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Abstract: Discrimination between properly folded proteins and those that do not reach this state is
necessary for cells to achieve functionality. Eukaryotic cells have evolved several mechanisms to
ensure secretory protein quality control, which allows efficiency and fidelity in protein production.
Among the actors involved in such process, both endoplasmic reticulum (ER) and the Golgi complex
play prominent roles in protein synthesis, biogenesis and secretion. ER and Golgi functions ensure that
only properly folded proteins are allowed to flow through the secretory pathway while improperly
folded proteins have to be eliminated to not impinge on cellular functions. Thus, complex quality
control and degradation machineries are crucial to prevent the toxic accumulation of improperly
folded proteins. However, in some instances, improperly folded proteins can escape the quality
control systems thereby contributing to several human diseases. Herein, we summarize how the early
secretory pathways copes with the accumulation of improperly folded proteins, and how insufficient
handling can cause the development of several human diseases. Finally, we detail the genetic and
pharmacologic approaches that could be used as potential therapeutic tools to treat these diseases.
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1. Introduction

Secretory and transmembrane proteins are synthesized in the endoplasmic reticulum (ER) and then
transported to the Golgi compartment for additional maturation. Acquisition of a correct conformation
is a critical step for proteins functionality and targeting to their final destination. This is achieved mainly
by the aid of numerous ER and Golgi apparatus resident chaperones as well as folding modifying
enzymes [1].

ER protein folding is an error prone process especially because of the huge number of possible
conformations that proteins can acquire during folding. To ensure quality control through this process,
both the ER and the Golgi exhibit stringent and complex proteostasis network to coordinate their
functions. ER-dependent protein quality control imposes a collaboration between protein synthesis
and productive folding, ER-associated degradation (ERAD) [2] and ER homeostasis control (unfolded
protein response; UPR) [3]. In addition, Golgi-dependent quality control mechanisms are necessary to
monitor polypeptides maturation and post-translational modifications [4]. For instance, modifications
such as N-linked glycosylation, which is critical for protein recognition and integral maturation,
is initiated in the ER and completed in the Golgi. Several environmental and chemical conditions
can alter the functionality of the ER and Golgi complex causing the accumulation of improperly
folded proteins, which impinge on cellular proteostasis. To prevent immature proteins production and
accumulation, mammalian cells developed different strategical quality checkpoints along the secretory
pathway starting from their synthesis until their final destination. These different checkpoints are

Cells 2019, 8, 1347; doi:10.3390/cells8111347 www.mdpi.com/journal/cells

http://www.mdpi.com/journal/cells
http://www.mdpi.com
https://orcid.org/0000-0003-3847-129X
http://dx.doi.org/10.3390/cells8111347
http://www.mdpi.com/journal/cells
https://www.mdpi.com/2073-4409/8/11/1347?type=check_update&version=2


Cells 2019, 8, 1347 2 of 22

important to prevent the aberrant secretion of improperly folded proteins, which could in turn become
proteotoxic and cause several human diseases (e.g., degenerative and proliferative disorders) [5].

2. Maintenance of Early Secretory Pathway Homeostasis and Impact on Protein Secretion

Secretory proteins and most transmembrane proteins first enter the ER, the first compartment
of the secretory pathway, in order to acquire fundamental modifications that are necessary for their
maturation. These events include for instance N-glycosylation, disulfide bond formation or proline
isomerization [6]. During their journey in the early secretory pathway, secretory and transmembrane
proteins pass through the ER, which they leave through ER exit sites (ERES) into the ER-to-Golgi
intermediate compartment (ERGIC) before they reach the Golgi complex. These processes are facilitated
by chaperones and folding enzymes that assist protein folding in the ER and allow them to skip
quality control checkpoints. Newly synthesized proteins progressively adopt conformations that are
energetically more favorable, until the correctly folded ‘native’ conformation is reached [7].

2.1. Foldases, Chaperones and Quality Control Mechanisms

Once translated, proteins reach the ER lumen and due to the presence of numerous resident
chaperones and modifying enzymes, can continue their travel along the secretory pathway till the
complete maturation. In the other hand, immature proteins will be degraded (Figure 1).
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transported into the Golgi compartment (4). Here other chaperones and enzymes complete proteins 
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Figure 1. Molecular machines involved in the control of protein homeostasis in the early secretory
pathway. After ribosomal-dependent messenger RNA (mRNA) translation (1), newly synthesized
polypeptide chains are imported in the endoplasmic reticulum (ER) lumen. Here, proteins encounter
diverse chaperones, modifying enzymes and complexes, such as CANX/CRT, necessary for maturation
and folding (2). Once ready, mature proteins are embedded into COPII vesicles (3) and transported into
the Golgi compartment (4). Here other chaperones and enzymes complete proteins maturation.
Finally, once completely ready proteins are translocated in diverse subcellular compartments
(extracellular space, mitochondria, lysosomes, etc.) (5). In the other hand, COPI vesicles mediate
Golgi-to-ER retrograde transport of immature proteins (6). Proteins that are not fully mature and do not
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pass ER/Golgi dependent quality control systems are retrieved back in the cytosol through the
ER-associated degradation (ERAD) machinery (i), targeted by ubiquitin system (7) and finally degraded
by proteasome (8). Alternatively, newly synthetized polypeptide chains, in some conditions, do not
reach the ER lumen and are directly ubiquitinated and degraded by proteasome, through a process
referred to as pre-empty quality control (pre-QC) (ii).

Chaperones and enzymes in the ER have different mechanisms to help protein folding.
Two representative ER-resident chaperones, the heat shock protein (HSP70) glucose-regulated protein
78/Bip (GRP78/BIP) and the HSP90 family member GRP94, share a similar mechanism. In particular,
they bind the hydrophobic region of unfolded proteins and facilitate folding through conformational
changes and ATP hydrolysis mediated by their ATPase domains [7]. Notably, a separate class of
chaperones and co-chaperones that belongs to the HSP40 family is in charge of maintaining BiP’s
ATPase-domain functionality. Among them ERdj3, which relies on a multi-protein complex, binds
to BiP in its ATP bound form and is necessary for BiP to recruits its substrates [8]. On the other
hand, the co-chaperone GRP170 binds BiP in ATP depleted conditions. Other molecules such as
ERdj6/p58IPK and ERdj4 were shown to directly bind to unfolded proteins [9]. Moreover, ERdj4 was
found together with ERdj5 to be associated with the ERAD complex, thus implicating their involvement
in protein quality control and degradation rather than in protein folding. Finally, apart from the
malfolded protein, ERdj4 and BiP were demonstrated necessary to bind the luminal domain of the ER
stress receptor IRE1 thus inhibiting its activation in non-stress conditions [10]. BiP was also found in
complex with numerous protein disulfide-isomerases and peptidyl-prolyl cis–trans-isomerases, these
associations appear necessary for promoting folding of nascent polypeptide chain. As a matter of
fact, in vitro experiments show that protein disulfide isomerase (PDI) and BiP cooperate in antibodies
folding, in particular, it was suggested that BiP, by binding the polypeptides, allows PDI access to their
cysteine [11]. In addition to this, BiP is also target post-translational modifications, which control its
activity. For instance, BiP acetylation on lysine 585 was found to inhibit it’s binding on PERK, leading
to activation of the unfolded protein response (UPR) [12,13]. Moreover, BiP, upon glucose starvation,
became ADP-ribosylated and inhibited [14]. Glycoproteins maturation and sorting is mainly under the
control of a subset of lectins such as ERGIC53 and the mannose-6 phosphate receptor in the Golgi.
Diverse lectins in the ER show diverse glycans specificities. The most important canonical ER lectins
are calnexin (CANX) and calreticulin (CALR), which dictate glycoprotein maturation and release in
the secretory pathway [1]. This step includes the activity of different enzymes, such as glucosidase I or
II that control trimming of two glucose residues [1]. As a result, proteins that have only one bound
glucose residue will be recognized as a substrate for the CANX/CALR folding complex [15]. It was
largely demonstrated that the protein disulfide isomerase ERp57 participates in this process by binding
the extended P-domain of calnexin/calreticulin and accelerating glycoprotein folding [16]. Once the
last glucose is trimmed, client proteins are released and bound by an UDP-glucose–glycoprotein
glucosyltransferase (UGGT) [15]. The UGGT is a molecular chaperone, which, due to a large N-terminal
region, can recognize diverse misfolded glycoprotein substrates and specifically add a glucose moiety
to the Man9 containing glycan. Glc1-Man9 glycoprotein can rebind calnexin/calreticulin and undergo
further folding cycles catalyzed by ERp57. If the protein is correctly folded, it can move to the other
steps. If not, a new glucose residue is attached and the client protein enters again into the CANX/CALR
cycle [15].

2.2. Post-Translational Modifications in the ER

Both N-glycosylation and O-mannosylation are pivotal for proteins maturation.
N-linked glycosylation sites, usually composed of asparagine followed by any amino acid that
is not proline, which is followed by serine/threonine sequences, are the sited in which high mannose
oligosaccharide are attached [17]. Finally, O-mannosylation, which will occur on the Ser and Thr
side-chain, will improve protein stability and solubility [18]. Nascent polypeptides initially interact
with the two oligosaccharyl transferase (OST) complexes that transfer the core Glc3Man9GlcNAc2
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(Glc is glucose, Man is mannose and GlcNAc is N-acetylglucosamine) glycan from lipid donor to the
asparagine side chain. The O-mannosylation process involves a single mannose residue linked to Ser
and Thr side-chain hydroxyls in the α-configuration and is crucial for protein quality control. Notably,
it starts in the ER lumen, but can be further extended in the Golgi apparatus thanks to the activity of a
mannosyltransferase, which catalyzes the transfer of mannoses from GDPα-d-mannose. As already
mentioned, together with glycosylation others post-translational modifications (PTM) occur in the
ER and are mediated by ER-resident enzymes. For example, cysteine thiols oxidation is mediated by
protein disulfide isomerases (PDIs) [19]. This class of 20 proteins is strongly induced upon ER stress
induction and is involved both in protein folding and degradation. Structurally, the members of this
family show an ER retention motif and one or more, inactive and active, domains with a predicted
thioredoxin-like structure. However, some of them like ERp29 and 27 only has inactive domains
but both present chaperone activity. On the other hand, ERp19 and AGR2 exhibit a single active
thioredoxin-like domain without demonstrated chaperone activity. The meaning of these differences
between the member of the family is still unknown and should be of interest for further investigations.
Another class of molecules involved in the folding process is the rotamases known as peptidyl-prolyl
cis–trans isomerases (PPIs) [20]. These proteins catalyze the isomerization of Xaa-proline peptide
bonds. This represents a rate-limiting step in the folding of several proteins, including antibodies,
and it occurs when the maturation is almost complete. Mechanistically, it was proposed that the
different ER-resident PPIs (cyclophilin B, FKBP13, FKBP23, and FKBP65) contain a chaperone-like
substrate binding domain or use other ER proteins to bind client polypeptide [20]. As matter of fact,
cyclophilin B does not contain this binding site but relies on a bigger complex capable to recruit
proteins. Indeed, it was found associate with IgG in vivo and it was shown to slowly increase the
isomerization step in vitro, leading to the correctly folded dimeric species. On the other hand, FKBP65
shows chaperone-like activity since it was demonstrated to bind collagen and FKBP23 acts as BiP
ATPase activity inhibitor [20]. However, unlike to disulfide isomerization, it is not still clear whether
PPIs mediated isomerization is important for degradation or/and folding, but further studies are
necessary to clarify how PPIs bind client proteins and their functions in protein folding.

