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Opinion
Glossary

Aneuploidy: condition in which a cell has an incorrect number of chromosomes.

Autophagy: an intracellular degradative process that delivers cytoplasmic

materials to the lysosome for degradation.

Endoplasmic reticulum (ER): the first component of the cell SP; it encompasses

an extensive network of membrane tubules, vesicles, and flattened cisternae

within the cytoplasm. The main function of the ER is to serve as a platform for

lipids, or carbohydrate metabolism, secretory protein folding, and maturation

and control of cell calcium homeostasis.

Glycosylation: post-translational modification process in which carbohydrates

(glycans, saccharides, or sugars) are covalently attached to proteins, lipids, or

other organic molecules.

Golgi apparatus: membranous organelle and component of the cell SP that

receives the output (proteins and lipids) from the ER and allocates them to their

final destinations. It also acts as a reaction chamber for specific protein

glycosylations, phosphorylations, and cleavages.

Immunogenic cell death: a cell death subroutine that, in contrast to the

physiological caspase-mediated-tolerogenic apoptosis, stimulates cancer cell

immunogenicity along with a protective anticancer immune response in vivo.

Oncogenesis: all the events which will lead to the transformation of normal

cells to cancerous cells.

Proteostasis: refers to a proper balance among synthesis, maturation, and

degradation of cellular proteins.

Proteotoxic compounds: compounds that alter proteostasis.

Secretome: the collection of all molecules secreted by a cell, including trophic

factors and immunomodulatory cytokines.

Secretory pathway (SP): the complex network of eukaryotic cell organelles that

mediates the folding, maturation, and trafficking of transmembrane and

secreted proteins. It is also responsible for biogenesis and proper intracellular

distribution of a wide range of complex carbohydrates and lipids.

Tumor cell secretory addiction: describes the need for cancer cells to possess a
The unfolded protein response (UPR) mediates the adap-
tation of the secretory pathway (SP) to fluctuations in
cellular protein demand or to environmental variations.
Recently, drug screenings have confirmed the therapeu-
tic potential of targeting the UPR in cancer models.
However, the UPR may not be the only druggable target
of the SP. Moreover, recent studies have revealed other
contributions of the SP to cancer development. This
article does not intend to describe the well-established
implication of UPR signaling pathways in cancer cell life
and cell decision, but rather aims at defining the concept
of ‘tumor cell secretory addiction’, from molecular, cel-
lular, and therapeutic perspectives. Furthermore, the
implication of UPR modulations in this context will be
discussed.

Overview of the secretory pathway in cancer
Approximately one-third of the polypeptides synthesized
by a cell enter the endoplasmic reticulum (ER), the first
compartment of the secretory pathway (SP) (see Glossary).
From there, the polypeptides undergo different maturation
steps including folding, glycosylation, and disulfide bond
formation, thereby enabling the properly folded proteins to
exit the ER and reach their final destination. These multi-
step and active processes are tightly regulated and con-
trolled to maintain ER protein homeostasis (or ER
proteostasis) [1,2]. Any physical, chemical, or biological
conditions that disturb this efficient ER proteostasis
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network are rapidly sensed as part of the cell stress
response. The main signaling pathway governing these
molecular mechanisms is collectively known as the
particularly efficient SP. This need can be the result of (i) an increase in secretory

protein demand (due to aneuploidy or oncogene expression); (ii) a metabolic

crisis associated with cancer cell high metabolism and energy depletion; or (iii)

high levels of proteotoxic stresses mediated by basal oxidative stress or

chemotherapy. Furthermore, this need creates a dependency of cancer cells for

the SP and makes the SP an interesting therapeutic target.

Unfolded protein response: an evolutionarily conserved cellular response that

mediates the adaptation of the SP to fluctuations in the cellular protein demand

or to environmental variations. It encompasses a set of distinct signaling

pathways that aim at reducing global protein load to the ER and increasing the

levels of chaperones and the degradation of misfolded proteins.
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Figure 1. Secretory protein demand, cost, and price in cancer: the secretory crisis. The secretory pathway can be considered as a whole as one of the ‘factories’ of the cell. In

this view, production of secreted proteins is dependent on the demand, dictated by the nucleus, the availability of raw materials (e.g., energy, amino acids), and production

constraints. Critical factors destabilizing this system in cancer cells are indicated. Abbreviations: N, nucleus; ER, endoplasmic reticulum.
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unfolded protein response (UPR) and is initiated by three
ER transmembrane proteins in mammals, namely, acti-
vating transcription factor 6 (ATF6), protein kinase R
(PKR)-like endoplasmic reticulum kinase (PERK), and
inositol-requiring enzyme 1 (IRE1) [3]. Thus, the UPR
aims at restoring ER homeostasis under stressful condi-
tions, and if this fails then cell death is engaged.

By nature, features of cancer cells, such as aneuploidy,
increase in metabolic demand, and high proliferation rates,
require particularly robust ER and secretory machineries.
This increased demand for the secretory functions in
tumors is likely to trigger an alteration of ER homeostasis
and consequently result in ‘basal’ or constitutive UPR
induction (Figure 1). Moreover, in certain cancer types,
SP-associated functions have been identified as fundamen-
tal players in oncogenesis. As such, the UPR plays proon-
cogenic or antioncogenic roles depending on the tumor
context. It can be tumor suppressive in early stages of
cancer development, as reported in melanoma or Ras-
driven lung cancer [4,5], whereas it can be tumor promot-
ing in established cancer, such as in multiple myeloma
(MM) [6] and other cancers [7,8]. Moreover, beyond the
general increase in the demand that challenges the SP, the
secretion of prooncogenic factors, such as growth factors
and their associated receptors, might also confer specific
dependency of the cancer cells towards the SP. This is well
illustrated by the interaction of tumor cells with their
environment [9]. Indeed, tumor–stroma interactions are
controlled by cytokines, extracellular matrix (ECM) pro-
teins, matrix metalloproteases (MMPs), integrins, and
other contact proteins, all trafficked to their final destina-
tion through the SP. Modulation of the SP by endogenous
or exogenous stress factors could therefore result in cell
ECM destabilization and an increase in cancer dissemina-
tion and invasion. Finally, the relation between the SP and
oncogenesis is illustrated by the increasing number of
reports describing a role for plasma membrane exposure
of major ER-resident proteins in tumor immunogenicity
[10,11]. All these factors have prompted us to reconsider
the contribution of the tumor cell secretory machinery in
cancer development and progression.

