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Abstract: The endoplasmic reticulum (ER) is the site of entry of all proteins that function in the secretory pathway

including the extracellular environment. Because it controls the folding of newly synthesized secretory proteins, the

ER is indispensable for the maintenance of proteostasis in the secretory pathway. Within the ER and, in part, in post-

ER compartments, the quality control of protein folding is under the regulation of the unfolded protein response

(UPR) pathways. The UPR strategy is to enhance protein folding, increase the ER degradation pathway of misfolded

proteins, and allow the exit from the ER of only correctly folded proteins. The latter is controlled by the multimeric

complex COPII, which also provides some of the components for ER-phagy the only route for the disposal of protein

aggregates. In this overview, we wish to contribute to the introduction of new perspectives in the study of the

mechanisms underlying the control of proteostasis within the secretory pathway.

Introduction

The endoplasmic reticulum (ER) is a cell compartment
common to all eukaryotic cells. It is involved in multiple
functions, including protein synthesis, folding, processing,
and transport, lipid metabolism, calcium storage, and
detoxification (Lemmer et al., 2021). The ER membranes are
in continuity with the nuclear envelope (NE), from which
they unravel in a peripheral ER (pER) made of flat sheets and
widely distributed tubular networks (English et al., 2009;
Wilkinson, 2019). ER tubules are shaped by specialized
proteins (Shibata et al., 2010; Friedman et al., 2011; Voeltz
and Barr, 2013; Westrate et al., 2015; Grimaldi et al., 2018),
are highly dynamic (Lee and Chen, 1993), and establish
connections with almost all the cell membranes throughout
contact sites (CS), where signals and molecules are exchanged
to support metabolism and control of subcellular
compartments (Phillips and Voeltz, 2016; Moltedo et al.,
2019; Amodio et al., 2021). The specialized ER domain, called
rough ER (rER), accommodates ribosomes and translocation
complexes, from where many of newly synthesized proteins
enter the secretory pathway. While the entrance is allowed by
sorting signals, ER exit requires that newly synthesized
proteins have acquired their correct conformation and this

ensures that post-ER compartments receive proteins in their
folded and potentially active state. To make this result
effective, the ER is supplied by a complex machinery—the
quality control (QC) of protein folding—made of chaperones
and enzymes. QC requires that ER chaperones, which make
posttranslational modifications, recognize and retain folding
intermediates within the ER. Retention lasts until newly
synthesized proteins acquire their native conformation
(Braakman and Hebert, 2013; Balchin et al., 2016;
Cherepanova et al., 2016). The activity of QC ensures the
proteostasis in the secretory pathway in physiological
conditions and during ER stress, a condition characterized by
the accumulation of unfolded or misfolded proteins within
the ER. QC operates a very severe selection, so that about
12%–15% of newly synthesized proteins in eukaryotes are
eliminated (Duttler et al., 2013; Wang et al., 2013) by the ER-
associated degradation (ERAD) in physiological conditions
(Brodsky, 2012; Forrester et al., 2019). In contrast, when
folding is biased by mutations or by environmental insults
that impair QC function, unfolded proteins form insoluble
aggregates, which cannot be cleared by ERAD (Trombetta
and Parodi, 2003; Chen et al., 2011; Guerriero and Brodsky,
2012; Shao and Hegde, 2016; Tao and Conn, 2018). In this
case, to avoid toxic effects for the cell, the alternative route
for degradation is a specific form of autophagy, called ER-
phagy. The ER-phagy is the autophagic degradation of the
ER, in which fragments of the ER are enclosed by
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autophagosomes and fused with lysosomes (macro-ER-phagy)
or are directly engulfed by lysosomal membrane invaginations
(micro-ER-phagy). Alternatively, lysosomes can directly fuse
with ER-derived vesicles for degradation (‘vesicular delivery’)
(Chino and Mizushima, 2020). Both ERAD and autophagy
are directly dependent on the activity of the signaling
pathway known as “unfolded protein response” (UPR).
However, emerging evidence shows that components of the
multiprotein complex COPII, which forms vesicles packaged
with correctly folded proteins released from the QC, are also
required for the ER-phagy, suggesting that cell survival could
also depend on this crucial factor of the secretory pathway.