2.3. Proteostasis Maintenance in the Early Secretory Pathway—Signaling Aspects

Proteostasis maintenance is necessary to prevent production of mutated proteins and their
accumulation, to retain uncompleted proteins in an environment suitable for their maturation, to favor
their assembly, to inhibit protein aggregation and to maintain homeostasis in the early secretory
pathway. In this scenario it is clear that the first step for the proteins to travel along the secretory
pathway is to be mature, folded and quality control approved. This indicates that the folding process
and quality control systems go hand by hand. Different genetic and environmental conditions including
hypoxia, glucose deprivation and pH unbalances, may result improper protein folding, consequently
creating a condition known as ER stress [21]. Mammalian ER stress response reacts to mis/malfolded
protein insults in different ways including i) attenuating translation, ii) promoting expression of
chaperones, iii) enhancing protein degradation component (ERAD) and/or iv) inducing apoptosis [22].
All these mechanisms are mediated by three ER transmembrane receptors (PERK, ATF6alpha and
IRE1alpha) [23] that sense and monitor the protein folding status of the ER through their luminal
domains. Upon activation these sensors activate a transcriptional program referred to as unfolded
protein response (UPR). More recently, Golgi stress signaling pathways were also discovered but their
level of characterization is much less (Figure 2).
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unfolded protein response (UPR) sensors IRE1, PERK and ATF6; left) and Golgi stress response 
(right). Left panel: unfolded protein accumulation is sense by three ER resident receptors: IRE1, PERK 
and ATF6. IRE1 activation imposes the induction of two different activities: kinasic and RNAsic 
activity. The first controls phosphorylation of the pro-apoptotic factor JNK, the latter mediates IRE1 
dependent mRNA decay (RIDD) and the unconventional splicing of XBP1 mRNA. PERK activation 
induces eiF2a phosphorylation, thus inducing global mRNA translation inhibition and translation of 
specific mRNA, such as ATF4 mRNA. ATF6 activation induces its translocation into the Golgi, where 
it is the substrate of two proteases. This cleavage promotes the release of an active transcription factor 
known as ATF6f. All together these factors mediate the transcriptional program unfolded protein 
response. Right panel: unfolded protein accumulation also induces a Golgi-dependent response. The 
main receptors are still needed to be defined (X, Y and Z), but currently two main effectors were 
identified: TF3/MLX and CREB3. The first regulates genes necessary to increase Golgi function, the 
latter transcribe for ARF4, thus inducing apoptosis. 
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luminal domain is bound to the chaperone BiP, which inhibits its activity. Upon ER stress, BiP binds 
misfolded proteins and is released from PERK luminal domain allowing its activation through 
oligomerization and trans-phosphorylation. Activated PERK phosphorylates and inactivates the 
alpha-subunit of eukaryotic translational initiation factor 2 (eIF2alpha), leading to global translational 
attenuation [26]. The phosphorylation of PERK is transient as the protein is dephosphorylated by 
specific phosphatases such as CREP (constitutive repressor of eIF2alpha phosphorylation), protein 
phosphatase 2C-GADD34 and p58IPK [27]. CREP is constitutively expressed, whereas the expression 
of GADD34 and p58IPK is induced upon ER stress by PERK and activating transcription factor 6 
(ATF6) pathways, respectively [27]. In parallel, to global mRNA translation inhibition, cells employ 

Figure 2. Organelle homeostasis imbalance signaling pathways. ER stress signaling (with the unfolded
protein response (UPR) sensors IRE1, PERK and ATF6; left) and Golgi stress response (right). Left panel:
unfolded protein accumulation is sense by three ER resident receptors: IRE1, PERK and ATF6. IRE1
activation imposes the induction of two different activities: kinasic and RNAsic activity. The first
controls phosphorylation of the pro-apoptotic factor JNK, the latter mediates IRE1 dependent mRNA
decay (RIDD) and the unconventional splicing of XBP1 mRNA. PERK activation induces eiF2a
phosphorylation, thus inducing global mRNA translation inhibition and translation of specific mRNA,
such as ATF4 mRNA. ATF6 activation induces its translocation into the Golgi, where it is the substrate
of two proteases. This cleavage promotes the release of an active transcription factor known as ATF6f.
All together these factors mediate the transcriptional program unfolded protein response. Right panel:
unfolded protein accumulation also induces a Golgi-dependent response. The main receptors are still
needed to be defined (X, Y and Z), but currently two main effectors were identified: TF3/MLX and
CREB3. The first regulates genes necessary to increase Golgi function, the latter transcribe for ARF4,
thus inducing apoptosis.

2.3.1. Translation Attenuation and mRNA Degradation

PERK is a type I transmembrane protein located in the ER membrane, it contains a luminal
stress sensing domain that senses unfolded proteins accumulation in the ER and a cytosolic portion,
which contains the kinase domain that transduces its activation [24,25]. In unstressed conditions
PERK luminal domain is bound to the chaperone BiP, which inhibits its activity. Upon ER stress, BiP
binds misfolded proteins and is released from PERK luminal domain allowing its activation through
oligomerization and trans-phosphorylation. Activated PERK phosphorylates and inactivates the
alpha-subunit of eukaryotic translational initiation factor 2 (eIF2alpha), leading to global translational
attenuation [26]. The phosphorylation of PERK is transient as the protein is dephosphorylated by
specific phosphatases such as CREP (constitutive repressor of eIF2alpha phosphorylation), protein
phosphatase 2C-GADD34 and p58IPK [27]. CREP is constitutively expressed, whereas the expression
of GADD34 and p58IPK is induced upon ER stress by PERK and activating transcription factor 6 (ATF6)
pathways, respectively [27]. In parallel, to global mRNA translation inhibition, cells employ an additive



Cells 2019, 8, 1347 6 of 22

pathway referred to as RIDD [28], which depends on IRE1lapha RNase domain. In particular, upon
unfolded protein accumulation IRE1alpha receptor dimerize, followed by auto-transphosphorylation
and oligomerization. During RIDD, IRE1alpha cleaves mRNAs encoding for ER-targeted proteins
with harbors a signal peptide or transmembrane domains and that are translated by ribosomes on the
ER membrane. In mammalian cells, RIDD targets are enriched with mRNAs containing a cleavage site
with a consensus sequence (CTGCAG) and a predicted secondary structure similar to the conserved
IRE1 recognition stem-loop of the XBP1 mRNA [28].

2.3.2. Expression of Chaperones and ERAD Components

Chaperones and ERAD components are targets of the active portion of the UPR sensor ATF6alpha
(hereafter referred to ATF6) [29]. ATF6 is a type II transmembrane protein, the cytosolic portion of
ATF6 has a DNA-binding domain containing the basic-leucine zipper motif (bZIP) and a transcriptional
activation domain. To be active, ATF6 is transported from the ER to Golgi [30]. There, ATF6
is sequentially cleaved by a pair of processing proteases called site 1 protease (S1P) and site 2
protease (S2P), and the resultant cytoplasmic portion of ATF6 (ATF6-f) translocates into the nucleus.
ATF6-f binding site are three (ERSEI, ERSEII and unfolded protein response element UPRE) [31–33].
Genes such as BiP, GRP94 and calreticulin, which show these elements in their promoter, are ATF6-f
targets [34]. The ERSEI consensus sequence is CCAAT-(N9)-CCACG, where ATF6 binds to the CCACG
portion, whereas a general transcription factor, NF-Y (nuclear factor Y), binds to the CCAAT portion.
In parallel to ATF6, the IRE1alpha target, XBP1s, also control chaperones and ERAD components
production [35,36]. XBP1s mRNA is the product of the unconventional splicing mediated by IRE1alpha
together with the tRNA ligase RtcB [37]. Diverse ERAD components are XBP1s and ATF6 targets
including: EDEMs, HRD1, DERLIN-2,3, BiP, p58IPK, ERDJ4, PDI-P5 and HEDJ [34]. Interestingly,
ATF6′s activation was found to be linked with diverse quality control proteins, such as ERp18, PDIA5
and EDEM1, [38–40] and with its glycosylation status [41]. In addition, it was shown that an IRE1alpha
paralogue, named IRE1beta, could catalyze, to a lesser extent, the non-conventional splicing of XBP1
mRNA [42]. This data suggest that other parallel and non-canonical pathways can control UPR signals.
In parallel to IRE1beta, an ATF6 paralog exists, ATF6beta, which has the same mechanism of activation
of ATF6 [43]. Notably, ATF6beta was also found to bind the ERSE sequences together with NFY and
mice lacking both ATF6 and ATF6beta die during embryogenesis [43] In addition to this, currently
we know that at least five other ER-resident proteins share the same activation mechanism (CREBH,
LUMAN, OASIS, BBF2H7 and CREB4) [44]. These proteins are activated by ER/Golgi stress and can
regulate UPR target genes expression. However, they can be activated also in the presence of other
stress types, suggesting their lower ER-stress specificity. For instance, ER stress strongly induces
CREBH transcription, but its protein cleavage is modestly induced in the same conditions [44]. Notably,
the cleaved portion was found to cooperate with ATF6 fragment in binding UPRE and ERSE reports.
However, both protein and mRNA levels are upregulated upon inflammation and target genes involved
in inflammatory response were found to be CREBH targets. Moreover, CREBH was demonstrated to be
involved in transcription of genes involved in gluconeogenesis [45] and lipid metabolism in response
to high fat diet. It would be interesting to understand which specific stimuli activates these ATF6-like
transcription factor and whether in those condition ATF6 could help somehow in transcription and
stress resolution.

2.3.3. Mechanisms of Cell Death Induction

In conditions where ER stress become chronic and cannot be resolved, the UPR changes strategies
from adaptive to destructive outputs through the induction of pro-apoptotic pathways. Many pathways
are involved in ER stress-induced apoptosis and it seems to require the concomitant activation of several
pathways to be induced. The main pro-apoptotic pathway is mediated by the transcription factor
CHOP [46]. Its transcription could be dependent by both PERK and ATF6 upon ER stress. CHOP target
genes are GADD34 [47], DR5 [48] and carbonic anhydrase VI, all of which appear to be involved in
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apoptosis. For instance, GADD34, which encodes for a subunit of protein phosphatase 1C, controls
eIF2alpha dephosphorylation, thus promoting protein synthesis re-initiation. Notably, persistent
protein synthesis, during ER stress, induces chronic UPR activation and consequently apoptosis.
The other CHOP target, DR5, which encodes a cell surface death receptor that induces caspase
activation cascades upon ligand engagement, was linked to ER-stress induced apoptosis in different
cancer cell lines through unconventional activation mechanisms [48]. Finally, carbonic anhydrase
VI contributes to ER stress-induced apoptosis, decreasing the intracellular pH [49]. In addition,
the IRE1 arm of the UPR is involved in ER-stress induced apoptosis through to its kinase domain.
The TRAF2/ASK1 complex, which promotes JNK phosphorylation and induces apoptosis, was found
to be recruited to the IRE1alpha kinase domain [50]. Moreover, BCL2 family components appear to be
active in ER stress and participate to the apoptotic pathway [23]. To this the anti-apoptotic factor BCL2
is downregulated by CHOP, leading to enhanced oxidant injury and apoptosis. The pro-apoptotic,
BAX and BAK are active upon ER stress and associate with IRE1 can modulate its activity [51].

2.3.4. Golgi and Mitochondrial Stress

All the organelle involved in the protein quality control are sensitive of unfolded protein
accumulation and respond to this stress using different strategies. The Golgi and the mitochondria
are prone to these stresses and are of interest in many recent studies, mostly because of the pivotal
interconnection between all these organelles in maintaining cellular homeostasis [52,53]. Despite that,
the molecular pathways involved in the stress responses of those organelles are poorly studied
compared to ER stress. The peculiarity of the Golgi stress is that it is an autoregulated process in
which three proteins were found to be important: TFE3, HSP47 and CREB3 [53]. TFE3 regulates genes
necessary for increasing Golgi function after specific induction of Golgi stress (monesin treatment or
SLC35A1 ablation) those genes include fucosyltrasferases and Golgi structural proteins [54]. In addition
to this, monesin treatments were shown to induce expression of an ER-resident chaperone HSP47,
which is not induced by ER stress [54]. Notably, HSP47 depletion not only induces Golgi fragmentation
but also caspase3 and apoptosis induction, thus suggesting a pro-homeostatic role in Golgi stress [55].
Interestingly, HSP47 was shown to interact with IRE1alpha thus increasing its activation [56]. These data
support the hypothesis of a strong connection between the two pathways and organelles. Additionally,
Golgi stress induces apoptosis by activating CREB transcriptional activity. Upon Golgi stress, CREB3
is translocated from the ER to the Golgi, cleaved and transported as active transcription factor in
the nucleus, where it transcribes for ARF4 and induces an apoptotic response in similar fashion to
ATF6 [57]. In addition, CREB3L3 was shown to interact with ATF6-f and together induces expression
of genes linked with gluconeogenesis [58].