The economics of secretory protein production: cost,
demand, and price to pay in cancer cells
Aneuploidy is a hallmark of cancer cells that contributes to
tumorigenesis by providing gain of oncogenes or loss of
tumor suppressor genes [12]. Adding to that, an increase in
the number of chromosomes was found to induce hyper-
sensitivity to conditions interfering with protein synthesis
and protein folding in yeast [13], and in human cancer cells
[14]. This suggests that aneuploidy-mediated translation
increase is an Achilles’ heel of cancer cells because it alters
proteostasis. Along these lines, an increase in ploidy was
recently found to be associated with ER stress in cancer [7].
Consequently, interfering with proteostasis represents an
appealing strategy to target cancer cells specifically
(Figure 2). Moreover, the aneuploidy-induced SP challenge
is also associated with immunogenicity, due to aberrant
cell surface exposure of calreticulin (CRT).

However, the dependence of cancer cells to the SP is not
restricted to aneuploidy and a variety of cancer-associated
molecular processes are responsive to alterations in the
secretory machinery. These include, but are not limited to,
high proliferation, elevated metabolism, and oncogene-
mediated increases in protein demands. Indeed, Huber
et al. found that cell transformation results in an increase
243
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Figure 2. Targeting the secretory pathway in cancer. Proteins that are destined for secretion are translocated into the ER lumen co-translationally (1) through channels

called translocons (2). In the ER lumen, the polypeptides are then matured through a complex process involving resident chaperones (3). Protein maturation includes the

proper folding of the nascent protein, N-linked glycosylation, proline isomerization, and disulfide bond formation (4). The ER quality control system will ensure the correct

folding of proteins (5) and will orient misfolded proteins in a ‘repair’ or ‘refolding’ process or will target these proteins for retrotranslocation to the cytosol and degradation

by the proteasome (6). Every condition that destabilizes this fine equilibrium in favor of the accumulation of misfolded proteins in the ER will trigger the activation of the

three ER stress sensors, IRE1, PERK, and ATF6, thus initiating the unfolded protein response (7). Once correctly matured in the ER, the nascent proteins will exit the ER and

be transported in a coatomer protein complex II (COPII)-dependent manner to the Golgi complex (8). After another set of maturation in this organelle, proteins will continue

to move on through the secretory pathway and will be secreted or transported to their final destination (9). Therapeutic intervention might therefore be possible at many

levels in the secretory pathway in cancer cells, including: (a) decreasing the amount of proteins entering the secretory pathway and, as a consequence, counteracting the

increased demand of secretory proteins mediated by hyperploidy or oncogene activation; (b) modulating the secretion of select proteins, such as receptor tyrosine kinases,

growth factors, or cytokines, by targeting their traffic through the secretory pathway, or protein specific processing, such as N-linked glycosylation; (g) targeting ER

chaperones, such as BiP or GRP94, for decreasing chemoresistance, or the levels of their respective client proteins; (d) increasing proteostasis unbalance, for example, by

inhibiting ERAD, proteasomal degradation, or modulating protein quality control; and (e) modulating the adaptive response of the secretory pathway, the UPR, to sensitize

cancer cells to ER stress and cancer treatment. Abbreviations: N, nucleus; ER, endoplasmic reticulum; G, Golgi; ATF6, activating transcription factor 6; PERK, protein kinase

R (PKR)-like endoplasmic reticulum kinase; IRE1, inositol-requiring enzyme 1; BiP, immunoglobulin heavy chain-binding protein; GRP94, 94 kDa glucose-regulated protein;

ERAD, endoplasmic reticulum-associated protein degradation.
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in proliferation and metabolic demand, thereby leading to
glucose depletion and consecutive ER stress [5]. Further-
more, Myc-mediated protein synthesis is necessary for the
increase in cell size and for acceleration of cell cycle pro-
gression of a transformed cell [15]. By exploiting this
concept of cancer dependency towards the SP, De Raedt
et al. showed that targeting proteostasis is a good strategy
for treating Ras-driven cancers [8]. Considering the rela-
tion between cancer cell features and the SP, it is not
surprising that a plethora of publications report overacti-
vation of UPR signaling in most human tumors [16].
Furthermore, apart from the intrinsic demand of the cell,
the UPR can also be induced by environmental challenges
in tumors (Figure 1). These stresses were widely described
over the past few years and include hypoxia, oxidative
stress, and chemotherapies [16,17]. The integration of both
intrinsic and extrinsic challenges therefore results in a
selective pressure to which cancer cells dynamically adapt
244
to maintain their selective advantage. As such, the well-
described upregulation of ER chaperones in tumors could
be seen as a consequence of this integrated/global stress
where the cancer phenotype is driven by a spontaneous
adaptation to the fluctuating environment.

