period time. This is
thought to be achieved by proteasomal degradation [30]. However, it remains possible that
other mechanisms such as protein secretion may account for the elimination of some
unwanted cytosolic proteins under this circumstance.

When misfolded proteins are secreted from individual cells, from the perspective of a
multicellular organism, they remain associated with the individual, but only in a different
compartment. Thus, misfolded proteins probably need to be chaperoned into cell exterior or
to be rapidly removed after secretion, so aggregation in extracellular space can be avoided.
Indeed, our recent work showed that the MAPS regulator DNAJCS5 can be co-secreted
together with some misfolded proteins [24]. Moreover, misfolded proteins released into
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media can be rapidly internalized by neighbor cells through receptor-mediated endocytosis
[24]. The surface receptor(s) for misfolded proteins is unclear, but since recent studies have
identified several receptors for protein aggregates formed by neurotoxic proteins such as Tau
or a-Syn [31, 32], it is possible that cells may also have receptors for soluble misfolded
proteins secreted by MAPS.

The secretory compartments in UPS pathways

Although both the MAPS pathway and exosome-mediated secretion use late endosome as a
secretory intermediate, the two pathways have several key differences. Most importantly, in
MAPS, substrates are translocated from the cytosol into the lumen of late endosomes,
whereas in exosome-mediated secretion, cargos are engulfed into small intraluminal vesicles
when the membrane of late endosomes invaginate. Accordingly, exosome formation requires
a set of factors including ESCRT I, I, and 11l complexes, whereas for MAPS, at least
ESCRT I is dispensable [5]. The secretory organelle in MAPS also differs from secretory
autophagosomes since most late endosomes do not bear LC3, a major autophagosome
marker [5]. However, as autophagosomes should eventually fuse with late endosomes or
lysosomes [33-35], it is tempting to speculate that late endosomes or a pre-lysosomal
compartment is the predominant secretory compartment in both type 111 UPS and exosome-
mediated secretion, particularly as they are known to carry “fusogens’, which enable fusion
with the plasma membrane. This model is consistent with the fact that even in non-secretory
cells late endosome and lysosomes can fuse with the plasma membrane in a process critical
for repairing damaged cell surface [22, 36]. In addition, in S. cerevisiae, the UPS cargo
Acyl-CoA binding protein Acbl was reported to translocate from the ER exit site to a
compartment termed CUPS prior to secretion during nutrient starvation. Although it is
unclear whether CUPS is equivalent to late endosomes in mammalian cells, the fact that the
secretion of Acbl is dependent on proteins involved in vesicle fusion is a strong indication
that type 111 UPS may generally require the fusion of a common cargo-bearing compartment
with the plasma membrane.

On the other hand, the mechanisms by which distinct cargos are targeted to the secretory
compartment in different forms of UPS may vary significantly (Figure 2). Exosome-
mediated secretion involves engulfing a portion of cytosol non-selectively into the so called
intraluminal vesicles, whereas in autophagy-mediated secretion, cargoes are selectively
imported into autophagosomes with the assistance of Hsp90 [35]. By contrast, MAPS
cargoes use the USP19-DNAJCS5 chaperone cascade and perhaps other chaperones to gain
access to late endosomes. Interestingly, recent studies reported yet another UPS pathway
(Type 1V) that exports mutated ER integral membrane proteins to the plasma membrane
without passing through the Golgi [37-39]. Intriguingly, the transport of misfolded pendrin
to the plasma membrane in this type UPS is dependent on the HSC70 co-chaperone
DNAJC14 [40], reminiscent of DNAJC5’s involvement in MAPS. However, whether
vesicles carrying these UPS cargoes first fuse with late endosomes/lysosomes prior to cargo
delivery to the cell surface remains to be examined.
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MAPS and chaperone-mediate autophagy

It was noteworthy that some cytosolic proteins can be selectively imported into lysosomes
for degradation via a pathway termed chaperone-mediated autophagy (CMA) [41]. This
process requires direct recognition of substrates bearing a penta-peptide by the cytosolic
chaperone HSC70. Subsequently, HSC70 targets CMA substrates to lysosomes through an
interaction with a lysosome-associated membrane protein named LAMP2A [42]. Despite
having only one transmembrane segment, LAMP2A is thought to form a protein-conducting
channel, allowing entry of CMA substrates into the lumen of lysosomes [41]. In mammalian
cells, late endosomes mature to form lysosomes in the endocytic system. Consequently, a
large population of late endosomes and lysosomes carry the same set of surface markers
[19]. This, together with the fact that the recently characterized MAPS substrate a-Syn was
also known as a CMA client protein [43], raises the question of whether these two pathways
may use a common mechanism to deliver proteins into the lumen of a pre-lysosomal
compartment. The answer is not entirely clear, but several distinctions between the two
processes are noticeable. First, the MAPS pathway involves initial targeting of substrates to
the ER surface, whereas in the CMA pathway, substrates are delivered directly to lysosomes
by HSC70; secondly, misfolded MAPS substrates are recognized by USP19 owing to
exposed hydrophobic segments, whereas CMA substrates use a specific penta-peptide for
lysosomal targeting; thirdly, for CMA substrates, unfolding is a prerequisite for entry into
lysosomes, whereas in MAPS, EGFP- or mCherry-tagged substrates were frequently
detected in late endosomes by fluorescence microscopy, suggesting that at least a fraction of
them enter late endosomes in a folded form. Lastly, even though DNAJCS is localized to
both late endosomes and lysosomes, its co-localization with a MAPS substrate is only
observed in late endosomes but not in lysosomes [24]. Thus, it may be reasonable to assume
that MAPS and CMA utilize two distinct paths to transport proteins into late endosomes or
lysosomes.