2.4. ER Associated Degradation (ERAD), ER Reflux and Endosome and Golgi-Associated Degradation (EGAD)

Proteins that fail to comply with the ER quality control are then diverted to the cytosol where
they are ubiquitinated and degraded by the proteasome in a process termed ER associated protein
degradation (ERAD; Figure 3). ERAD-mediated process consists of four steps: recognition, translocation,
ubiquitination and elimination. Proteins that are folded in the CANX/CALR cycle are recognized
by three ER degradation-enhancing alpha-mannosidase-like proteins (EDEM1–3) that contain a
mannosidase-like domain, which is responsible for the recognition of the mannose residues. EDEM1 is
a transmembrane protein on the ER membrane that recognizes and extracts misfolded glycoproteins
from the CANX/CALR pathway in N-glycan-independent manner. EDEM2 and EDEM3 are ER
luminal proteins, EDEM2 recognizes and targets misfolded glycoproteins in an N-glycan-dependent
manner while EDEM3 increases the degradation of glycoproteins by ERAD through trimming of the
mannose from Man8GlcNAc2 to Man7GlcNAc2 [59]. Recently, the mechanism and the role of two
other redundant ER lectins OS9 and XTP3B in the degradation of glycoproteins were reported [60].
Both lectins were found to be essential for efficient glycoprotein degradation and stabilization of the
SEL1L/HRD1 dislocation complex, while OS9 binds both glycosylated and non-glycosylated proteins,
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XTP3B inhibits ERAD of non-glycosylated proteins that is antagonized by OS9 [61]. Once misfolded
proteins are recognized they are usually associated with two important components, the protein
disulfide isomerase (PDI) that is responsible for isomerization of disulfide bonds and BIP, which is
needed in unfolding of the partially folded structure before translocation. To reach the cytoplasm,
ER-resident proteins need to pass by the ER membrane, this process is mediated by the retrotranslocon.
Historically, this structure was considered to be mainly composed of SEC61, the major component of
the translocation channel that imports polypeptides into the ER; despite that the molecular structure
of the retrotranslocon machinery still remains to be defined. Derlin proteins (Derlin-1, 2 and 3) are
another family of proteins that participate in ERAD and part of the translocon component [2].
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Figure 3. ER and Golgi degradation pathways, namely ERAD (upper panel) and endosome and
Golgi-related stress-responsive associated degradation pathway (EGAD; lower panel). Upper panel:
ERAD-mediated process consists of four steps: recognition, translocation, ubiquitination and
elimination. To reach the cytoplasm, ER-resident proteins need to pass by the ER membrane, this
process is mediated by the retrotranslocon. SEC61 is the major component of the translocation channel
that imports polypeptides into the ER. Derlin proteins participate in ERAD and are part of the translocon
component. Derlin-1 interacts with p97 and VCP-interacting membrane protein 1 (VIMP1) complex
necessary for the recruitment and the transport of unfolded protein to the cytosol, thanks to the help of
ubiquitin fusion degradation protein 1 (UFD1) and nuclear protein localization 4 (NPL4). UBE1 is an
E1 ubiquitin-activating enzyme controls polypeptides degradation. The HRD1 complex is composed of
HRD1, HRD3, Derlin1, OS9, USA1, UBX2 and p97 (ERAD-L); Doa10 complex consists of Doa10, UBX2
and p97 (ERAD-C). Lower panel: EGAD (endosome and Golgi-related stress-responsive associated
degradation pathway) controls changes in the size, subcellular localization, and organization of the
Golgi. The Dsc complex is composed of six components: the membrane proteins Tul1, Dsc2, Dsc3, Dsc4
and Ubx3, and the cytosolic AAA+ ATPase Cdc48 (the homologous for the mammalian p97/VCP).
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In particular, DERLIN-1 interacts with P97/VCP and VCP-interacting membrane protein 1
(VIMP1), this complex was suggested to act as the retro-translocation channel in the ER membrane [62].
The P97/VCP complex is necessary for the recruitment and the transport of unfolded protein to the
cytosol, due to the help of the ubiquitin fusion degradation protein 1 (UFD1) and nuclear protein
localization 4 (NPL4). The third step of ubiquitination is mediated by the ubiquitin-activating enzyme
(E1)–ubiquitin conjugating enzyme (E2)–ubiquitin-protein ligase (E3) of the ubiquitin system [7].
Mechanistically, the ubiquitin, firstly, need to be conjugated to E2 enzyme by the E1 enzyme and then
transferred to the substrates by E3 enzyme. HRD1, gp78 and TEB4/Doa10 belong to the E3 ligases
class, whereas UBC6 and UBE2-G2/UBC7 are E2 ligases mainly involved in ERAD. UBE1 is an E1
ubiquitin-activating enzyme that controls polypeptides degradation by the proteasome through the
formation of a thioester linkage between a cysteine residue in the E1 active site and the C-terminus of
ubiquitin, a process that needs ATP hydrolysis. Notably, HRD1 preferentially targets misfolded luminal
domains (ERAD-L) and DOA10 targets misfolded cytosolic domains (ERAD-C). The HRD1 complex
is composed of HRD1, HRD3, DERLIN1, OS9, USA1, UBX2 and p97 (ERAD-L) [63]; Doa10 complex
consists of DOA10, UBX2 and P97/VCP (ERAD-C). Interestingly, misfolded transmembrane domains
bypass OS9 and HRD3 binding and are directly linked to the HRD1 complex (ERAD-M). Nonetheless,
other E3 ligases exist that show different specificity for substrates [64]. Similar to ERAD, an endosome
and Golgi-related stress-responsive associated degradation pathway (EGAD) exists in the Golgi [4].
EGAD is implicated in several processes including changes in the size, subcellular localization and
organization of the Golgi, thus impacting on cell fate and cellular pathways. For instance, recently
was demonstrated that Golgi stress may promote cells death in MEK1/2 and ERK1/2 dependent
fashion [65,66]. Alternatively, it was also proposed that Golgi stress response confers cytoprotection in
a neurodegenerative disease reprogramming cysteine metabolism [67]. EGAD mediated machinery
was identified in Saccharomyces cerevisiae and was proposed to be mediated by the DSC complex [68].
This complex, similar to the ERAD HSD1 E4-ligase complex, is composed by six components: the
membrane proteins TUL1, DSC2, DSC3, DSC4 and UBX3, and the cytosolic AAA+ ATPase Cdc48
(the homologous for the mammalian p97/VCP). Interestingly, similarly to ERAD, CDC48 mediates
proteins membranes extraction and consequently proteasome degradation at the level of the Golgi
compartment. ORM2, an ER-resident protein, represent one EGAD substrate and it is involved in
sphingolipid biosynthesis, became poly-ubiquitinated in the membrane and then extracted by P97/VCP
for degradation [69]. In this model, EGAD controls sphingolipid biosynthesis by preventing ORM2
accumulation thus contributing on lipid homeostasis in eukaryotic cells. Interestingly, the paralogue of
ORM2, ORM1, does not represent an EGAD substrate. However, diverse DSC substrates have been
identified, and their future characterization will bring new insight into EGAD [22].

2.5. Late Stages of ER-Dependent Membrane Transport

Once quality controlled, newly synthesized proteins need to reach ERES where they incorporate
into carriers that are coated into the membrane-coating coat protein II (COPII) [70]. COPII complex,
a set of highly conserved proteins, responsible for creating small membrane vesicles that originate
from the ER and are enriched on ERES. In particular, Sar1, Sec23, Sec24, Sec13 and Sec31 are the main
components of these vesicles. Sec23 and Sec24 form heterodimer and represent the inner COPII coat,
whereas Sec13 and Sec31 hetero-tetramers and compose the outer COPII coat. Sar1 is a small GTPase
component that initiates the formation of transport vesicles from the ER and for this it is recruited
to the ER membrane [71]. The formation and movement of these COPII-derived vesicles is a crucial
first step in the cellular secretion pathway, through which membrane and luminal cargo proteins
are transported from their site of synthesis, at the ER, to other membrane compartments in the cell.
Specific transporter molecules mediate the exit from the ER of certain glycoproteins, concentrating
them into forward transport vesicles. One of the most important of these cargoes is ERGIC-53, which by
binding high-mannose glycoproteins in the ER mediates their release in a calcium and pH-dependent
manner [71]. Vesicle coat proteins could be also retro-transported from the cis-Golgi to the ER exists in
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a COPI vesicles dependent manner. The COPI coat is composed of seven different protein subunits
to form an heptameric COP complex (α, β, β’, γ, δ, ε and ζ) [72] COPII- and COPI related transports
control is necessary for cellular homeostasis maintenance and both are linked to ER/Golgi stress and
UPR activation regulation. For instance, it was demonstrated that almost all the COPII components
are XBP1s transcriptional target genes, thus suggesting that UPR effectors control cargo vesicles
composition [73]. Indeed, IRE1alpha overexpression was demonstrated to be sufficient to suppress the
defect linked to mutations in SEC genes [74]. Moreover, it was also proposed that the IRE1/XBP1s axis
activated upon nutrient imbalance, mediates COPII dependent lipoprotein traffic, thus reversing liver
steatosis and hypolipidemia and linking COPII vesicles formation to nutrient deprivation stress [75,76].

Interestingly, it was also proposed that CREB3L2, a Golgi stress mediator that shares the same
activation mechanism as ATF6, is responsible for transcription of Sec23A and Sec24D, two components
of the coat protein complex II (COPII), during the differentiation of hepatic stellate cells (HSCs) [77].
Moreover, CREB3L2 in medaka fish embryos appeared to control the transcription of all genes necessary
for enlargement of COPII vesicles to improve collagen export from the ER [78]. Taken together these
evidences all support the hypothesis that COPII formation is not only necessary for transport of folded
proteins, but it is also controlled by ER stress, thus conditions that perturb proteostasis could be also
linked to impaired COPII vesicles formation and all the secretory process.

3. Proteostasis and Secretory Pathway Related Diseases

Protein quality control is a stringent mechanism particularly for production and consequently
secretion of mature proteins. Proteins that escape the quality control (QC) systems can aggregate both
inside and outside the cells contributing to several human diseases.

3.1. Protein Quality Control and Aggregation

Malfolded proteins are linked to ER/Golgi stress activation, protein quality control dysregulation
and diverse human pathologies. For instance, neurodegenerative diseases, such as Parkinson’s disease
(PD), Huntington’s disease (HD), Alzheimer’s disease (AD) and neuropathies (Charcot–Marie tooth
(CMT), are related to gene mutations and consequently to production of immature proteins, prone to
aggregate and to induce neurons cell death [79]. Immature proteins aggregates are able to induce both
cellular stresses and to avoid quality control systems. For instance, all the aggregates linked to AD and
PD were found to induce ER stress activation, but also to impinge on ER stress receptors activation,
thus reducing the pro-homeostatic responses [80]. Interestingly, ERAD components mutation was
associated with AD patients. The Z-variant of the alpha 1-antitrypsin (A1AT) was shown to activate
ERAD-degradation, autophagy and ATF6 transcriptional activity [81–83]. Moreover, activation of the
ATF6 pathway was also shown to attenuate Z-A1AT accumulation and mitochondrial damage in liver
cells through promoting ERAD. PTMs were also associated with protein aggregates accumulations,
for instance, phosphorylation, SUMOylation and ubiquitination have been shown to affect PD-related
proteins, phosphorylation of a-synuclein in ser-129 increase aggregates formation and consequently
toxicity [84] or hyperphosphorylated Tau have been detected in brains of patients with refractory
epilepsy and AD patients [85]. Huntington disease appears to be linked with Golgi stress, since it was
demonstrated to regulate cysteine metabolism through ATF4 activation [86]. Moreover, fragmented
Golgi was observed in cell culture transfected with mutated version of Tau, compared to wild type [87].

3.2. Protein Quality Control and Degradation

A second class of proteostasis-related diseases are due to a more stringent quality control system
that degrades proteins even if they are correctly folded. These diseases are considered loss-of function
diseases and lysosomal storage diseases belong to this class. A more stringent ER quality control,
usually, identifies misfolded or destabilized glucosyl ceramidase (GCase) variants thus promoting
their degradation [79]. It was demonstrated that knockdown of IRE1alpha, PERK and ER proteostasis
network components (FKBP10 and ERDJ3), which are responsible for GCase degradation, serve to
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enhance trafficking of a specific GCase variant, thus reducing its degradation [88]. Cystic fibrosis
belongs to the same diseases family and was linked to increased ERAD activity. In particular, Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR) variants are ERAD targets, recognized by
HSP70, HSP40 and small HSPs, polyubiquitinated and, finally, delivered to the proteasome, thus
inducing their degradation [89,90]. An opposite effect has been shown for variants of transthyretin
(TTR), which are able to avoid ERAD dependent quality control, thanks to ERDJ3-transport, thus
forming amyloids in the heart and peripheral nerves [8,88]. Golgi fragmentation seems to be important
for diverse loss of function diseases, for instance: the Smith-McCort Dysplasia, linked to reduced
Ras-Related Protein RAB33B expression levels, or the Duchenne muscular dystrophy where the
dystrophin (DMD) protein is not expressed leading to aberrant Golgi organization [91].

3.3. Increased Protein Production/Imbalance Demand vs. Capacity

UPR signaling has been shown to be essential in maintaining glucose homeostasis, to this impaired
ER functionality was also connected to many metabolic diseases, such as: obesity, brain and renal
ischemia [92]. Interestingly, PERK and IRE1 pathways and their downstream effectors appear to be
involved in those pathologies. Other metabolic diseases linked to increase accumulation of cholesterol,
homocysteine accumulation and Ca2+ imbalance, such as atherosclerosis, are linked to ER stress
induction and increases chaperones expression [92]. In this context, Golgi and, particularly the
Conserved oligomeric Golgi complex (COG) complex, were shown to be necessary in Low-Density
Lipoprotein (LDL) Receptor (LDLR) trafficking and lipid maturation, through the COPI vesicles [18].
Recently, ATF6 was proposed to play a central role in renal and cerebral ischemia [93]. In particular,
ATF6 targets genes, which are mainly involved in proteostasis regulation, were linked to resistance to
ischemia representing a new putative proteostasis-based therapeutic strategy [94]. It also known that
glucose uptake is a feature for cancer cells, to this UPR role in this context was also explored, and a lot
of works highlighted the importance of all the ER stress receptors and quality control effector in cancer
progression [95]. Notably, tumors cells have developed diverse strategies to avoid apoptotic response
and to take advantages from the pro-homeostatic pathways. As matter of fact, cancer cells were shown
to have high ERAD-component expression levels together with increased proteins glycosylation and
ER lumen dimension [7]. It is interesting to note that there is a tight interconnection between the
different components, for instance, in hepatocellular carcinoma progression, P97/VCP differentially
regulates IRE1alpha and ATF6 resulting in different outputs [96]. Moreover, P97/VCP and GCN2 were
connected with cancer cell metabolism and proteostasis upon nutrient deprivation conditions [97].
Together with high glucose demand, tumor cells are always exposed to hypoxia and increased ROS
production. To cope with hypoxic condition, cancer cells were shown to promote transcription of
ER-oxidases (ERO1), trough PERK and ERO1 was correlated with poor prognosis in breast cancer
patients [47,98].