The efficiency and plasticity of the SP represents a
critical factor in prooncogenic processes. Indeed, several
oncogenic proteins depend on the SP for proper folding and
to reach their final destination. This is the case of growth
factors or cancer-associated receptor tyrosine kinases
such as v-erb-b2 avian erythroblastic leukemia viral onco-
gene homolog 2 (ERBB2) [18,19]. Moreover, oncogenes
such as v-myc avian myelocytomatosis viral oncogene
homolog (Myc) and Kirsten rat sarcoma viral oncogene
homolog (K-RAS) require an increase in the protein flow
through the SP to mediate their oncogenic potential [8,20].
The best example of this is illustrated by the role of Myc as
a universal amplifier of transcription [21,22], combined
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with the general increase in protein synthesis rates neces-
sary for acceleration of Myc-induced cell cycle progression
and for Myc oncogenic potential [15]. This results in
increased protein supply to the ER, leading to ER stress
and UPR activation in lymphomas [20]. In this model,
UPR activation and, particularly, the PERK/eukaryotic
translation initiation factor 2a (eIF2a)/activating tran-
scription factor 4 (ATF4) axis increase autophagy and
protect cancer cells against ER stress-dependent apopto-
sis. Moreover, Myc neuroblastoma derived homolog
(MYCN) activation in neuroblastoma  creates a depen-
dency towards glutamine metabolism, and glutamine
deprivation induces cell death through eIF2a/ATF4 sig-
naling [23]. In this model, eIF2a/ATF4 activation was
triggered by the eukaryotic translation initiation factor
2 alpha kinase 4 (GCN2) independently of PERK. Hence,
depending on the cancer or on the stress, activation of
ATF4 appears as a central player in the control of Myc-
mediated oncogenesis.

Interactions of cancer cells with their environment
Most of the ECM and contact proteins are matured and
trafficked through the SP. As a consequence, perturbing
the SP could result in the alteration of the microenviron-
ment of tumor cells. The role of the ECM in cancer devel-
opment has led to the observation that tissue architecture
can control gene expression and determine the malig-
nancy of cancer in vivo [9]. Thus, overcoming the tumor
suppressor functions of the environment requires ‘promo-
tion’ by other elements. In this hypothesis, ECM destabi-
lization by modulation of the SP could represent one of
these important promoting factors. Although still to be
validated, this suggests that mutations or deregulation of
major components of the SP could act as cancer drivers.
Several pieces of evidence in support of such a phenom-
enon have emerged in recent years. An example is pro-
vided by the IRE1 gene, coding for one of the three
mediators of the UPR. Somatic mutations in this gene
have been identified in various cancers [24–26]. In a study
by Greenman et al., IRE1 was ranked as the fifth highest
mutated kinase, carrying at least one driver mutation [24].
Furthermore, expression of a dominant negative form of
IRE1 triggered a mesenchymal drift in glioblastoma
[27,28] and altered the expression of ECM, angiogenesis,
and inflammation proteins [27,29,30]. As a consequence,
cancer invasion or angiogenesis appear dependent on a
functional SP in tumor cells. Thus, alteration of the
expression or function (mutation) of an important gene
that regulates secretory homeostasis should be sufficient
to modulate tumor features such as growth, invasion, or
angiogenesis.

Adding to modulation of IRE1 activity, the expression
levels of Sec23 homolog A and homolog B (SEC23A and B)
proteins, members of the coatomer protein complex II
(COPII) machinery, were found to be instrumental in chan-
ging the tumor cell secretome in various cancers [31,32]. The
main effect was to modulate the tumor microenvironment
and promote tumor cell metastasis. Moreover, the signal
peptidase complex 18 (SEC11A) contributes to progression
of gastric cancer via transforming growth factor-a (TGF-a)
secretion [33].
In addition, cancer cells actively secrete immunosup-
pressive or protumorigenic cytokines. In this context, the
tumor UPR, stimulated by the hostile cancer microenvir-
onment, is a plastic modifier of the tumor immune and
inflammatory landscape [34,35]. An interesting paradigm
delineating how the cancer cell itself may assist in the
maintenance of a proinflammatory and protumorigenic
tumor environment through a non-cell autonomous
mechanism modulated by ‘transmissible’ ER stress has
also recently been described [34]. In this model, murine
tumor cells stressed by thapsigargin [a sarcoplasmic/endo-
plasmic reticulum calcium ATPase (SERCA) pump inhi-
bitor] were capable of transmitting signals to co-cultured
macrophages, which, in turn, underwent ER stress and
UPR activation. This was associated with the production of
proinflammatory and protumorigenic cytokines by macro-
phages, including interleukin 6 (IL-6), IL-23, tumor necro-
sis factor-a (TNF-a), and the upregulation of arginase,
which have been implicated in jeopardizing antitumor
immunity responses [34]. Thus, tumor addiction to the
SP appears to exploit the ER stress response beyond cell
autonomous frontiers. Although the precise mechanism(s)
underlying non-cell autonomous ER stress remains
unclear (Box 1), it is interesting to note that the ER luminal
domain of an ER stress transducer, the cAMP responsive
element binding protein 3-like 2 (CREB3L2), that shares
sequence similarity with ATF6, is secreted into the extra-
cellular space as a signaling molecule and plays a role in
cell-to-cell communication [36]. Additionally, two other
ATF6-like ER stress transducers, old astrocyte specifically
induced substance (OASIS) and cAMP responsive element
binding protein 3-like 4 (CREB4), were also found to be
secreted. Understanding the functions of these secreted ER
luminal domains might unravel mechanisms of UPR non-
cell autonomous communication. Finally, it is interesting
to highlight the fact that non-cell autonomous control of the
UPR has been demonstrated in other models in vivo [37,38]