The UPR and the Multitasking Control of Protein Folding

The UPR is activated by three distinct transducers, namely the
protein kinase R (PKR)-like endoplasmic reticulum kinase
(PERK), the inositol-requiring enzyme 1 (IRE1), and the
activating transcription factor 6 (ATF6) (Hetz et al., 2020).
These three pathways work in concert to potentiate QC
when the ER fills up with malformed proteins during ER
stress. In this state, the 78-kDa glucose-regulated protein
(GRP78), a chaperone that normally keeps locked each
transducer, releases these proteins, thereby favoring the
activation of the UPR. The UPR affect proteostasis within
the secretory pathway by different mechanisms as follows: i)
the regulation of ER protein folding load by decreasing
protein translation; ii) the improvement of protein folding
within the ER through the transcriptional activation of QC
factors; iii) the degradation of terminally misfolded proteins
through the induction of ERAD or ER-phagy; iv) the
regulation of COPII-mediated export of cargo proteins from
the ER. In this way, the UPR ensures the folding and
trafficking of secretory proteins in properly folded,
functional conformations and prevents the aberrant
secretion of non-native protein conformations (Plate and
Wiseman, 2017; Wu and Rapoport, 2018). In particular, the
UPR potentiates the QC machinery by activating the
expression of ER enzymes and chaperones, such as lectins
calreticulin (CLR) and calnexin (CLNX), oxidoreductases
including protein disulfide isomerase (PDI) and ER-resident
protein 57 (ERp57), and chaperone GRP78 (Sun and
Brodsky, 2019). At the same time, the UPR works in concert
with the ERAD machinery whose components are
upregulated by IRE1 and ATF6 pathways, as occurs for
suppressor/enhancer of Lin-12-like (SEL1L), E3 ligase
hydroxymethylglutaryl reductase degradation 1 (HRD1),
mannosidase ER degradation enhancing alpha-mannosidase-
like (EDEM), and transcription factor erythroid 2-like 1
(Nfe2l1) (Bartelt et al., 2018; Hwang and Qi, 2018; Wu and
Rapoport, 2018). The upregulation of these factors not only
potentiates the QC system but can also be implicated in the
attenuation of UPR signaling. For example, PDIA6 displays
oxidoreductase activity but is also involved in the
attenuation of IRE1 signaling (Eletto et al., 2014). The
kinase/endoribonuclease IRE1 induces the stable expression
of XBP1, which exerts its transcriptional activity on a subset
of genes linked to protein folding, secretion, ERAD, and
lipid synthesis (Yoshida et al., 2001; Calfon et al., 2002;
Acosta-Alvear et al., 2007). In addition, IRE1α could reduce

expression of secretory proteins by specifically degrading
ER-localized mRNAs, ribosomal RNA, and miRNAs
throughout the regulated IRE1-dependent decay (RIDD)
(Hollien et al., 2009; Maurel et al., 2014). In addition, the
kinase PERK unburdens the QC machinery by greatly
reducing the load of potentially unfolded proteins through
decrease of protein translation by the eukaryotic translation
initiation factor 2α (eIF2α) phosphorylation. Finally, the
transcription factor ATF6 activates the expression of several
chaperones and enzymes, including GRP78, as well as the
transcription of XBP1 mRNA (Yoshida et al., 2001). Still
under the UPR control, QC also is effective in the post-ER
compartments. Indeed, unfolded proteins escaping the
COPII check-point or exiting the ER by bulk-flow are
retrieved from the Golgi QC (GQC) and plasma membrane
QC (PMQC) to the ER, where they are finally addressed to
ERAD for degradation (Travers et al., 2000; Karagoz et al.,
2019; Preissler and Ron, 2019). Thus, the goal of all the
events endorsed by the UPR is to return to normality.
Alternatively, if QC is overtaken by unfolding and cellular
homeostasis is compromised, the UPR promotes cell death
(Chen et al., 2011; Wolff et al., 2014; Schneider and
Bertolotti, 2015). Thus, the health of the entire secretory
pathway and, therefore, of the entire cell is at stake within
the ER, and in this context, a crucial role is played by the
UPR, which carefully modulates folding assistance and
degradation. Recently, COPII components have been shown
to play an important role in the QC scenario. On one hand,
crucial components of this multiprotein complex can favor
the ER exit of folded proteins and, on the other hand, they
can recognize protein aggregates accumulating within the
ER, thereby mediating ER-phagy.