MAPS and neurodegenerative diseases

Unconventional protein secretion has long been thought to play a role in neurodegenerative
diseases. Several neurodegenerative disease-associated soluble proteins are known to
accumulate in extracellular space in pathologic tissues [44]. The cause of their release from
cells is largely unclear, neither is the underlying mechanism, but these proteins apparently
need to be exported via an UPS mechanism since they do not possess any leader sequences.
Intriguingly, some neurotoxic proteins can even undergo cell-to-cell transmission [45, 46].
These proteins are usually aggregation-prone. Thus, their transfer from cell to cell has been
thought to facilitate the spreading of protein aggregates in diseases such as Alzheimer’s
disease and Parkinson’s disease [47]. One sensible model in analogous to the prion
hypothesis suggests that misfolded proteins upon entering recipient neurons may serve as
seeds to cause more protein misfolding and aggregation [1, 48]. Accordingly, intercellular
transmission of misfolded proteins is comprised of at least two steps: release of misfolded
proteins from a donor neuron and their uptake by a recipient neuron. It is now well
appreciated that neurons can use a variety of surface receptors to take up misfolded proteins
from extracellular milieu [44]. By contrast, little is known about how misfolded proteins
lacking leader sequence are exported from cells.
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Several models have been proposed to explain the transfer of misfolded leaderless proteins
between neurons (Figure 3). First, specialized membrane spikes could be formed at the
plasma membranes, linking two neurons together. It was suggested that these so-called
‘nanotubes’ may transport misfolded proteins into recipient cells either directly or via
lysosomes [49], but the mechanism of nanotube formation and its physiological relevance
are not fully understood. Besides nanotubes, several studies have investigated the potential
involvement of exosomes in secretion of misfolded Tau, SOD1, and a-Syn [29, 50-57]. The
studies, while confirming that a small fraction of misfolded Tau and a.-Syn are released from
cultured cells by exosomes, also showed that most misfolded proteins are secreted via an
exosome-independent mechanism [6, 29, 53]. This conclusion is not surprising because
exosomes are formed when membranes of late endosome invaginate into the lumen, forming
intraluminal vesicles (ILV) that carry a small portion of the cytosol. Consequently, this
mechanism lacks the specificity required to concentrate selected cargos into the secretory
late endosome. By contrast, MAPS uses chaperone such as USP19 and DNAJCS to
concentrate misfolded proteins in late endosomes. Therefore, it is conceivable that it should
contribute significantly to the intercellular transmission of misfolded proteins between
neurons.

The fact that aberrant proteins secreted by MAPS can be taken up and degraded by other
cells indicates a trans-cellular PQC program, which releases unwanted proteins from
stressed cells and subsequent eliminates them by other cells in a multicellular organism.
Uptake of misfolded proteins may usually be accomplished by specialized cells such as
macrophage, which are well known for their roles in clearing extracellular garbage. Because
misfolded proteins are escorted into the cell exterior by chaperones, which is followed by
rapid removal through endocytosis, aggregation in extracellular space can be avoided despite
constitutive secretion through MAPS. However, this balance may be disturbed during aging
or under disease conditions, resulting in accumulation of protein aggregates in extracellular
space. In fact, Alzheimer’s disease is a neurodegenerative disease associated with
accumulation of extracellular misfolded protein amyloids that include the microtubule-
binding protein Tau and the AR peptide. Intriguingly, recent studies reported that both
ectopically expressed and endogenous Tau can be secreted from cell lines and primary
neurons via MAPS [6], raising the possibility that MAPS, if uncoupled from endocytosis-
mediated clearance, may contribute to the formation of Tau-containing fibrils in aging brain.
The mechanism of AR secretion is not entirely clear, but a recent study suggested that it may
also be exported via an UPS channel [58].