Post-translational modifications in the secretory
pathway of the cancer cell
The SP and, in particular, the Golgi apparatus are also
important for the control of glycosylation. It has long been
reported that tumor cells frequently display marked
alterations in their glycosylation profiles. For example,
more than 80% of epithelial-derived malignant tumors
express the Tn antigen [39] and a similar proportion
express the T antigen [40]. Tn and T are related O-glycans.
Tn is composed of one sugar residue, GalNac, linked to a
Ser or Thr residue, and T corresponds to Tn with an
additional galactose residue. Their levels of expression
are strongly correlated with tumor aggressiveness and
poor clinical outcome [41]. Recently, we have shown that
high Tn expression in tumors is due to a reorganization of
the SP. In malignant cancer cells, the GalNac-transferases
(GALNTs), responsible for the initiation of O-glycosylation
are redistributed from the Golgi apparatus to the ER [42].
This relocation results in large amounts of Tn antigen in
the ER. The GALNT relocation appears tightly regulated
and is induced by the activation of the Src tyrosine kinase
[43]. Remarkably, between 60% and 80% of human breast
tumors show a large degree of relocation of GALNTs to the
245
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ER, whereas in normal tissues the enzymes are generally
exclusively localized in the Golgi apparatus [44]. The
relocation induces a marked stimulation of migration
and tissue invasion, which probably explains why Tn levels
are strongly correlated with tumor aggressiveness [44].

O-Glycosylation initiation in the ER results in modifica-
tions of cell surface glycoproteins. However, it is not clear
at this time what these proteins are nor how they might
mediate tissue invasion. Recent studies have revealed that
hundreds of different proteins are O-glycosylated and some
ER-resident proteins have been shown to bear this mod-
ification [45]. Multiple specific examples of the regulation
of secreted and cell surface factors by O-glycans have also
started to emerge. A recurrent theme is that O-GalNac
glycans can regulate protein hormones and other secreted
factors by inhibiting proteolytic cleavage [46]. For example,
FGF23 is a peptidic hormone that controls systemic phos-
phate metabolism [47] and O-glycosylation of FGF23 is
required for secretion and protection against inhibitory
cleavage by proprotein convertases [46]. Numerous other
secreted factors have been shown to undergo similar reg-
ulation [46].

Another recent study has also highlighted the extent of
regulation of glycan synthesis by various signaling path-
ways at the level of the Golgi apparatus [48]. These results
suggest that various aspects of cell physiology could be
regulated by select signaling intermediates through the SP
and the synthesis of glycoproteins. As these are often
perturbed in cancer, it is possible that many of the glyco-
phenotypes of cancer arise from a perturbation at the
interface between signaling and the SP.

Another important protein post-translational modifica-
tion in the SP is the formation of disulfide bonds. Con-
sidering that the redox balance is generally affected in
cancer cells [49], therefore, the control of ER redox state
could have considerable implications for this oxidative
process and for protein folding and assembly in this pathol-
ogy. In many instances, the expression of protein disulfide
isomerases or oxidoreductases was found to be deregulated
in cancers [17]. This is the case for endoplasmic reticulum
protein 29 (ERp29), protein disulfide isomerase family A,
member 6 (PDIA6), or protein disulfide isomerase family A,
member 4 (PDIA4) [17]. In addition, the overexpression of
quiescin sulfhydryl oxidase 1 (QSOX1), an enzyme that
oxidizes thiols during protein folding, has been observed in
cancers of breast, pancreas, and prostate origins [50–53].
QSOX1 can also be secreted and in the extracellular space
it acts in conjunction with PDIs to modify the ECM [54]. As
a consequence, deregulated expression of QSOX1 has also
been proposed to be important during tumor cell invasion,
facilitating tumor cell migration at the tumor/stroma inter-
face [54]. As such, QSOX1 may be a prognostic indicator of
metastatic potential or even indicate that cancer is present
in a host. In this line of evidence, inhibitors of PDIs have
potent antitumor activities [55,56]. Proteostasis distur-
bances have also been linked to excessive oxidative stress,
which could therefore enhance genomic instability [57]. As
such, it is believed that the existence of a vicious circle
between altered protein folding and local reactive oxygen
species (ROS) production at the ER enhances misfolding
[58]. This may translate into prooncogenic cascades, in
246
which ATF4 downstream signaling pathways control the
redox balance of the cell [59,60].

Proteolytic processing in the SP also represents an
interesting feature in cancer. The activation of mem-
brane-anchored transcription factors such as ATF6, cAMP
responsive element binding protein 3-like 3 (CREBH),
OASIS, or sterol regulatory element binding transcription
factors 1 or 2 (SREBP1/2) through their perimembrane
cleavage in the Golgi complex by site 1 and site 2 proteases
(S1P and S2P) [61] could be involved in the ability of the
cancer cell to handle proteotoxic stress. Moreover, conver-
tase-mediated processing of vascular endothelial growth
factor C (VEGF-C) and platelet-derived growth factor
alpha (PDGF-A) has been shown to confer these growth
factor protumoral and proangiogenic properties [62–64].
Finally, another illustration of such activation is provided
by the recent discovery that caspase-8-mediated cleavage
of the calnexin cytosolic domain prompted the release of a
fragment interfering with epidermal growth factor recep-
tor (EGFR)/signal transducer and activator of transcrip-
tion 3 (STAT3) signaling, a pathway canonically
overactivated in various cancers [65].