4. Therapeutic Strategies to Control the Homeostasis of the Early Secretory Pathway

Disturbance of protein quality control systems, the ER/Golgi functions or protein secretion is
considered as a strong cause of many human diseases associated with defects in the secretory pathways.
Proteostasis-associated diseases differ from each other by different gene mutations, and the process
and the machinery involved in their currency and progression. On the other hand, they all have one
common feature, which is the accumulation of immature and/or mis/malfolded proteins (Figure 4).
Here we highlighted diverse strategies that could be translated into the clinic to target the secretory
pathway. Notably, since the strong connection between the different components, one strategy could
be applied to contemporary hit diverse targets.
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4.1. Proteostasis Modulation

The use of compounds that attenuate stress by tempering protein misfolding is believed to be a
promising strategy. As such tauroursodeoxycholate (TUDCA) [99], is a biliary salt that was found to
reduce ER stress, to inhibit inflammatory response (NF-kB inhibitors) and to act as a cytoprotective
especially in pancreatic beta cells and hepatocytes. TUDCA works mainly to reduce ROS and decrease
mitochondria dysfunction in addition to reduce protein aggregates in the cell. These characteristics
place TUDCA as a promising candidate for ER stress mediated diseases and in fact TUDCA is now
translated in several clinical trials studies (TTR amyloidosis or liver cirrhosis) [99,100]. In addition,
4-phenylbutyrate (4-PBA) is an FDA (Food and Drug Administration) approved compound to treat
urea acid disorders. 4-PBA is a histone deacetylase (HDAC) inhibitor whose activity was successfully
demonstrated in several models of human diseases. For instance, administration of 4-PBA has been
shown to effectively stabilize mutant CFTR (∆F508-CFTR) and decrease its degradation resulting
in its increase plasma membrane localization [101]. Another histone deacetylase inhibitor SAHA
was also shown to increase ∆F508 CFTR glycosylation, thus partially rescuing its function [102].
Oral administration of TUDCA or 4-PBA was shown to inhibit hyperglycemia, improve glucose
tolerance, decreased stress inside the ER in response to mis/malfolded protein production and increase
insulin receptor signaling. Moreover, 4-PBA has also been shown to increase the secretion of the
mutant A1AT protein, while TUDCA inhibits apoptosis induced by mutant A1AT protein and reduces
hepatocellular carcinogenesis in an HCC model [103].
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4.2. Gene Therapy

Gene therapy is becoming increasingly important in diseases characterized by single gene
mutations. One example is the treatment of the Gaucher disease, in which the wild-type (wt) variant
of the protein is introduced to correct an existing mutant protein through intravenous administration.
However, low amounts of the injected enzyme to reach the target organelle, reducing the efficacy of the
treatment. A new delivery strategy was developed through the use of the adeno-associated viral (AAV)
vector, which showed promising results in clinical trials for several diseases including monogenic
disorders. Moreover, administration of adeno-associated viral vectors encoding the ER chaperone
BiP in the Substantia Nigra pars compacta (SNpc) was associated with diminished dopaminergic
neuron loss induced by αSYN overexpression [104,105]. Delivery of the αSYN target RAB1, using
AAVs, has been tested as a strategy to restore protein maturation in PD models [106]. Alternatively,
lentivirus-mediated protein delivery, was shown to protect from locomotor deficits induced by αSYN
overexpression [107]. PD development was also associated with low XBP1 activity, a matter of fact
XBP1 depletion was increasing ER stress and apoptosis in adult SNpc, to this gene therapy to deliver
an active form of XBP1 was used [105]. Interestingly, neuroprotection and reduced striatal denervation
was observed in animals injected with 6-hydroxydopamine [108]. The same interesting results were
obtained in Huntington’s disease models. Here, AAV-mediated delivery of XBP1s was sufficient to
reduce mutant huntingtin levels in mice models of these diseases, suggesting that gene therapy could
represent a promising strategy to improve protein folding in proteinopathies [109].

4.3. Targeting Protein Folding and Quality Control Machineries

Most of the components of the secretory and protein quality control pathways could potentially
target small molecules proteostasis regulators. The ERQC for glycoproteins can be altered by
α-glycosidase inhibitors CST (dual ER α-Glu I/II), 4-dideoxy-1,4-imino-D-arabinitol (DAB, ER α-Glu II)
and 2,5-dideoxy-2,5-imino-D-mannitol (DMDP, ER α-Glu I) and the mannosidase inhibitor kifunensine
(KIF, ER Man I) [110] are used in the clinic together with iminosugars [111] a class of α-glycosidases
inhibitor, which mimic carbohydrate structure preventing N-glycan trimming. For their inhibitory
activity, iminosugars are used in the treatment of various diseases, such as cancer, viral infections
and cystic fibrosis [111]. P97/VCP is considered to be upregulated in multiple diseases and cancers,
this highlights its importance as a potential therapeutic target. DBeQ, ML240, ML241 and CB-5083,
selective and potent P97/VCP inhibitors, rapidly cause cancer cell death [62]. CB-5083 selectively
binds P97/VCP D2 domain and induce proteotoxic stress through CCAAT/enhancer-binding protein
homologous protein (CHOP) and death receptor 5 (DR5) upregulation [112,113]. In 2017, preclinical
data for CB-5083 later showed efficacy in several multiple myeloma (MM) models [114]. NMS-873,
an allosteric inhibitor of P97/VCP, was shown to interfere with protein degradation and to induce
cancer cell death [96]. The cargo receptors also were shown to be pivotal for proteinopathies. Recently,
a molecule called BRD4780 was shown to be able to remove MUC-1 mutant misfolded protein from
the cargo receptor TMED9 [96]. This retention mechanism is at the basis of an autosomal kidney
condition known as MKD. Interestingly, it was also shown that BRD4780 mediates the clearance
of others misfolded proteins, suggesting that it could be applied for different proteinopathies [115].
PDI proteins family, such as ERP57 or ERP72, involved in the onset of different neurodegenerative
diseases and upregulated in cancer, could be targeted using PACMA31 [116]. This molecule was
shown to bind the active-site cysteines in PDIs, thus inhibiting their activity and inducing cytotoxicity
in ovarian cancer cells. In the other hand, the 16F16 compound is employed to increase PDIs activity
and to suppress apoptosis in HD cell lines model [117,118]. Finally, a series of sulfhydryl reagents
were reported to inhibit the catalytic activity of PDI, by reacting with the free thiol groups in PDI
and therefore, acting as irreversible inhibitors [116]. Some small molecules block later stages in the
secretory pathway such as Golgi transport. One such molecule is the Golgicide A (GA), which induces
the dislocation of markers of the cis-Golgi without affecting morphology of the ERGIC and endocytic
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pathways. Clinically, it was shown to inhibit protein secretion, arrest Shiga toxin trafficking in the
endosomal compartment and disrupt epithelial apical junctions [119].

4.4. Targeting the UPR

Compounds interacting directly with UPR mediators (e.g., PERK, IRE1a or ATF6) can also
be valuable therapeutic agents for the treatment of neurodegeneration and cancers. For instance,
the PERK/eiF2a pathways are crucial in the onset of prion like diseases, different cancers, metabolic
diseases and other disease models. Targeting of the PERK/eIF2α pathway using the potent PERK
inhibitor GSK2606414 [119,120] resulted in neuroprotection in prion disease and Tau-mediated
frontotemporal dementia models. Oral administration of GSK2606414 resulted in effective
neuroprotection, preventing nigral-dopaminergic neuron loss in mice treated with a PD-inducing
neurotoxin [116]. These positive effects of GSK2606414 administration were accompanied by augmented
dopamine levels in the striatum, improved motor performance and increased expression of synaptic
proteins. Thus, inhibiting PERK signaling could be considered as an interesting candidate for disease
intervention. However, GSK2606414 administration has resulted in severe side effects related with
pancreatic toxicity, in addition to off-target effects on RIP kinases. Persistent activation of eIF2α
has been linked to the development of several neurological disorders and its modulation could
be promising as therapeutic strategy. For example, the small molecule Salubrinal® inhibits eIF2α
phosphatase complexes, GADD34-PP1 and the constitutive complex (CREP-PP1) [121]. At last, ISRIB
was identified as inhibitor eIF2B and was shown to increase cognitive memory process in mice,
to be protective in mouse models of neurodegeneration and in traumatic brain injury [122]. Notably,
it resulted less toxic compared to the PERK inhibitor when injected in mice. Moreover, as IRE1alpha
was linked to different aspects of proteinopathies, the use of IRE1 modulators could become of
interest. For instance, kinase-inhibiting RNase attenuators (KIRAs) were developed to inhibit the IRE1
arm of the UPR. KIRA6 and KIRA8 were shown recently to inhibit IRE1a in vivo and promote cell
survival during ER-stress conditions [123,124]. In addition, other compounds that target the IRE1
endoribonuclease domain, such as toyocamycin, STF-083010, 4µ8C, MKC-3946 and B-I09, are also
highly used in different diseases models. STF-083010, MKC-3946 and toyocamycin demonstrated
therapeutic efficacy in multiple myeloma xenograft models [125–127], and B-I09 has been shown to
control the aggressiveness of chronic lymphocytic leukemia cells in vivo [128]. Salubrinal®, a registered
drug compound, was mainly reported to directly inhibit the GADD34-phosphatase complex that
dephosphorylates eIF2a (PERK-cascade). Thus, Salubrinal® was demonstrated to be a cytoprotective
agent against ER stress [121,129]. Finally, ATF6 pro-homeostatic activity was linked to all those
pathologies in which proteostasis results impaired. In this context, very recently, an activator of ATF6
was tested and it was found as protective in several pathologies such as renal/cerebral ischemia and
proteins aggregation-related diseases. In particular, it was show that the compound 147 induces ATF6
by selectively modifying ER resident proteins that regulate ATF6 activity, such as PDIs, which suggest
the tight connection between the different components of the ER stress responses [130]. In parallel,
ATF6 inhibitors are employed against cancer, for instance Nelfinavir, firstly identified as viral proteases
inhibitor, was then shown as S1P/S2P proteases inhibitor together with its derivate. This compound
was show increase cell death in prostate and breast cancer cells [131,132]. However, giving the
non-specific action of Nelfinavir, another class of ATF6 inhibitors has been recently discovered in the
Walter lab. Ceapins, a new class of pyrazoleamides, have been recently demonstrated to specifically
inhibit the ATF6alpha branch of the UPR by blocking ATF6a processing and nuclear translocation in
cells undergoing ER stress. Ceapins are rather toxic, therefore further optimization of Ceapins for
in vivo use should be done [133,134].

5. Future Perspectives

An even more increasing number of diseases are associated with the accelerated production
and/or delayed clearance of protein aggregates, which point the attention on developing new drugs as
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a crucial objective. Studying the molecular mechanisms on the basis of ER stress and proteostasis has
allowed scientists to discover the existence of a strong connection with various diseases. From a clinical
point of view, these discoveries were essential to uncover new therapeutic targets and approaches to
struggle diverse pathologies. The diversity between the diseases make the duty difficult, however
lingering on the similarities, for instance between the neurodegenerative diseases, we could observe
neuronal loss and proteins aggregation in the brain. This aspect should be taken in account, in a clinical
prospective, pointing the attention on founding new apoptotic factors inhibitors or new molecular
chaperones that could reduce aggregates accumulation. Some compounds have already been identified
but an effort to find new possibilities for patients with cystic fibrosis and α1-AT deficiency should be
done. For the amyloid-deposition diseases, a strategy could be the stabilization of the mature protein
or the depletion of the precursors. Activation of the immune system against these aggregates, using a
kind of vaccine, could be a promising strategy. Important progresses were made also in understanding
the role of UPR and proteostasis in oncogenesis and cancer progression. In this context, ER stress and
proteostasis are protective and the goal is to increase immature proteins accumulation to overcome the
ability of the cells to survive. In this prospective, drug screenings were made to identified compounds
that could be useful to target proteostasis and its pro-homeostatic effectors together with anti-tumor
effects. To this, combinations of UPR inhibitors with conventional and non-conventional anti-cancer
drugs could be a strategy. However, since in proteostasis and cancer development are involved also
other processes, such as hypoxia, DNA damage and calcium balance, compounds that targets also
these pathways could give higher effects compared to the single treatments. In addition, it is known
that cancer cells are able to transmit signals to the surrounding cells in the microenvironment due
to secretion of diverse molecules. For better understanding, deeper studies on secretion should be
done. Therefore, it could be necessary to find a way to manipulate specific UPR or secretory pathway
components to find single targets for particular tumors type. Development of less toxic and more
bio-available versions of drugs could amelioration these molecules and may represent an optimal
strategy to improve specificity of treatments.
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Abbreviations

ER Endoplasmic Reticulum
UPR Unfolded Protein Response
IRE1 Inositol-requiring enzyme 1 α
PERK Protein kinase R (PKR)-like endoplasmic reticulum kinase
ATF6 Activating transcription factor 6
ERAD Endoplasmic-reticulum-associated protein degradation
EGAD Endosome and Golgi-related stress-responsive Associated Degradation
XBP1 X-Box binding protein 1
ATF4 Activating transcription factor 4
eiF2α Eukaryotic translation initiation factor 2A
ERGIC ER-to-Golgi intermediate compartment
ERES ER exit sites
HSPs Heat shock protein
GRP78 Glucose-regulated protein 78
CANX Calnexin
CALR Calreticulin
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Pre-QC Pre empty-Quality Control
PDI Protein Disulfide Isomerases
PPI Peptidyl-Prolyl cis–trans isomerases
PTM Post Translational Modification
EDEM ER degradation-enhancing alpha-mannosidase-like protein
PD Parkinson’s disease
HD Huntington’s disease
AD Alzheimer’s disease
CMT Charcot-Marie-Tooth neuropathies

References

1. Anelli, T.; Sitia, R. Protein quality control in the early secretory pathway. EMBO J. 2008, 27, 315–327.
[CrossRef] [PubMed]

2. Meusser, B.; Hirsch, C.; Jarosch, E.; Sommer, T. ERAD: The long road to destruction. Nat. Cell Biol. 2005, 7,
766–772. [CrossRef] [PubMed]

3. Merksamer, P.I.; Papa, F.R. The UPR and cell fate at a glance. J. Cell Sci. 2010, 123, 1003–1006. [CrossRef]
[PubMed]

4. Fonseca, D.; Carvalho, P. EGAD! There is an ERAD doppelganger in the Golgi. EMBO J. 2019, 1–3. [CrossRef]
5. Hetz, C.; Chevet, E.; Harding, H.P. Targeting the unfolded protein response in disease. Nat. Rev. Drug Discov.