In Parkinson’s disease, the major component of the pathological Lewy body a-Syn can not
only be released from neurons, but also undergo cell-to-cell transmission to spread a.-Syn-
containing aggregates [59, 60]. Mechanistically, it has been demonstrated that in vitro-
formed a-Syn fibril upon injection into mice brains, can be transmitted from the injected
region to a distal area to trigger phosphorylation of native a-Syn at Ser129, a hallmark of
PD pathology [61]. Transmitted a-Syn fibrils can also provide a seeding template to cause
misfolding of native a.-Syn in recipient neurons, and thus accelerate the deterioration of
neuronal functions [48]. Because therapeutic strategies aimed at reducing the entry of a-Syn
into neurons alleviated disease symptoms in mouse models [31, 62], it is conceivable that
agents inhibiting its release may also achieve a favorable effect, and therefore offer a new
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therapeutic strategy. In tissue culture cells, a-Syn secretion is largely mediated by MAPS.
Thus, it is critical to determine whether this process contribute to the release of a-Syn from
neurons /n vivo.

Although the precise link between MAPS and PD pathology remains to be elucidated, this
UPS process is clearly critical for neuronal functions because mutations in DNAJC5 have
been linked to ceroid lipofuscinosis [26, 63], a neurodegenerative condition characterized by
accumulation of auto-fluorescent ‘lysosome-like materials’. Interestingly, most
lipfuscinosis-associated mutations affect the cysteine-rich segment that is required for
localization of DNAJCS to late endosomes and lysosomes. Thus, these lysosomal materials
might be remnants of MAPS vesicles accumulated due to defects in secretion.

Perspectives

The discovery of MAPS has not only expanded the list of the currently known UPS
substrates, but also reveals a back-up PQC strategy used by mammalian cells to promote
protein homeostasis. The research on MAPS is clearly at its infancy. Future studies may
significantly expand our knowledge on membrane trafficking events associated with MAPS
in eukaryotic cells. For instance, how are certain misfolded proteins selected for secretion as
opposed to degradation? How is this triaging decision made? How can a cytosolic protein
enter the lumen of late endosomes? Is there a specific population of late endosomes that is
dedicated for protein secretion? What is the machinery that catalyzes the fusion of late
endosomes with the plasma membrane? Since this unique PQC strategy, while benefiting
individual cells in short term, may impose a significant burden on cells that are responsible
for clearing aberrant proteins from extracellular space, it can have a negative long-term
impact on a multicellular organism. Thus, the pathway is likely tightly regulated. Indeed,
several factors when overexpressed can significantly enhance the flux of the MAPS pathway,
but physiological regulator of this process remains to be identified. With so many open
questions, unconventional secretion of misfolded proteins will for sure offer an exciting
niche in cell biology research for many years to come.
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Figure 1. Misfolding-associated protein secretion (MAPS)
Misfolded cytosolic proteins can be secreted by MAPS following these steps. In step 1,

misfolded proteins are enriched on the surface of endoplasmic reticulum (ER) by binding to
a receptor (e.g. USP19) that has a chaperone activity. For USP19-mediated secretion,
USP19-associated chaperone HSC70 may assist USP19 in substrate recruiting. In step 2,
misfolded proteins are transferred to DNAJC5, a HSC70 co-chaperone that is associated
with the membrane of late endosomes (LE) (Note that Les are generally in close contact
with the ER). Next, the complex of DNAJC5 and misfolded proteins are moved into the
lumen of late endosome via a mechanism that is unclear. In step 4, late endosomes contact
and fuse with the plasma membranes (PM) to release misfolded proteins.
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Figure 2. Multiple pathways to generate secretory late endosome or lysosomes
Different unconventional protein secretion pathways may only differ in the initial substrate

recruiting step. Cytosolic cargos can enter a secretory late endosomes (LE) via
autophagosome (1) or through a Golgi independent vesicular trafficking route between the
endoplasmic reticulum (ER) and LE (2), or in the case of MAPS (3), through direct
translocation into the LE lumen. Invagination of LE membrane also generates intraluminal
vesicles (green circles). The fusion of late endosomes with the plasma membrane (PM)
results in the secretion of both exosome-bearing and exosome independent cargos.
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Figure 3. Proposed models for intercellular transmission of misfolded proteins
i, Misfolded proteins or protein aggregates are packed in to late endosome or lysosomes.

These vesicles are moved from cell to cell through intercellular connections formed by the
so called nano tube. PM, Plasma membrane. ii, In misfolding-associated secretion (MAPS),
misfolded proteins are moved into late endosomes. These vesicles fuse with the plasma
membrane, resulting in the secretion of misfolded proteins. Secreted proteins can enter a
recipient cell by endocytosis. The mechanism(s) by which misfolded proteins enter
lysosomes or late endosomes in model i and ii is unclear. iii, In exosome-mediated secretion,
a fraction of the cytosol is engulfed into multi-vesicular body (MVB) during endosome
maturation. When late endosomes containing MVB fuse with the plasma membrane, the
cytosolic contents are released into the extracellular space in small vesicles termed exosome.
Exosomes can then enter a recipient cell either by endocytosis or by fusion with the plasma
membrane.
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