Secretory addiction and cancer immunogenicity
To progress towards a full malignant phenotype, cancer
cells need to evade the host immune system. Through a
process widely known as tumor immunosurveillance, nas-
cent immunogenic cancer cells are eliminated by various
components of the innate and adaptive immune systems,
before they can outgrow and form detectable tumors.
Mechanisms empowering cancer cells to dampen their
immunogenicity and gain immunoevasive abilities allow
the clonal expansion of low immunogenic or ‘immunoe-
dited’ cancer cells [66]. A recently described mechanism
intrinsic to cancer cells favoring immune surveillance links
polyploidization (one of the initiating events of carcinogen-
esis) [67] to constitutive ER stress (surface exposure of the
ER luminal chaperone CRT) [7]. Conditions promoting
hyperploidy in various cancer cell lines prompted ER stress
and led to sustained PERK-associated eI2Fa phosphoryla-
tion, which then caused the mobilization of CRT to the cell
surface [7]. Increased or aberrant surface expression of
CRT, in cooperation with other immunomodulatory fac-
tors, acts primarily as a recognition signal, facilitating the
phagocytosis of the stressed or dying cancer cells by anti-
gen presenting cells (APCs), such as dendritic cells [11,68].

In fact, the ability of stressed or dying cancer cells to
surface translocate and/or secrete a crucial set of immuno-
genic danger signals, such as CRT and ATP, has been
found to be critical for mounting an effective antitumor
immune response in vivo. This could be connected to the
recent discovery of CRT mutations in myeloproliferative
neoplasms with nonmutated JAK2 [69,70]. It is also impor-
tant to note that, adding to the discovery of aberrant
surface exposed CRT in cancer, other ER chaperones such
as immunoglobulin heavy chain-binding protein (BiP),
94 kDa glucose-regulated protein (GRP94), endoplasmic
reticulum resident protein 57 (ERp57), and PDI have been
shown to be secreted or expressed at the surface of cancer
cells, where they can also induce antitumor immune
responses. This particular point [10] expands the role of
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the ER chaperones in tumorigenesis. Future studies are
needed to determine if these key ER chaperones cooperate
to generate a set of danger signals to enhance immuno-
genicity and the molecular mechanisms involved in estab-
lishing these signals (Box 1).

‘Immunogenic cell death’ (ICD) is coupled to, and
depends on, the spatiotemporal surface expression and
secretion of danger signals, collectively known as
damage-associated molecular patterns (DAMPs) by
stressed or dying cancer cells [11]. ICD is predominantly
governed by loss of ER proteostasis, induction of oxidative
stress, and the trafficking and release/externalization of
DAMPs requires ER-to-Golgi transport and the classical
SP. Interestingly, loss of proteostasis and ER stress are
also common responses to viral infection, one of the most
ancient host–cell interactions capable of communicating
danger, and certain oncolytic viruses instigate ICD
through their ability to cause ER stress (reviewed in
[35]). Notably, the PERK pathway is required to signal
ICD [11,71,72]. Thus, it is tempting to speculate that the
capability of a specific ‘ER stressor’ to induce a robust
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Box 1. Outstanding questions

� Do ER chaperones (such as CRT, BiP, GRP94, and PDI) cooperate

to generate a set of danger signals to enhance immunogenicity?

� What are the mechanisms that link post-translational protein

modifications in the SP to cancer development? Do they

constitute a cause or a consequence of SP destabilization in

tumors?

� What are the molecular mechanisms involved in ‘transmissible/

nonautonomous’ ER stress?

� How can tumors be classified by the prooncogenic or antionco-

genic role of their SP to adapt therapies targeting these

processes?

� Is the general increase in levels of ER chaperones in tumors the

result of stress states or adaptive processes? How can these two

UPR-hypersensitive or UPR-resistant states be distinguished in

order to orient therapies targeting proteostasis?

� Can therapies targeting specific processes of the SP be designed

and developed to selectively target prooncogenic secreted and

transmembrane proteins?
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great efficacy [73,74]. The PERK inhibitor GSK2606414
was also recently identified and displays potent antitumor
and antiangiogenic activities in a xenograft model of pan-
creatic cancer [75]. Second, overexpression of the secretory
machinery could also contribute to the ability of cancer
cells to resist chemotherapies, because the simple over-
expression of the central chaperone BiP has been shown to
be protective against a wide range of chemotherapeutic
agents [76].

The control of ER proteostasis could also represent a
mechanism for forcing cancer cells to enter a secretory
crisis [8,14]. This concept has been studied in MM, where
cells are characterized by high protein synthesis resulting
in chronic ER stress and IRE1 activation [77]. In this
cancer, salubrinal, an inhibitor of eIF2a phosphatases
[78], was reported to synergize with proteasome inhibitors
(PIs) by specifically targeting surviving quiescent cells
that present attenuated eIF2a phosphorylation [79].
Moreover, two IRE1 inhibitors, MKC3946 and toyocamy-
cin, were also reported to synergize with PIs [73]. The
molecular mechanism proposed is that both PIs and IRE1
inhibitors can increase basal ER stress in MM by different
processes, the former by increasing accumulation of mis-
folded ER-processed proteins [80], the latter by blocking
ER-adapting pathways. By contrast, the absence of X-box
binding protein 1 (XBP1), a major UPR transcription
factor activated by IRE1, was recently found to promote
PI resistance in MM [81]. In this study, the authors found
that the absence of XBP1 causes decommitment to Ig
production and a decline in ER stress, thus leading to
attenuation of MM ER stress hypersensitivity. Therefore,
IRE1/XBP1 could be involved in both acute response and
cancer adaptation and therapies combining IRE1 inhibi-
tors and PIs should be used carefully. Finally, another
potential therapeutic example is provided by the develop-
ment of GRP94 inhibitors [82], which could be particularly
applicable in recurrent breast tumors where increased
GRP94 expression is not associated with PERK activation
[83].