2013, 12, 703–719. [CrossRef]
6. Braakman, I.; Bulleid, N.J. Protein folding and modification in the mammalian endoplasmic reticulum.

Annu. Rev. Biochem. 2011, 80, 71–99. [CrossRef]
7. Liu, Y.; Ye, Y. Proteostasis regulation at the endoplasmic reticulum: A new perturbation site for targeted

cancer therapy. Cell Res. 2011, 21, 867–883. [CrossRef]
8. Genereux, J.C.; Wiseman, R.L. Regulating extracellular proteostasis capacity through the unfolded protein

response. Prion 2015, 9, 10–21. [CrossRef]
9. Buck, T.M.; Brodsky, J.L. Escaping the endoplasmic reticulum: Why does a molecular chaperone leave home

for greener pastures? EMBO J. 2015, 34, 1–3. [CrossRef]
10. Amin-Wetzel, N.; Saunders, R.A.; Kamphuis, M.J.; Rato, C.; Preissler, S.; Harding, H.P.; Ron, D. A J-Protein

Co-chaperone Recruits BiP to Monomerize IRE1 and Repress the Unfolded Protein Response. Cell 2017, 171,
1625–1637. [CrossRef]

11. Mayer, M.; Kies, U.; Kammermeier, R.; Buchner, J. BiP and PDI cooperate in the oxidative folding of antibodies
in vitro. J. Biol. Chem. 2000, 275, 29421–29425. [CrossRef] [PubMed]

12. Pehar, M.; Lehnus, M.; Karst, A.; Puglielli, L. Proteomic assessment shows that many Endoplasmic Reticulum
(ER)-resident proteins are targeted by Nε-lysine acetylation in the lumen of the organelle and predicts broad
biological impact. J. Biol. Chem. 2012, 287, 22436–22440. [CrossRef] [PubMed]

13. Kahali, S.; Sarcar, B.; Fang, B.; Williams, E.S.; Koomen, J.M.; Tofilon, P.J.; Chinnaiyan, P. Activation of the
unfolded protein response contributes toward the antitumor activity of vorinostat. Neoplasia 2010, 12, 80–86.
[CrossRef] [PubMed]

14. Ledford, B.E.; Lcxio, G.H.; Science, E.; Biomedical, P.B. Reversible ASP-ribosylation of the 78 kDa
glucose-regulated protein. FEBS Lett. 1990, 276, 29–33.

15. Caramelo, J.J.; Parodi, A.J. Getting in and out from calnexin/calreticulin cycles. J. Biol. Chem. 2008, 283,
10221–10225. [CrossRef] [PubMed]

16. Solda, T.; Garbi, N.; Hämmerling, G.J.; Molinari, M. Consequences of ERp57 deletion on oxidative folding of
obligate and facultative clients of the calnexin cycle. J. Biol. Chem. 2006, 281, 6219–6226. [CrossRef]

17. Ng, D.T.W.; Spear, E.D.; Walter, P. The unfolded protein response regulates multiple aspects of secretory
and membrane protein biogenesis and endoplasmic reticulum quality control. J. Cell Biol. 2000, 150, 77–88.
[CrossRef]

18. Zhang, X.; Wang, Y. Glycosylation Quality Control by the Golgi Structure. J. Mol. Biol. 2016, 428, 3183–3193.
[CrossRef]

19. Bolognetti, I.P.C.; Biochimiche, S.; Rossi-Fanelli, A.; Molecolare, B. Proteins of the PDI Family: Unpredicted
Non-ER Locations and Functions. J. Cell. Physiol. 2002, 163, 154–163.

http://dx.doi.org/10.1038/sj.emboj.7601974
http://www.ncbi.nlm.nih.gov/pubmed/18216874
http://dx.doi.org/10.1038/ncb0805-766
http://www.ncbi.nlm.nih.gov/pubmed/16056268
http://dx.doi.org/10.1242/jcs.035832
http://www.ncbi.nlm.nih.gov/pubmed/20332117
http://dx.doi.org/10.15252/embj.2019102679
http://dx.doi.org/10.1038/nrd3976
http://dx.doi.org/10.1146/annurev-biochem-062209-093836
http://dx.doi.org/10.1038/cr.2011.75
http://dx.doi.org/10.1080/19336896.2015.1011887
http://dx.doi.org/10.15252/embj.201490462
http://dx.doi.org/10.1016/j.cell.2017.10.040
http://dx.doi.org/10.1074/jbc.M002655200
http://www.ncbi.nlm.nih.gov/pubmed/10893409
http://dx.doi.org/10.1074/jbc.C112.362871
http://www.ncbi.nlm.nih.gov/pubmed/22628546
http://dx.doi.org/10.1593/neo.91422
http://www.ncbi.nlm.nih.gov/pubmed/20072656
http://dx.doi.org/10.1074/jbc.R700048200
http://www.ncbi.nlm.nih.gov/pubmed/18303019
http://dx.doi.org/10.1074/jbc.M513595200
http://dx.doi.org/10.1083/jcb.150.1.77
http://dx.doi.org/10.1016/j.jmb.2016.02.030


Cells 2019, 8, 1347 17 of 22

20. Healy, A.R.; Houston, D.R.; Remnant, L.; Huart, A.S.; Brychtova, V.; Maslon, M.M.; Meers, O.; Muller, P.;
Krejci, A.; Blackburn, E.A.; et al. Discovery of a novel ligand that modulates the protein-protein interactions
of the AAA+ superfamily oncoprotein reptin. Chem. Sci. 2015, 6, 3109–3116. [CrossRef]

21. Wu, J.; Kaufman, R.J. From acute ER stress to physiological roles of the unfolded protein response. Cell Death
Differ. 2006, 13, 374–384. [CrossRef] [PubMed]

22. Schmidt, O.; Weyer, Y.; Baumann, V.; Widerin, M.A.; Eising, S.; Angelova, M.; Schleiffer, A.; Kremser, L.;
Lindner, H.; Peter, M.; et al. Endosome and Golgi-associated degradation (EGAD) of membrane proteins
regulates sphingolipid metabolism. EMBO J. 2019, e101433. [CrossRef] [PubMed]

23. Szegezdi, E.; Logue, S.E.; Gorman, A.M.; Samali, A. Mediators of endoplasmic reticulum stress-induced
apoptosis. EMBO Rep. 2006, 7, 880–885. [CrossRef] [PubMed]

24. Brewer, J.W.; Diehl, J.A. PERK mediates cell-cycle exit during the mammalian unfolded protein response.
Proc. Natl. Acad. Sci. USA 2000, 97, 12625–12630. [CrossRef]

25. Iwawaki, T.; Hosoda, A.; Okuda, T.; Kamigori, Y.; Nomura-Furuwatari, C.; Kimata, Y.; Tsuru, A.; Kohno, K.
Translational control by the ER transmembrane kinase/ribonuclease IRE1 under ER stress. Nat. Cell Biol.
2001, 3, 158–165. [CrossRef]

26. Harding, H.P.; Zhang, Y.; Ron, D. Protein translation and folding are coupled by an
endoplasmic-reticulum-resident kinase. Nature 1999, 397, 271–274. [CrossRef]

27. Huber, A.L.; Lebeau, J.; Guillaumot, P.; Pétrilli, V.; Malek, M.; Chilloux, J.; Fauvet, F.; Payen, L.; Kfoury, A.;
Renno, T.; et al. P58IPK-Mediated Attenuation of the Proapoptotic PERK-CHOP Pathway Allows Malignant
Progression upon Low Glucose. Mol. Cell 2013, 49, 1049–1059. [CrossRef]

28. Maurel, M.; Chevet, E.; Tavernier, J.; Gerlo, S. Getting RIDD of RNA: IRE1 in cell fate regulation. Trends Biochem.
Sci. 2014, 39, 245–254. [CrossRef]

29. Wang, Y.; Shen, J.; Arenzana, N.; Tirasophon, W.; Kaufman, R.J.; Prywes, R. Activation of ATF6 and an ATF6
DNA binding site by the endoplasmic reticulum stress response. J. Biol. Chem. 2000, 275, 27013–27020.

30. Shen, J.; Prywes, R. ER stress signaling by regulated proteolysis of ATF6. Methods 2005, 35, 382–389.
[CrossRef]

31. Yoshida, H.; Haze, K.; Yanagi, H.; Yura, T.; Mori, K. Identification of the cis-acting endoplasmic reticulum
stress response element responsible for transcriptional induction of mammalian glucose-regulated proteins.
Involvement of basic leucine zipper transcription factors. J. Biol. Chem. 1998, 273, 33741–33749. [CrossRef]
[PubMed]

32. Li, M.; Baumeister, P.; Roy, B.; Phan, T.; Foti, D.; Luo, S.; Lee, A.S. ATF6 as a transcription activator of the
endoplasmic reticulum stress element: Thapsigargin stress-induced changes and synergistic interactions
with NF-Y and YY1. Mol. Cell. Biol. 2000, 20, 5096–5106. [CrossRef] [PubMed]

33. Howarth, D.L.; Lindtner, C.; Vacaru, A.M.; Sachidanandam, R.; Tsedensodnom, O.; Vasilkova, T.; Buettner, C.;
Sadler, K.C. Activating Transcription Factor 6 Is Necessary and Sufficient for Alcoholic Fatty Liver Disease in
Zebrafish. PLoS Genet. 2014, 10, e1004335. [CrossRef] [PubMed]

34. Yamamoto, K.; Sato, T.; Matsui, T.; Sato, M.; Okada, T.; Yoshida, H.; Harada, A.; Mori, K. Transcriptional
Induction of Mammalian ER Quality Control Proteins Is Mediated by Single or Combined Action of ATF6α
and XBP1. Dev. Cell 2007, 13, 365–376. [CrossRef] [PubMed]

35. Adachi, Y.; Yamamoto, K.; Okada, T.; Yoshida, H.; Harada, A.; Mori, K. ATF6 is a transcription factor
specializing in the regulation of quality control proteins in the endoplasmic reticulum. Cell Struct. Funct.
2008, 33, 75–89. [CrossRef] [PubMed]

36. Yamamoto, K.; Yoshida, H.; Kokame, K.; Kaufman, R.J.; Mori, K. Differential contributions of ATF6 and XBP1
to the activation of endoplasmic reticulum stress-responsive cis-acting elements ERSE, UPRE and ERSE-II.
J. Biochem. 2004, 136, 343–350. [CrossRef]

37. Poothong, J.; Tirasophon, W.; Kaufman, R.J. Functional analysis of the mammalian RNA ligase for IRE1 in
the unfolded protein response. Biosci. Rep. 2017, 37, 2–11. [CrossRef]

38. Higa, A.; Taouji, S.; Lhomond, S.; Jensen, D.; Fernandez-Zapico, M.E.; Simpson, J.C.; Pasquet, J.-M.;
Schekman, R.; Chevet, E. Endoplasmic Reticulum Stress-Activated Transcription Factor ATF6 Requires the
Disulfide Isomerase PDIA5 To Modulate Chemoresistance. Mol. Cell. Biol. 2014, 34, 1839–1849. [CrossRef]

39. Papaioannou, A.; Higa, A.; Jegou, G.; Jouan, F.; Pineau, R.; Saas, L.; Avril, T.; Pluquet, O.; Chevet, E. Alterations
of EDEM1 functions enhance ATF6 pro-survival signaling. FEBS J. 2018, 22, 4146–4164. [CrossRef]

http://dx.doi.org/10.1039/C4SC03885A
http://dx.doi.org/10.1038/sj.cdd.4401840
http://www.ncbi.nlm.nih.gov/pubmed/16397578
http://dx.doi.org/10.15252/embj.2018101433
http://www.ncbi.nlm.nih.gov/pubmed/31368600
http://dx.doi.org/10.1038/sj.embor.7400779
http://www.ncbi.nlm.nih.gov/pubmed/16953201
http://dx.doi.org/10.1073/pnas.220247197
http://dx.doi.org/10.1038/35055065
http://dx.doi.org/10.1038/16729
http://dx.doi.org/10.1016/j.molcel.2013.01.009
http://dx.doi.org/10.1016/j.tibs.2014.02.008
http://dx.doi.org/10.1016/j.ymeth.2004.10.011
http://dx.doi.org/10.1074/jbc.273.50.33741
http://www.ncbi.nlm.nih.gov/pubmed/9837962
http://dx.doi.org/10.1128/MCB.20.14.5096-5106.2000
http://www.ncbi.nlm.nih.gov/pubmed/10866666
http://dx.doi.org/10.1371/journal.pgen.1004335
http://www.ncbi.nlm.nih.gov/pubmed/24874946
http://dx.doi.org/10.1016/j.devcel.2007.07.018
http://www.ncbi.nlm.nih.gov/pubmed/17765680
http://dx.doi.org/10.1247/csf.07044
http://www.ncbi.nlm.nih.gov/pubmed/18360008
http://dx.doi.org/10.1093/jb/mvh122
http://dx.doi.org/10.1042/BSR20160574
http://dx.doi.org/10.1128/MCB.01484-13
http://dx.doi.org/10.1111/febs.14669


Cells 2019, 8, 1347 18 of 22

40. Oka, O.B.; van Lith, M.; Rudolf, J.; Tungkum, W.; Pringle, M.A.; Bulleid, N.J. ERp18 regulates activation of
ATF6α during unfolded protein response. EMBO J. 2019, e100990.