The Conventional Role of COPII Carriers in Exiting the ER

COPII carriers bud from restricted domains of the ER
membrane, known as transitional ER (tER) or ER exit sites
(ERESs) (Budnik and Stephens, 2009). COPII assembly
initiates with the GDP/GTP exchanges by Sec12 on the Sar1
protein, which in its GTP-bound form inserts its
amphiphilic α-helix into the ER membrane (Barlowe and
Schekman, 1993; Weissman et al., 2001). Sar1 together with
Sec23/Sec24 dimers forms the pre-budding complex, which
starts membrane curvature and engages cargo proteins
interacting with Sec24 isotypes (Hicke et al., 1992; Barlowe
et al., 1994; Matsuoka et al., 1998; Miller et al., 2002; Miller
et al., 2003; Lee et al., 2005). Finally, Sec13/Sec31
heterodimers complete membrane curvature and COPII
vesicle formation (Fath et al., 2007; Stagg et al., 2008). Since
their discovery in yeast cells, it has become clear through
subsequent work that COPII components play important
roles in the development of human diseases (Lu and Kim,
2020), so much that the work of their discoverer Randy
Shekman has been acknowledged with the 2013 Nobel Prize in
Physiology and Medicine. Indeed, mutations in genes encoding
Sec23A lead to the accumulation of unsecreted procollagen
within the ER and, consequently, to collagen deposition
defects followed by skeletal and developmental alterations,
as revealed in a rare genetic disease known as cranio-
lenticulo-sutural dysplasia (LSD) (Boyadjiev et al., 2006).
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Similarly, pre-chylomicrons, large lipid particles, accumulate
in the ER of enterocytes when the COPII component
SAR1B is mutated, causing the chilomicron retention
disease (CRD) (Jones et al., 2003). A recent work has shown
that an SEC31A mutation causes a neurological syndrome
characterized by developmental delay, microcephaly, and
epilepsy (Halperin et al., 2019). It has been revealed that the
vesicular coat COPII plays a central role in the control of
proteostasis within the secretory pathway. Normally, COPII
mediates budding of carrier vesicles to ensure that only
those proteins that passed the QC are packaged into vesicles.
This step is fundamental for the structural and functional
maintenance not only of post-ER compartments but also of
the extracellular environment (Amodio et al., 2009; Gomez-
Navarro and Miller, 2016). Indeed, in driving vesicle
formation, COPII ensures by Sec24 isotypes that only folded
transmembrane proteins or soluble cargo molecules are
sorted and packaged by specific cargo receptors, respectively.
The flux of COPII vesicle carriers exiting the ER is regulated
by different factors according to secretory demand
(Subramanian et al., 2019) or to the ER stress conditions, in
which the abundance of COPII vesicles is reduced, giving rise
to alterations in cargo secretion and structural defects of
post-ER compartments (Amodio et al., 2009; Amodio et al.,
2013; Amodio et al., 2017).

The Uncanonical Role of COPII in ER-Phagy

Recent evidence shows that COPII subunits can initiate ER-
phagy at specific sites of the ER tubular network, the ER-
phagy sites (ERPHSs), which are distinct from ERESs (Cui
et al., 2019; Subramanian et al., 2019). Characteristically,
ERPHSs contain only one of the Sec24 paralogs (Sfb3/Lst1
in yeast or SEC24C in mammals), which binds to ER-phagy
receptors such as ATG40, which in turn interact with
Atg8/LC3, ubiquitin-like protein essential for autophagosome
biogenesis. The formation of ERPHS also depends on Lnp1,

an ER shaping protein that resides in ER tubules and
stabilizes the three-way junctions that arise upon tubular
fusion (Cui et al., 2019). Therefore, Lst1/SEC24C-Sec23 and
Sec24-Sec23 complexes sort cargoes into two distinct routes,
the secretory route from ERESs or the ER-phagy from
ERPHSs. Thus, the two pathways are independent; in
concert with QC and ERAD, which are UPR-controlled,
they contribute to the maintenance of proteostasis in the
secretory pathway (Fig. 1).

The Cross Talk between the UPR and the ER-Phagy in the
Control of the Fate of Cargo Proteins

There is strong evidence for the existence of a cross talk
between the UPR and the ER-phagy in the control of the
fate of cargo proteins (Smith et al., 2018; Ji et al., 2019; Loi
et al., 2019; Zielke et al., 2020). However, besides the
recognized role of the UPR in protein folding and ERAD
control, the mechanisms underlying the involvement of the
UPR in the modulation of COPII-mediated QC remain
unclear. Different experimental works have identified a
direct correlation between the UPR signaling and the
regulation of COPII proteins expression and assembly
(Higashio and Kohno, 2002; Sato et al., 2002; Farhan et al.,
2008; Teske et al., 2011). Other works have suggested that
the UPR indirectly affects COPII-mediated export from the
ER by impacting the amount of transport-competent
proteins inside the ER (Amodio et al., 2009; Amodio et al.,
2013; Shaheen, 2018; Subramanian et al., 2019). There is
growing evidence for high specificity of ER-phagy in the
disposal of protein aggregates; however, the role of the Lst1/
SEC24C-Sec23 complex at the ERPHSs in the recruitment
of such misfolded aggregates has not yet been clarified.
Indeed, different misfolded cargo proteins are degraded by
ER-phagy mechanisms. In particular, it is known that the
calnexin chaperone recognizes misfolded procollagen I
(PCI) and interacts with the ER-phagy receptor FAM134B