Large-scale studies have brought a significant amount
of information on the nature and regulation of the secre-
tory machinery [48,84–86]. One opportunity for novel
cancer therapy could arise from proteins specialized in
the secretion of specific proteins, or from the characteriza-
tion of the specificity of ER chaperones. One example is
trafficking protein particle complex 2 (Sedlin), which func-
tions in the specific export of procollagen from the ER [87].
A therapeutic strategy targeting Sedlin could be applied to
cancers in which collagen plays an important role, for
example, in Ras-driven human epidermal tumorigenesis
where collagen VII has been shown to be required for
tumor cell invasion, or in fibrotic breast tumors where
collagen crosslinks and consecutive ECM stiffness is asso-
ciated with malignancy [88,89]. Similarly, fine-tuning co-
translational translocation to the ER can affect cancer-
related secreted and transmembrane proteins in a selec-
tive manner [18]. Finally, better understanding of the
receptor tyrosine kinase (RTK) secretory maturation will
provide new therapeutic opportunities, particularly rele-
vant in tumors presenting multiple RTK amplifications
[90].
248
Concluding remarks
In conclusion, we are now only beginning to perceive the
implications of the SP functions and adaptation in tumors,
in tumor initiation, growth, and metastasis (Figure 3).
Recent studies have shown that oncogenesis itself can
modulate the whole SP, and that adaptation towards this
pathway appeared as a key event in tumor evolution.
Furthermore, UPR adaptation could make cancer cells
both more adaptable and hypersensitive to specific stresses
and chemotherapies. In certain cancers, ER stress consti-
tutes a selective pressure barrier that cancer cells have to
bypass to develop. Then, the SP could have opposite func-
tions depending on the tumor evolution. Thus, it appears
promising to integrate this complexity in the search of
specific anticancer therapies that target the SP.
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(E.C.); Millennium Institute no. P09-015-F, ACT1109, FONDEF
D11I1007, FONDECYT no. 1110987 (C.H.), and Breast Cancer Campaign
(2010NovPR13). N.D. was supported by a postdoctoral fellowship from
the Fondation de France.

References
1 Powers, E.T. and Balch, W.E. (2013) Diversity in the origins of

proteostasis networks – a driver for protein function in evolution.
Nat. Rev. Mol. Cell Biol. 14, 237–248

2 Hetz, C. and Glimcher, L.H. (2011) Protein homeostasis networks in
physiology and disease. Curr. Opin. Cell Biol. 23, 123–125

3 Hetz, C. (2012) The unfolded protein response: controlling cell fate
decisions under ER stress and beyond. Nat. Rev. Mol. Cell Biol. 13,
89–102

4 Denoyelle, C. et al. (2006) Anti-oncogenic role of the endoplasmic
reticulum differentially activated by mutations in the MAPK
pathway. Nat. Cell Biol. 8, 1053–1063

5 Huber, A-L. et al. (2013) p58IPK-mediated attenuation of the pro-
apoptotic PERK-CHOP pathway allows malignant progression upon
low glucose. Mol. Cell 49, 1049–1059

6 Carrasco, D.R. et al. (2007) The differentiation and stress response
factor XBP-1 drives multiple myeloma pathogenesis. Cancer Cell 11,
349–360

7 Senovilla, L. et al. (2012) An immunosurveillance mechanism controls
cancer cell ploidy. Science 337, 1678–1684

8 De Raedt, T. et al. (2011) Exploiting cancer cell vulnerabilities to
develop a combination therapy for ras-driven tumors. Cancer Cell
20, 400–413

http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0005
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0005
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0005
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0010
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0010
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0015
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0015
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0015
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0020
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0020
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0020
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0025
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0025
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0025
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0030
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0030
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0030
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0035
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0035
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0040
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0040
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0040


Opinion Trends in Molecular Medicine May 2014, Vol. 20, No. 5
9 Bissell, M.J. and Hines, W.C. (2011) Why don’t we get more cancer? A
proposed role of the microenvironment in restraining cancer
progression. Nat. Med. 17, 320–329

10 Luo, B. and Lee, A.S. (2013) The critical roles of endoplasmic reticulum
chaperones and unfolded protein response in tumorigenesis and
anticancer therapies. Oncogene 32, 805–818

11 Krysko, D.V. et al. (2012) Immunogenic cell death and DAMPs in
cancer therapy. Nat. Rev. Cancer 12, 860–875

12 Lengauer, C. et al. (1998) Genetic instabilities in human cancers.
Nature 396, 643–649

13 Torres, E.M. et al. (2007) Effects of aneuploidy on cellular physiology
and cell division in haploid yeast. Science 317, 916–924

14 Tang, Y-C. et al. (2011) Identification of aneuploidy-selective
antiproliferation compounds. Cell 144, 499–512

15 Barna, M. et al. (2008) Suppression of Myc oncogenic activity by
ribosomal protein haploinsufficiency. Nature 456, 971–975

16 Ma, Y. and Hendershot, L.M. (2004) The role of the unfolded protein
response in tumour development: friend or foe? Nat. Rev. Cancer 4,
966–977

17 Moenner, M. et al. (2007) Integrated endoplasmic reticulum stress
responses in cancer. Cancer Res. 67, 10631–10634

18 Maifeld, S.V. et al. (2011) Secretory protein profiling reveals TNF-a
inactivation by selective and promiscuous Sec61 modulators. Chem.
Biol. 18, 1082–1088

19 Contessa, J.N. et al. (2008) Inhibition of N-linked glycosylation
disrupts receptor tyrosine kinase signaling in tumor cells. Cancer
Res. 68, 3803–3809