41. Hong, M.; Luo, S.; Baumeister, P.; Huang, J.M.; Gogia, R.K.; Li, M.; Lee, A.S. Underglycosylation of ATF6
as a Novel Sensing Mechanism for Activation of the Unfolded Protein Response. J. Biol. Chem. 2004, 279,
11354–11363. [CrossRef] [PubMed]

42. Tsuru, A.; Fujimoto, N.; Takahashi, S.; Saito, M.; Nakamura, D.; Iwano, M.; Iwawaki, T.; Kadokura, H.;
Ron, D.; Kohno, K. Negative feedback by IRE1β optimizes mucin production in goblet cells. Proc. Natl. Acad.
Sci. USA 2013, 110, 2864–2869. [CrossRef] [PubMed]

43. Thuerauf, D.J.; Morrison, L.; Glembotski, C.C. Opposing roles for ATF6α and ATF6β in endoplasmic
reticulum stress response gene induction. J. Biol. Chem. 2004, 279, 21078–21084. [CrossRef] [PubMed]

44. Asada, R.; Kanemoto, S.; Kondo, S.; Saito, A.; Imaizumi, K. The signalling from endoplasmic
reticulum-resident bZIP transcription factors involved in diverse cellular physiology. J. Biochem. 2011, 149,
507–518. [CrossRef]

45. Zhang, K.; Shen, X.; Wu, J.; Sakaki, K.; Saunders, T.; Rutkowski, D.T.; Back, S.H.; Kaufman, R.J. Endoplasmic
reticulum stress activates cleavage of CREBH to induce a systemic inflammatory response. Cell 2006, 124,
587–599. [CrossRef]

46. Oyadomari, S.; Mori, M. Roles of CHOP/GADD153 in endoplasmic reticulum stress. Cell Death Differ. 2004,
11, 381–389. [CrossRef]

47. Marciniak, S.J.; Yun, C.Y.; Oyadomari, S.; Novoa, I.; Zhang, Y.; Jungreis, R.; Nagata, K.; Harding, H.P.; Ron, D.
CHOP induces death by promoting protein synthesis and oxidation in the stressed endoplasmic reticulum.
Genes Dev. 2004, 18, 3066–3077. [CrossRef]

48. Yamaguchi, H.; Wang, H.G. CHOP is involved in endoplasmic reticulum stress-induced apoptosis by
enhancing DR5 expression in human carcinoma cells. J. Biol. Chem. 2004, 279, 45495–45502. [CrossRef]

49. Walter, P.; Ron, D. The unfolded protein response: From stress pathway to homeostatic regulation. Science
2011, 334, 1081–1086. [CrossRef]

50. Nishitoh, H.; Matsuzawa, A.; Tobiume, K.; Saegusa, K.; Takeda, K.; Inoue, K.; Hori, S.; Kakizuka, A.; Ichijo, H.
ASK1 is essential for endoplasmic reticulum stress-induced neuronal cell death triggered by expanded
polyglutamine repeats. Genes Dev. 2002, 16, 1345–1355. [CrossRef]

51. Wei, M.C.; Zong, W.X.; Cheng, E.H.Y.; Lindsten, T.; Panoutsakopoulou, V.; Ross, A.J.; Roth, K.A.;
Macgregor, G.R.; Thompson, C.B.; Korsmeyer, S.J. Proapoptotic BAX and BAK: A requisite gateway
to mitochondrial dysfunction and death. Science 2001, 292, 727–730. [CrossRef] [PubMed]

52. Kaufman, R.J.; Malhotra, J.D. Calcium trafficking integrates endoplasmic reticulum function with
mitochondrial bioenergetics. Biochim. Biophys. Acta Mol. Cell Res. 2014, 1843, 2233–2239. [CrossRef]
[PubMed]

53. Sasaki, K.; Yoshida, H. Golgi stress response and organelle zones. FEBS Lett. 2019, 593, 2330–2340. [CrossRef]
[PubMed]

54. Taniguchi, M.; Yoshida, H. TFE3, HSP47, and CREB3 pathways of the mammalian Golgi stress response.
Cell Struct. Funct. 2017, 42, 27–36. [CrossRef] [PubMed]

55. Kawasaki, K.; Ushioda, R.; Ito, S.; Ikeda, K.; Masago, Y.; Nagata, K. Deletion of the collagen-specific molecular
chaperone Hsp47 causes endoplasmic reticulum stress-mediated apoptosis of hepatic stellate cells. J. Biol.
Chem. 2015, 290, 3639–3646. [CrossRef] [PubMed]

56. Sepulveda, D.; Rojas-Rivera, D.; Rodriguez, D.A.; Groenendyk, J.; Köhler, A.; Lebeaupin, C.; Ito, S.; Urra, H.;
Carreras-Sureda, A.; Hazari, Y.; et al. Interactome screening identifies the ER luminal chaperone Hsp47 as
a novel regulator of the unfolded protein response (UPR) transducer IRE1α. Mol. Cell 2018, 69, 238–252.
[CrossRef]

57. Reiling, J.H.; Olive, A.J.; Sanyal, S.; Carette, J.E.; Brummelkamp, T.R.; Ploegh, H.L.; Starnbach, M.N.;
Sabatini, D.M. A Creb3–arf4 Signalling Pathway Mediates the Response to Golgi Stress and Susceptibility to
Pathogens. Nat. Cell Biol. 2013, 15, 1473–1485. [CrossRef]

58. Wang, Y.; Vera, L.; Fischer, W.H.; Montminy, M. The CREB coactivator CRTC2 links hepatic ER stress and
fasting gluconeogenesis. Nature 2009, 460, 534–537. [CrossRef]

59. Sekiya, M.; Maruko-Otake, A.; Hearn, S.; Sakakibara, Y.; Fujisaki, N.; Suzuki, E.; Ando, K.; Iijima, K.M.
EDEM Function in ERAD Protects against Chronic ER Proteinopathy and Age-Related Physiological Decline
in Drosophila. Dev. Cell 2017, 41, 652–664. [CrossRef]

http://dx.doi.org/10.1074/jbc.M309804200
http://www.ncbi.nlm.nih.gov/pubmed/14699159
http://dx.doi.org/10.1073/pnas.1212484110
http://www.ncbi.nlm.nih.gov/pubmed/23386727
http://dx.doi.org/10.1074/jbc.M400713200
http://www.ncbi.nlm.nih.gov/pubmed/14973138
http://dx.doi.org/10.1093/jb/mvr041
http://dx.doi.org/10.1016/j.cell.2005.11.040
http://dx.doi.org/10.1038/sj.cdd.4401373
http://dx.doi.org/10.1101/gad.1250704
http://dx.doi.org/10.1074/jbc.M406933200
http://dx.doi.org/10.1126/science.1209038
http://dx.doi.org/10.1101/gad.992302
http://dx.doi.org/10.1126/science.1059108
http://www.ncbi.nlm.nih.gov/pubmed/11326099
http://dx.doi.org/10.1016/j.bbamcr.2014.03.022
http://www.ncbi.nlm.nih.gov/pubmed/24690484
http://dx.doi.org/10.1002/1873-3468.13554
http://www.ncbi.nlm.nih.gov/pubmed/31344260
http://dx.doi.org/10.1247/csf.16023
http://www.ncbi.nlm.nih.gov/pubmed/28179603
http://dx.doi.org/10.1074/jbc.M114.592139
http://www.ncbi.nlm.nih.gov/pubmed/25525267
http://dx.doi.org/10.1016/j.molcel.2017.12.028
http://dx.doi.org/10.1038/ncb2865
http://dx.doi.org/10.1038/nature08111
http://dx.doi.org/10.1016/j.devcel.2017.05.019


Cells 2019, 8, 1347 19 of 22

60. van der Goot, A.T.; Pearce, M.M.P.; Leto, D.E.; Shaler, T.A.; Kopito, R.R. Redundant and Antagonistic Roles
of XTP3B and OS9 in Decoding Glycan and Non-glycan Degrons in ER-Associated Degradation. Mol. Cell
2018, 70, 516–530. [CrossRef]

61. Bergmann, T.J.; Pisoni, G.B.; Molinari, M. Quality control mechanisms of protein biogenesis: Proteostasis
dies hard. AIMS Biophys. 2016, 3, 456–478. [CrossRef]

62. Kadowaki, H.; Nagai, A.; Maruyama, T.; Takami, Y.; Satrimafitrah, P.; Kato, H.; Honda, A.; Hatta, T.;
Natsume, T.; Sato, T.; et al. Pre-emptive Quality Control Protects the ER from Protein Overload via the
Proximity of ERAD Components and SRP. Cell Rep. 2015, 13, 944–956. [CrossRef] [PubMed]

63. Hwang, J.; Walczak, C.P.; Shaler, T.A.; Olzmann, J.A.; Zhang, L.; Elias, J.E.; Kopito, R.R. Characterization of
protein complexes of the endoplasmicreticulum-associated degradation E3 ubiquitin ligase Hrd1. J. Biol.
Chem. 2017, 292, 9104–9116. [CrossRef] [PubMed]

64. Needham, P.G.; Guerriero, C.J.; Brodsky, J.L. Chaperoning Endoplasmic Reticulum–Associated Degradation
(ERAD) and Protein Conformational Diseases. Cold Spring Harb. Perspect. Biol. 2019, 11, a033928. [CrossRef]
[PubMed]

65. Baumann, J.; Ignashkova, T.I.; Chirasani, S.R.; Ramírez-Peinado, S.; Alborzinia, H.; Gendarme, M.;
Kuhnigk, K.; Kramer, V.; Lindemann, R.K.; Reiling, J.H. Golgi stress-induced transcriptional changes
mediated by MAPK signaling and three ETS transcription factors regulate MCL1 splicing. Mol. Biol. Cell
2018, 29, 42–52. [CrossRef]

66. Darling, N.J.; Cook, S.J. The role of MAPK signalling pathways in the response to endoplasmic reticulum
stress. Biochim. Biophys. Acta 2014, 1843, 2150–2163. [CrossRef]

67. Sbodio, J.I.; Snyder, S.H.; Paul, B.D. Golgi stress response reprograms cysteine metabolism to confer
cytoprotection in Huntington’s disease. Proc. Natl. Acad. Sci. USA 2018, 115, 780–785. [CrossRef]

68. Stewart, E.V.; Nwosu, C.C.; Tong, Z.; Roguev, A.; Timothy, D.; Kim, D.; Hayles, J.; Park, H.; Hoe, K.; David, W.;
et al. Yeast SREBP cleavage activation requires the Golgi Dsc E3 ligase complex. Mol. Cell 2012, 42, 160–171.
[CrossRef]

69. Han, S.; Lone, M.A.; Schneiter, R.; Chang, A. Orm1 and Orm2 are conserved endoplasmic reticulum
membrane proteins regulating lipid homeostasis and protein quality control. Proc. Natl. Acad. Sci. USA
2010, 107, 5851–5856. [CrossRef]

70. Barlowe, C.K.; Miller, E.A. Secretory protein biogenesis and traffic in the early secretory pathway. Genetics
2013, 193, 383–410. [CrossRef]

71. Budnik, A.; Stephens, D.J. ER exit sites-Localization and control of COPII vesicle formation. FEBS Lett. 2009,
583, 3796–3803. [CrossRef] [PubMed]

72. Beck, R.; Ravet, M.; Wieland, F.T.; Cassel, D. The COPI system: Molecular mechanisms and function.
FEBS Lett. 2009, 583, 2701–2709. [CrossRef] [PubMed]

73. Shoulders, M.D.; Ryno, L.M.; Genereux, J.C.; Moresco, J.J.; Tu, P.G.; Wu, C.; Yates, J.R.; Su, A.I.; Kelly, J.W.;
Wiseman, R.L. Stress-Independent Activation of XBP1s and/or ATF6 Reveals Three Functionally Diverse ER
Proteostasis Environments. Cell Rep. 2013, 3, 1279–1292. [CrossRef] [PubMed]

74. Higashio, H.; Kohno, K. A genetic link between the unfolded protein response and vesicle formation from
the endoplasmic reticulum. Biochem. Biophys. Res. Commun. 2002, 296, 568–574. [CrossRef]

75. Liu, L.; Cai, J.; Wang, H.; Liang, X.; Zhou, Q.; Ding, C.; Zhu, Y.; Fu, T.; Guo, Q.; Xu, Z.; et al. Coupling of
COPII vesicle trafficking to nutrient availability by the IRE1α-XBP1s axis. Proc. Natl. Acad. Sci. USA 2019,
116, 11776–11785. [CrossRef] [PubMed]