FIGURE 1. ER-phagy and UPR in the control of ER proteostasis. Correctly folded proteins are packaged at ER exit sites (ERESs) into
conventional COPII coat containing SEC24-Sec23. The accumulation of misfolded proteins within the ER activates the UPR that upregulates
ERAD to allow the retrotranslocation and proteasomal degradation of the misfolded ERAD clients. Aggregation-prone proteins that are resistant
to ERAD are segregated into dedicated ER subdomains (ER-phagy sites, ERPHS) and are cleared by ER-phagy. At ERPHS, the COPII
coat subunits Sec23-SEC24C (in mammals)/Sfb3/Lst1 (in yeast) interact with an ER-phagy receptor to initiate autophagosome biogenesis.
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to deliver PCI to degradation through ER-phagy (Omari et al.,
2018; Forrester et al., 2019). Another ER-phagy receptor,
RTN3L, is involved in the degradation of proinsulin protein
aggregates (Cunningham et al., 2019). ER-phagy seems to be
also involved in the degradation of 1-antitrypsin Z (ATZ)
polymers (Itakura et al., 2012) through the fusion of ER-
derived vesicles with endolysosomes. Importantly, recent
works have supported the interplay between the ER stress
and the ER-phagy in the disposal of protein aggregates
(Smith et al., 2018; Loi et al., 2019; Zielke et al., 2020). Smith
et al. (2018) demonstrated that the ER-phagy receptor cell
cycle progression protein 1 (CCPG1) is upregulated during
ER stress to remove protein aggregates in the pER. In the
same way, ER-phagy is directly implicated in the recovery
from cyclopiazonic acid-induced ER stress, in which ER-
derived vesicles are directly engulfed by endolysosomes (Loi
et al., 2019). However, it is still unknown how the UPR and
ER-phagy are coordinated and how the outgoing proteins are
sorted to the appropriate ER subdomain. In our opinion,
it is important to consider that the two heterodimers
Lst1/SEC24C-Sec23 and Sec24-Sec23 have Sec23 protein as
the common partner, suggesting that the availability of this
protein could be important in modulating the two alternative
pathways. Curiously, according to our previous work, the
amount of COPII vesicles is drastically reduced under ER
stress (Fig. 2), and such a reduction impairs ER-to-Golgi
trafficking, thereby leading to structural alterations of post-ER
compartments (Amodio et al., 2009; Amodio et al., 2013).
Moreover, under such conditions, Sec23a cycling at ERES is
highly accelerated, presumably to compensate for the amount
of Sec23 required for the ER-phagy. Interestingly, under the

ER stress, the number of ERESs revealed by the marker Sec16
(Fig. 2) is un-altered (Amodio et al., 2013), which is in
agreement with the fact that ERPHSs rather than ERESs
initiate the ER-phagy response. On these grounds, the
relationship between ER exit at ERESs and ER-phagy should
be investigated in more detail. Such studies could open paths
toward novel therapeutic approaches for intervention in
diseases related to defective ER protein folding, such as
Parkinson disease, Alzheimer dementia, Fabry’s disease, cystic
fibrosis, and many others (Wang and Kaufman, 2016;
Needham et al., 2019).

Conclusions

Overall, the QC within the ER responsible for ensuring that
only adequately folded cargoes enter the secretory pathway
relies on the concerted activity of the ER-phagy and UPRs,
wherein COPII components are involved. However, the
precise mechanisms need to be further investigated.
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FIGURE 2. The UPR-dependent regulation of COPII vesicles formation at ERES. Representative immunofluorescence images showing the
intracellular distribution of the COPII coat marker Sec31 and the ERES marker Sec16 in control (CTRL) conditions or in UPR-induced
cells. In UPR-induced cells, the number of Sec31-labeled spots is drastically reduced compared to control cells (Amodio et al., 2013). In
contrast, UPR does not induce changes in the intracellular pattern of Sec16. Immunofluorescence was conducted on Huh7 cells as
previously described (Amodio et al., 2017; Pagliara et al., 2020; Rapa et al., 2021). Briefly, Huh7 cells seeded on glass coverslips were either
not treated (CTRL) or treated with 300 nM thapsigargin for 2 h and processed for immunofluorescence with anti-Sec31 (BD Transduction
Laboratories) and anti-Sec16 (Bethyl Laboratories) specific antibodies. Scale bar: 10 µm.
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