20 Hart, L.S. et al. (2012) ER stress-mediated autophagy promotes Myc-
dependent transformation and tumor growth. J. Clin. Invest. 122,
4621–4634

21 Nie, Z. et al. (2012) c-Myc is a universal amplifier of expressed genes in
lymphocytes and embryonic stem cells. Cell 151, 68–79

22 Lin, C.Y. et al. (2012) Transcriptional amplification in tumor cells with
elevated c-Myc. Cell 151, 56–67

23 Qing, G. et al. (2012) ATF4 regulates MYC-mediated neuroblastoma
cell death upon glutamine deprivation. Cancer Cell 22, 631–644

24 Greenman, C. et al. (2007) Patterns of somatic mutation in human
cancer genomes. Nature 446, 153–158

25 Parsons, D.W. et al. (2008) An integrated genomic analysis of human
glioblastoma multiforme. Science 321, 1807–1812

26 Guichard, C. et al. (2012) Integrated analysis of somatic mutations and
focal copy-number changes identifies key genes and pathways in
hepatocellular carcinoma. Nat. Genet. 44, 694–698

27 Auf, G. et al. (2010) Inositol-requiring enzyme 1a is a key regulator of
angiogenesis and invasion in malignant glioma. Proc. Natl. Acad. Sci.
U.S.A. 107, 15553–15558

28 Drogat, B. et al. (2007) IRE1 signaling is essential for ischemia-
induced vascular endothelial growth factor-A expression and
contributes to angiogenesis and tumor growth in vivo. Cancer Res.
67, 6700–6707

29 Dejeans, N. et al. (2012) Autocrine control of glioma cells adhesion and
migration through IRE1a-mediated cleavage of SPARC mRNA. J. Cell
Sci. 125, 4278–4287

30 Pluquet, O. et al. (2013) Post-transcriptional regulation of PER1
underlies the oncogenic function of IREa. Cancer Res. 73, 4732–4743

31 Roy, L. et al. (2010) Proteomic analysis of the transitional endoplasmic
reticulum in hepatocellular carcinoma: an organelle perspective on
cancer. Biochim. Biophys. Acta 1804, 1869–1881

32 Korpal, M. et al. (2011) Direct targeting of Sec23a by miR-200s
influences cancer cell secretome and promotes metastatic
colonization. Nat. Med. 17, 1101–1108

33 Oue, N. et al. (2013) Signal peptidase complex 18, encoded by SEC11A,
contributes to progression via TGF-a secretion in gastric cancer.
Oncogene http://dx.doi.org/10.1038/onc.2013.364

34 Mahadevan, N.R. and Zanetti, M. (2011) Tumor stress inside out: cell-
extrinsic effects of the unfolded protein response in tumor cells modulate
the immunological landscape of the tumor microenvironment. J.
Immunol. 187, 4403–4409

35 Garg, A.D. et al. (2012) ER stress-induced inflammation: does it aid or
impede disease progression? Trends Mol. Med. 18, 589–598

36 Saito, A. et al. (2013) Chondrocyte proliferation regulated by secreted
luminal domain of ER stress transducer BBF2H7/CREB3L2. Mol. Cell
http://dx.doi.org/10.1016/j.molcel.2013.11.008
37 Taylor, R.C. and Dillin, A. (2013) XBP-1 is a cell-nonautonomous
regulator of stress resistance and longevity. Cell 153, 1435–1447

38 Prahlad, V. et al. (2008) Regulation of the cellular heat shock response
in Caenorhabditis elegans by thermosensory neurons. Science 320,
811–814

39 Springer, G.F. and Tegtmeyer, H. (1983) Tn, a universal carcinoma
(CA) marker, frequently strongly expressed in anaplastic, aggressive
CA. Naturwissenschaften 70, 621–622

40 Springer, G.F. (1984) T and Tn, general carcinoma autoantigens.
Science 224, 1198–1206

41 Imai, J. et al. (2001) Immunohistochemical expression of T, Tn and
sialyl-Tn antigens and clinical outcome in human breast carcinoma.
Anticancer Res. 21, 1327–1334

42 Gill, D.J. et al. (2011) Location, location, location: new insights into O-
GalNAc protein glycosylation. Trends Cell Biol. 21, 149–158

43 Gill, D.J. et al. (2010) Regulation of O-glycosylation through Golgi-to-
ER relocation of initiation enzymes. J. Cell Biol. 189, 843–858

44 Gill, D.J. et al. (2013) Initiation of GalNAc-type O-glycosylation in the
endoplasmic reticulum promotes cancer cell invasiveness. Proc. Natl.
Acad. Sci. U.S.A. 110, E3152–E3161

45 Steentoft, C. et al. (2011) Mining the O-glycoproteome using zinc-finger
nuclease-glycoengineered SimpleCell lines. Nat. Methods 8, 977–982

46 Schjoldager, K.T. et al. (2011) A systematic study of site-specific
GalNAc-type O-glycosylation modulating proprotein convertase
processing. J. Biol. Chem. 286, 40122–40132

47 Angelin, B. et al. (2012) Circulating fibroblast growth factors as
metabolic regulators – a critical appraisal. Cell Metab. 16, 693–705

48 Chia, J. et al. (2012) RNAi screening reveals a large signaling network
controlling the Golgi apparatus in human cells. Mol. Syst. Biol. 8, 629

49 Trachootham, D. et al. (2009) Targeting cancer cells by ROS-mediated
mechanisms: a radical therapeutic approach? Nat. Rev. Drug Discov. 8,
579–591

50 Morel, C. et al. (2007) Involvement of sulfhydryl oxidase QSOX1 in the
protection of cells against oxidative stress-induced apoptosis. Exp. Cell
Res. 313, 3971–3982