76. Fang, J.; Liu, M.; Zhang, X.; Sakamoto, T.; Taatjes, D.J.; Jena, B.P.; Sun, F.; Woods, J.; Bryson, T.; Kowluru, A.;
et al. COPII-dependent ER export: A critical component of insulin biogenesis and β-cell ER homeostasis.
Mol. Endocrinol. 2015, 29, 1156–1169. [CrossRef]

77. Tomoishi, S.; Fukushima, S.; Shinohara, K.; Katada, T.; Saito, K. CREB3L2-mediated expression of
Sec23A/Sec24D is involved in hepatic stellate cell activation through ER-Golgi transport. Sci. Rep. 2017, 7,
1–11. [CrossRef]

78. Song, Y.F.; Xu, Y.H.; Zhuo, M.Q.; Wu, K.; Luo, Z. CREB element is essential for unfolded protein response (UPR)
mediating the Cu-induced changes of hepatic lipogenic metabolism in Chinese yellow catfish (Pelteobagrus
fulvidraco). Aquat. Toxicol. 2018, 203, 69–79. [CrossRef]

79. Klaips, C.L.; Jayaraj, G.G.; Hartl, F.U. Pathways of cellular proteostasis in aging and disease. J. Cell Biol. 2018,
217, 51–63. [CrossRef]

http://dx.doi.org/10.1016/j.molcel.2018.03.026
http://dx.doi.org/10.3934/biophy.2016.4.456
http://dx.doi.org/10.1016/j.celrep.2015.09.047
http://www.ncbi.nlm.nih.gov/pubmed/26565908
http://dx.doi.org/10.1074/jbc.M117.785055
http://www.ncbi.nlm.nih.gov/pubmed/28411238
http://dx.doi.org/10.1101/cshperspect.a033928
http://www.ncbi.nlm.nih.gov/pubmed/30670468
http://dx.doi.org/10.1091/mbc.E17-06-0418
http://dx.doi.org/10.1016/j.bbamcr.2014.01.009
http://dx.doi.org/10.1073/pnas.1717877115
http://dx.doi.org/10.1016/j.molcel.2011.02.035
http://dx.doi.org/10.1073/pnas.0911617107
http://dx.doi.org/10.1534/genetics.112.142810
http://dx.doi.org/10.1016/j.febslet.2009.10.038
http://www.ncbi.nlm.nih.gov/pubmed/19850039
http://dx.doi.org/10.1016/j.febslet.2009.07.032
http://www.ncbi.nlm.nih.gov/pubmed/19631211
http://dx.doi.org/10.1016/j.celrep.2013.03.024
http://www.ncbi.nlm.nih.gov/pubmed/23583182
http://dx.doi.org/10.1016/S0006-291X(02)00923-3
http://dx.doi.org/10.1073/pnas.1814480116
http://www.ncbi.nlm.nih.gov/pubmed/31123148
http://dx.doi.org/10.1210/me.2015-1012
http://dx.doi.org/10.1038/s41598-017-08703-6
http://dx.doi.org/10.1016/j.aquatox.2018.08.002
http://dx.doi.org/10.1083/jcb.201709072


Cells 2019, 8, 1347 20 of 22

80. Kurtishi, A.; Rosen, B.; Patil, K.S.; Alves, G.W.; Møller, S.G. Cellular Proteostasis in Neurodegeneration.
Mol. Neurobiol. 2019, 56, 3676–3689. [CrossRef]

81. Perlmutter, D.H. α1-antitrypsin Deficiency: A Misfolded Secretory Protein Variant with Unique Effects on
the Endoplasmic Reticulum. Endoplasm. Reticul. Stress Dis. 2016, 3, 63–72. [CrossRef] [PubMed]

82. Greene, C.M. Zα-1 antitrypsin deficiency and the endoplasmic reticulum stress response. World J. Gastrointest.
Pharmacol. Ther. 2010, 1, 94. [CrossRef] [PubMed]

83. Joly, P.; Vignaud, H.; Di Martino, J.; Ruiz, M.; Garin, R.; Restier, L.; Belmalih, A.; Marchal, C.; Cullin, C.;
Arveiler, B.; et al. ERAD defects and the HFE-H63D variant are associated with increased risk of liver
damages in Alpha 1-Antitrypsin Deficiency. PLoS ONE 2017, 12, e0179369. [CrossRef] [PubMed]

84. Oueslati, A. Implication of Alpha-Synuclein Phosphorylation at S129 in Synucleinopathies: What Have We
Learned in the Last Decade? J. Parkinson’s Dis. 2016, 6, 39–51. [CrossRef]

85. Gandhi, J.; Antonelli, A.C.; Afridi, A.; Vatsia, S.; Joshi, G.; Romanov, V.; Murray, I.V.J.; Khan, S.A.
Protein misfolding and aggregation in neurodegenerative diseases: A review of pathogeneses, novel
detection strategies, and potential therapeutics. Rev. Neurosci. 2019, 30, 339–358. [CrossRef]

86. Yang, J.; Kim, K.S.; Iyirhiaro, G.O.; Marcogliese, P.C.; Callaghan, S.M.; Qu, D.; Kim, W.J.; Slack, R.S.; Park, D.S.
DJ-1 modulates the unfolded protein response and cell death via upregulation of ATF4 following ER stress.
Cell Death Dis. 2019, 10, 135. [CrossRef]

87. Liazoghli, D.; Perreault, S.; Micheva, K.D.; Desjardins, M.; Leclerc, N. Fragmentation of the Golgi apparatus
induced by the overexpression of wild-type and mutant human tau forms in neurons. Am. J. Pathol. 2005,
166, 1499–1514. [CrossRef]

88. Pylayeva-Gupta, Y. ERdj3 is an Endoplasmic Reticulum Degradation Factor for Mutant Glucocerebrosidase
Variants Linked to Gaucher’s Disease. Bone 2011, 23, 1–7.

89. Huang, Y.; Arora, K.; Mun, K.S.; Yang, F.; Moon, C.S.; Yarlagadda, S.; Jegga, A.; Weaver, T.; Naren, A.P.
Targeting DNAJB9, a novel ER luminal co-chaperone, to rescue ∆F508-CFTR. Sci. Rep. 2019, 9, 1–11.
[CrossRef]

90. Powers, E.T.; Morimoto, R.I.; Dillin, A.; Kelly, J.W.; Balch, W.E. Biological and Chemical Approaches to
Diseases of Proteostasis Deficiency. Annu. Rev. Biochem. 2009, 78, 959–991. [CrossRef]

91. Bexiga, M.G.; Simpson, J.C. Human diseases associated with form and function of the Golgi complex. Int. J.
Mol. Sci. 2013, 14, 18670–18681. [CrossRef] [PubMed]

92. Zeeshan, H.M.A.; Lee, G.H.; Kim, H.-R.; Chae, H.-J. Endoplasmic Reticulum Stress and Associated ROS.
Int. J. Mol. Sci. 2016, 17, 327. [CrossRef] [PubMed]

93. Liu, X.; Green, R.M. Endoplasmic reticulum stress and liver diseases. Liver Res. 2019, 3, 55–64. [CrossRef]
94. Glembotski, C.C.; Rosarda, J.D.; Wiseman, R.L. Proteostasis and Beyond: ATF6 in Ischemic Disease.

Trends Mol. Med. 2019, 25, 538–550. [CrossRef] [PubMed]
95. Binet, F.; Sapieha, P. ER stress and angiogenesis. Cell Metab. 2015, 22, 560–575. [CrossRef] [PubMed]
96. Anderson, D.J.; Le Moigne, R.; Djakovic, S.; Kumar, B.; Rice, J.; Wong, S.; Wang, J.; Yao, B.; Valle, E.; Kiss von

Soly, S.; et al. Targeting the AAA ATPase p97 as an Approach to Treat Cancer through Disruption of Protein
Homeostasis. Cancer Cell 2015, 28, 653–665. [CrossRef]

97. Parzych, K.; Saavedra-García, P.; Valbuena, G.N.; Al-Sadah, H.A.; Robinson, M.E.; Penfold, L.; Kuzeva, D.M.;
Ruiz-Tellez, A.; Loaiza, S.; Holzmann, V.; et al. The coordinated action of VCP/p97 and GCN2 regulates
cancer cell metabolism and proteostasis during nutrient limitation. Oncogene 2019, 38, 3216–3231. [CrossRef]

98. Seol, S.; Kim, C.; Yoon, S.O. Overexpression of Endoplasmic Reticulum Oxidoreductin 1-α (ERO1L) Is
Associated with Poor Prognosis of Gastric Cancer. Cancer Res. Treat. 2016, 48, 1196. [CrossRef]

99. Lee, Y.Y.; Hong, S.H.; Lee, Y.J.; Chung, S.S.; Jung, H.S.; Park, S.G.; Park, K.S. Tauroursodeoxycholate (TUDCA),
chemical chaperone, enhances function of islets by reducing ER stress. Biochem. Biophys. Res. Commun. 2010,
397, 735–739. [CrossRef]

100. Cardoso, I.; Martins, D.; Ribeiro, T.; Merlini, G.; Saraiva, M.J. Synergy of combined Doxycycline/TUDCA
treatment in lowering Transthyretin deposition and associated biomarkers: Studies in FAP mouse models.
J. Transl. Med. 2010, 8, 1–11. [CrossRef]

101. Rubenstein, R.C.; Egan, M.E.; Zeitlin, P.L. In vitro pharmacologic restoration of CFTR-mediated chloride
transport with sodium 4-phenylbutyrate in cystic fibrosis epithelial cells containing ∆F08-CFTR. J. Clin.
Investig. 1997, 100, 2457–2465. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s12035-018-1334-z
http://dx.doi.org/10.1515/ersc-2016-0004
http://www.ncbi.nlm.nih.gov/pubmed/28217691
http://dx.doi.org/10.4292/wjgpt.v1.i5.94
http://www.ncbi.nlm.nih.gov/pubmed/21577302
http://dx.doi.org/10.1371/journal.pone.0179369
http://www.ncbi.nlm.nih.gov/pubmed/28617828
http://dx.doi.org/10.3233/JPD-160779
http://dx.doi.org/10.1515/revneuro-2016-0035
http://dx.doi.org/10.1038/s41419-019-1354-2
http://dx.doi.org/10.1016/S0002-9440(10)62366-8
http://dx.doi.org/10.1038/s41598-019-46161-4
http://dx.doi.org/10.1146/annurev.biochem.052308.114844
http://dx.doi.org/10.3390/ijms140918670
http://www.ncbi.nlm.nih.gov/pubmed/24025425
http://dx.doi.org/10.3390/ijms17030327
http://www.ncbi.nlm.nih.gov/pubmed/26950115
http://dx.doi.org/10.1016/j.livres.2019.01.002
http://dx.doi.org/10.1016/j.molmed.2019.03.005
http://www.ncbi.nlm.nih.gov/pubmed/31078432
http://dx.doi.org/10.1016/j.cmet.2015.07.010
http://www.ncbi.nlm.nih.gov/pubmed/26278049
http://dx.doi.org/10.1016/j.ccell.2015.10.002
http://dx.doi.org/10.1038/s41388-018-0651-z
http://dx.doi.org/10.4143/crt.2015.189
http://dx.doi.org/10.1016/j.bbrc.2010.06.022
http://dx.doi.org/10.1186/1479-5876-8-74
http://dx.doi.org/10.1172/JCI119788
http://www.ncbi.nlm.nih.gov/pubmed/9366560


Cells 2019, 8, 1347 21 of 22

102. Vleeshouwer-Neumann, T.; Phelps, M.; Bammler, T.K.; MacDonald, J.W.; Jenkins, I.; Chen, E.Y.
Histone deacetylase inhibitors antagonize distinct pathways to suppress tumorigenesis of embryonal
rhabdomyosarcoma. PLoS ONE 2015, 10, e0144320. [CrossRef] [PubMed]

103. Uppala, J.K.; Gani, A.R.; Ramaiah, K.V.A. Chemical chaperone, TUDCA unlike PBA, mitigates protein
aggregation efficiently and resists ER and non-ER stress induced HepG2 cell death. Sci. Rep. 2017, 7, 1–13.
[CrossRef] [PubMed]

104. Martinez, A.; Lopez, N.; Gonzalez, C.; Hetz, C. Targeting of the unfolded protein response (UPR) as therapy
for Parkinson’s disease. Biol. Cell 2019, 111, 161–168. [CrossRef] [PubMed]

105. Valdés, P.; Mercado, G.; Vidal, R.L.; Molina, C.; Parsons, G.; Court, F.A.; Martinez, A.; Galleguillos, D.;
Armentano, D.; Schneider, B.L.; et al. Control of dopaminergic neuron survival by the unfolded protein
response transcription factor XBP1. Proc. Natl. Acad. Sci. USA 2014, 111, 6804–6809. [CrossRef]

106. Cooper, A.A.; Gitler, A.D.; Cashikar, A.; Haynes, C.M.; Hill, K.J.; Bhullar, B.; Liu, K.; Xu, K.; Strathearn, K.E.;
Liu, F.; et al. a-Synuclein Blocks ER-Golgi Traffic and Rab1 Rescues Neuron Loss in Parkinson’s Models
Antony. Science 2006, 313, 324–329. [CrossRef]

107. Chen, G.; Zhang, S.X.; Tao, Z.F.; Xiong, Y.; Sun, W.; Lu, J.; Pan, F.; Zhang, Z.Z. Overexpression of synoviolin
facilitates the formation of a functional synovial biomembrane. J. Biomed. Mater. Res. Part A 2012, 100,
1761–1769. [CrossRef]

108. Petersén, Å.; Hansson, O.; Puschban, Z.; Sapp, E.; Romero, N.; Castilho, R.F.; Sulzer, D.; Rice, M.; DiFiglia, M.;
Przedborski, S.; et al. Mice transgenic for exon 1 of the Huntington’s disease gene display reduced striatal
sensitivity to neurotoxicity induced by dopamine and 6-hydroxydopamine. Eur. J. Neurosci. 2001, 14,
1425–1435. [CrossRef]

109. Zuleta, A.; Vidal, R.L.; Armentano, D.; Parsons, G.; Hetz, C. AAV-mediated delivery of the transcription
factor XBP1s into the striatum reduces mutant Huntingtin aggregation in a mouse model of Huntington’s
disease. Biochem. Biophys. Res. Commun. 2012, 420, 558–563. [CrossRef]

110. Wang, X.; Pattison, J.S.; Su, H. Posttranslational modification and quality control. Circ. Res. 2013, 112,
367–381. [CrossRef]

111. Winchester, B.G. Iminosugars: From botanical curiosities to licensed drugs. Tetrahedron Asymmetry 2009, 20,
645–651. [CrossRef]

112. Magnaghi, P.; D’Alessio, R.; Valsasina, B.; Avanzi, N.; Rizzi, S.; Asa, D.; Gasparri, F.; Cozzi, L.; Cucchi, U.;
Orrenius, C.; et al. Covalent and allosteric inhibitors of the ATPase VCP/p97 induce cancer cell death.
Nat. Chem. Biol. 2013, 9, 548–559. [CrossRef] [PubMed]

113. Wang, Q.; Shinkre, B.A.; Lee, J.G.; Weniger, M.A.; Liu, Y.; Chen, W.; Wiestner, A.; Trenkle, W.C.; Ye, Y.
The ERAD inhibitor eeyarestatin I is a bifunctional compound with a membrane-binding domain and a
p97/VCP inhibitory group. PLoS ONE 2010, 5, e15479. [CrossRef] [PubMed]

114. Le Moigne, R.; Aftab, B.T.; Djakovic, S.; Dhimolea, E.; Valle, E.; Murnane, M.; King, E.M.; Soriano, F.;
Menon, M.K.; Wu, Z.Y.; et al. The p97 inhibitor CB-5083 is a unique disrupter of protein homeostasis in
models of multiple myeloma. Mol. Cancer Ther. 2017, 16, 2375–2386. [CrossRef] [PubMed]

115. Yamamoto, K.; Shen, J.; Chen, X.; Hendershot, L.; Prywes, R.; Mu, T.-W.; Ong, D.S.T.; Wang, Y.-J.; Balch, W.E.;
Yates, J.R.; et al. Chemical and Biological Approaches Synergize to Ameliorate Protein-Folding Diseases. Cell
2015, 3, 99–111.

116. Lehtonen, Š.; Sonninen, T.M.; Wojciechowski, S.; Goldsteins, G.; Koistinaho, J. Dysfunction of cellular
proteostasis in Parkinson’s disease. Front. Neurosci. 2019, 13, 1–19. [CrossRef]

117. Lo, D.C.; Stockwell, B.R. Inhibitors of protein disulfide isomerase suppress apoptosis induced by misfolded
proteins. Nat. Chem. Biol. 2011, 6, 900–906.

118. Kaplan, A.; Gaschler, M.M.; Dunn, D.E.; Colligan, R.; Brown, L.M.; Iii, A.G.P.; Lo, D.C.; Stockwell, B.R. Small
molecule-induced oxidation of protein disulfide isomerase is neuroprotective. Proc. Natl. Acad. Sci. USA
2015, 112, 2245–2252. [CrossRef]

119. Alborzinia, H.; Ignashkova, T.I.; Dejure, F.R.; Gendarme, M.; Theobald, J.; Wölfl, S.; Lindemann, R.K.;
Reiling, J.H. Golgi stress mediates redox imbalance and ferroptosis in human cells. Commun. Biol. 2018,
1, 210. [CrossRef]

120. Jiang, X.; Wei, Y.; Zhang, T.; Zhang, Z.; Qiu, S.; Zhou, X.; Zhang, S. Effects of GSK2606414 on cell proliferation
and endoplasmic reticulum stress - associated gene expression in retinal pigment epithelial cells. Mol. Med.
Rep. 2017, 15, 3105–3110. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0144320
http://www.ncbi.nlm.nih.gov/pubmed/26636678
http://dx.doi.org/10.1038/s41598-017-03940-1
http://www.ncbi.nlm.nih.gov/pubmed/28630443
http://dx.doi.org/10.1111/boc.201800068
http://www.ncbi.nlm.nih.gov/pubmed/30860281
http://dx.doi.org/10.1073/pnas.1321845111
http://dx.doi.org/10.1126/science.1129462
http://dx.doi.org/10.1002/jbm.a.33286
http://dx.doi.org/10.1046/j.0953-816x.2001.01765.x
http://dx.doi.org/10.1016/j.bbrc.2012.03.033
http://dx.doi.org/10.1161/CIRCRESAHA.112.268706
http://dx.doi.org/10.1016/j.tetasy.2009.02.048
http://dx.doi.org/10.1038/nchembio.1313
http://www.ncbi.nlm.nih.gov/pubmed/23892893
http://dx.doi.org/10.1371/journal.pone.0015479
http://www.ncbi.nlm.nih.gov/pubmed/21124757
http://dx.doi.org/10.1158/1535-7163.MCT-17-0233
http://www.ncbi.nlm.nih.gov/pubmed/28878026
http://dx.doi.org/10.3389/fnins.2019.00457
http://dx.doi.org/10.1073/pnas.1500439112
http://dx.doi.org/10.1038/s42003-018-0212-6
http://dx.doi.org/10.3892/mmr.2017.6418


Cells 2019, 8, 1347 22 of 22

121. Lee, S.K.; Kim, Y.S. Phosphorylation of eIF2α attenuates statin-induced apoptosis by inhibiting the stabilization
and translocation of p53 to the mitochondria. Int. J. Oncol. 2013, 42, 810–816. [CrossRef] [PubMed]

122. Halliday, M.; Radford, H.; Zents, K.A.M.; Molloy, C.; Moreno, J.A.; Verity, N.C.; Smith, E.; Ortori, C.A.;
Barrett, D.A.; Bushell, M.; et al. Repurposed drugs targeting eIF2α-P-mediated translational repression
prevent neurodegeneration in mice. Brain 2017, 140, 1768–1783. [CrossRef] [PubMed]

123. Thamsen, M.; Ghosh, R.; Auyeung, V.C.; Brumwell, A.; Chapman, H.A.; Backes, B.J.; Perara, G.; Maly, D.J.;
Sheppard, D.; Papa, F.R. Small molecule inhibition of IRE1α kinase/ RNase has anti-fibrotic effects in the
lung. PLoS ONE 2019, 14, e0209824. [CrossRef] [PubMed]

124. Carlesso, A.; Chintha, C.; Gorman, A.M.; Samali, A.; Eriksson, L.A. Binding Analysis of the Inositol-Requiring
Enzyme 1 Kinase Domain. ACS Omega 2018, 3, 13313–13322. [CrossRef]

125. Mimura, N.; Fulciniti, M.; Gorgun, G.; Tai, Y.; Cirstea, D.; Santo, L.; Hu, Y.; Fabre, C.; Minami, J.; Ohguchi, H.;
et al. Blockade of XBP1 splicing by inhibition of IRE1α is a promising therapeutic option in multiple myeloma.
Blood 2014, 119, 5772–5781. [CrossRef]

126. Carrasco, D.R.; Sukhdeo, K.; Protopopova, M.; Sinha, R.; Enos, M.; Carrasco, D.E.; Zheng, M.; Mani, M.;
Henderson, J.; Pinkus, G.S.; et al. The differentiation and stress response factor XBP-1 drives multiple
myeloma pathogenesis. Cancer Cell 2007, 11, 349–360. [CrossRef]

127. Ri, M.; Tashiro, E.; Oikawa, D.; Shinjo, S.; Tokuda, M.; Yokouchi, Y.; Narita, T.; Masaki, A.; Ito, A.; Ding, J.;
et al. Identification of Toyocamycin, an agent cytotoxic for multiple myeloma cells, as a potent inhibitor of
ER stress-induced XBP1 mRNA splicing. Blood Cancer J. 2012, 2, 1–11. [CrossRef]

128. Tang, C.H.A.; Ranatunga, S.; Kriss, C.L.; Cubitt, C.L.; Tao, J.; Pinilla-Ibarz, J.A.; Del Valle, J.R.; Hu, C.C.A.
Inhibition of ER stress–associated IRE-1/XBP-1 pathway reduces leukemic cell survival. J. Clin. Investig. 2014,
124, 2585–2598. [CrossRef]

129. Matsuoka, M.; Komoike, Y. Experimental evidence shows salubrinal, an eIF2α dephosphorylation inhibitor,
reduces xenotoxicant-induced cellular damage. Int. J. Mol. Sci. 2015, 16, 16275–16287. [CrossRef]

130. Plate, L.; Cooley, C.B.; Chen, J.J.; Paxman, R.J.; Gallagher, C.M.; Madoux, F.; Genereux, J.C.; Dobbs, W.;
Garza, D.; Spicer, T.P.; et al. Small molecule proteostasis regulators that reprogram the ER to reduce
extracellular protein aggregation. eLife 2016, 5, 1–26. [CrossRef]

131. Guan, M.; Fousek, K.; Jiang, C.; Guo, S.; Synold, T.; Xi, B.; Shih, C.C.; Chow, W.A. Nelfinavir induces
liposarcoma apoptosis through inhibition of regulated intramembrane proteolysis of SREBP-1 and ATF6.
Clin. Cancer Res. 2011, 17, 1796–1806. [CrossRef] [PubMed]

132. Sicari, D.; Fantuz, M.; Bellazzo, A.; Valentino, E.; Apollonio, M.; Pontisso, I.; Di Cristino, F.; Dal, M.; Silvio, F.;
Giannino, B.; et al. Mutant p53 improves cancer cells’ resistance to endoplasmic reticulum stress by sustaining
activation of the UPR regulator ATF6. Oncogene 2019, 38, 1–13. [CrossRef] [PubMed]

133. Gallagher, C.M.; Garri, C.; Cain, E.L.; Ang, K.K.-H.; Wilson, C.G.; Chen, S.; Hearn, B.R.; Jaishankar, P.;
Aranda-Diaz, A.; Arkin, M.R.; et al. Ceapins are a new class of unfolded protein response inhibitors,
selectively targeting the ATF6α branch. eLife 2016, 5, 1–33. [CrossRef] [PubMed]

134. Gallagher, C.M.; Walter, P. Ceapins inhibit ATF6α signaling by selectively preventing transport of ATF6α to
the Golgi apparatus during ER stress. eLife 2016, 5, 1–24. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3892/ijo.2013.1792
http://www.ncbi.nlm.nih.gov/pubmed/23354132
http://dx.doi.org/10.1093/brain/awx074
http://www.ncbi.nlm.nih.gov/pubmed/28430857
http://dx.doi.org/10.1371/journal.pone.0209824
http://www.ncbi.nlm.nih.gov/pubmed/30625178
http://dx.doi.org/10.1021/acsomega.8b01404
http://dx.doi.org/10.1182/blood-2011-07-366633
http://dx.doi.org/10.1016/j.ccr.2007.02.015
http://dx.doi.org/10.1038/bcj.2012.26
http://dx.doi.org/10.1172/JCI73448
http://dx.doi.org/10.3390/ijms160716275
http://dx.doi.org/10.7554/eLife.15550
http://dx.doi.org/10.1158/1078-0432.CCR-10-3216
http://www.ncbi.nlm.nih.gov/pubmed/21355074
http://dx.doi.org/10.1038/s41388-019-0878-3
http://www.ncbi.nlm.nih.gov/pubmed/31312025
http://dx.doi.org/10.7554/eLife.11878
http://www.ncbi.nlm.nih.gov/pubmed/27435960
http://dx.doi.org/10.7554/eLife.11880
http://www.ncbi.nlm.nih.gov/pubmed/27435962
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Maintenance of Early Secretory Pathway Homeostasis and Impact on Protein Secretion 
	Foldases, Chaperones and Quality Control Mechanisms 
	Post-Translational Modifications in the ER 
	Proteostasis Maintenance in the Early Secretory Pathway—Signaling Aspects 
	Translation Attenuation and mRNA Degradation 
	Expression of Chaperones and ERAD Components 
	Mechanisms of Cell Death Induction 
	Golgi and Mitochondrial Stress 

	ER Associated Degradation (ERAD), ER Reflux and Endosome and Golgi-Associated Degradation (EGAD) 
	Late Stages of ER-Dependent Membrane Transport 

	Proteostasis and Secretory Pathway Related Diseases 
	Protein Quality Control and Aggregation 
	Protein Quality Control and Degradation 
	Increased Protein Production/Imbalance Demand vs. Capacity 

	Therapeutic Strategies to Control the Homeostasis of the Early Secretory Pathway 
	Proteostasis Modulation 
	Gene Therapy 
	Targeting Protein Folding and Quality Control Machineries 
	Targeting the UPR 

	Future Perspectives 
	References