51 Katchman, B.A. et al. (2011) Quiescin sulfhydryl oxidase 1 promotes
invasion of pancreatic tumor cells mediated by matrix
metalloproteinases. Mol. Cancer Res. 9, 1621–1631

52 Das, P. et al. (2013) Illuminating luminal B: QSOX1 as a subtype-
specific biomarker. Breast Cancer Res. 15, 104

53 Katchman, B.A. et al. (2013) Expression of quiescin sulfhydryl oxidase
1 is associated with a highly invasive phenotype and correlates with
a poor prognosis in Luminal B breast cancer. Breast Cancer Res. 15,
R28

54 Ilani, T. et al. (2013) A secreted disulfide catalyst controls extracellular
matrix composition and function. Science 341, 74–76

55 Xu, S. et al. (2013) Discovery of an orally active small-molecule
irreversible inhibitor of protein disulfide isomerase for ovarian
cancer treatment. Proc. Natl. Acad. Sci. U.S.A. 109, 16348–16353

56 Xu, S. et al. (2013) Protein disulfide isomerase: a promising target for
cancer therapy. Drug Discov. Today http://dx.doi.org/10.1016/
j.drudis.2013.10.017

57 Mathew, R. et al. (2009) Autophagy suppresses tumorigenesis through
elimination of p62. Cell 137, 1062–1075

58 Powers, E.T. et al. (2009) Biological and chemical approaches to
diseases of proteostasis deficiency. Annu. Rev. Biochem. 78, 959–991

59 Rzymski, T. et al. (2010) Regulation of autophagy by ATF4 in response
to severe hypoxia. Oncogene 29, 4424–4435

60 Igarashi, T. et al. (2007) Clock and ATF4 transcription system
regulates drug resistance in human cancer cell lines. Oncogene 26,
4749–4760

61 Brown, M.S. and Goldstein, J.L. (1999) A proteolytic pathway that
controls the cholesterol content of membranes, cells, and blood. Proc.
Natl. Acad. Sci. U.S.A. 96, 11041–11048

62 Scamuffa, N. et al. (2008) Selective inhibition of proprotein convertases
represses the metastatic potential of human colorectal tumor cells. J.
Clin. Invest. 118, 352–363

63 Khatib, A.M. et al. (2010) Zebrafish ProVEGF-C expression, proteolytic
processing and inhibitory effect of unprocessed ProVEGF-C during fin
regeneration. PLoS ONE 5, e11438

64 Sun, X. et al. (2013) Proprotein convertase subtilisin/kexin type 9
deficiency reduces melanoma metastasis in liver. Neoplasia 14,
1122–1131
249

http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0045
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0045
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0045
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0050
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0050
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0050
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0055
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0055
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0060
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0060
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0065
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0065
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0070
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0070
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0075
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0075
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0080
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0080
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0080
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0085
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0085
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0090
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0090
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0090
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0095
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0095
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0095
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0100
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0100
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0100
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0105
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0105
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0110
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0110
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0115
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0115
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0120
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0120
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0125
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0125
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0130
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0130
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0130
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0135
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0135
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0135
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0140
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0140
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0140
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0140
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0145
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0145
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0145
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0150
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0150
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0155
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0155
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0155
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0160
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0160
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0160
http://dx.doi.org/10.1038/onc.2013.364
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0170
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0170
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0170
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0170
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0175
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0175
http://dx.doi.org/10.1016/j.molcel.2013.11.008
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0185
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0185
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0190
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0190
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0190
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0195
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0195
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0195
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0200
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0200
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0205
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0205
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0205
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0210
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0210
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0215
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0215
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0220
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0220
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0220
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0225
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0225
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0230
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0230
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0230
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0235
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0235
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0240
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0240
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0245
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0245
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0245
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0250
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0250
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0250
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0255
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0255
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0255
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0260
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0260
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0265
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0265
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0265
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0265
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0270
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0270
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0275
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0275
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0275
http://dx.doi.org/10.1016/j.drudis.2013.10.017
http://dx.doi.org/10.1016/j.drudis.2013.10.017
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0285
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0285
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0290
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0290
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0295
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0295
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0300
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0300
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0300
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0305
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0305
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0305
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0310
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0310
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0310
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0315
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0315
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0315
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0320
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0320
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0320


Opinion Trends in Molecular Medicine May 2014, Vol. 20, No. 5
65 Lakkaraju, A.K. and van der Goot, F.G. (2013) Calnexin controls the
STAT3-mediated transcriptional response to EGF. Mol. Cell 51, 386–396

66 Ostrand-Rosenberg, S. (2008) Immune surveillance: a balance between
protumor and antitumor immunity. Curr. Opin. Genet. Dev. 18, 11–18

67 Davoli, T. and de Lange, T. (2011) The causes and consequences of
polyploidy in normal development and cancer. Annu. Rev. Cell Dev.
Biol. 27, 585–610

68 Kepp, O. et al. (2011) Molecular determinants of immunogenic cell death
elicited by anticancer chemotherapy. Cancer Metastasis Rev. 30, 61–69

69 Nangalia, J. et al. (2013) Somatic CALR mutations in
myeloproliferative neoplasms with nonmutated JAK2. N. Engl. J.
Med. 369, 2391–2405

70 Klampfl, T. et al. (2013) Somatic mutations of calreticulin in
myeloproliferative neoplasms. N. Engl. J. Med. 369, 2379–2390

71 Obeid, M. et al. (2007) Calreticulin exposure dictates the
immunogenicity of cancer cell death. Nat. Med. 13, 54–61

72 Garg, A.D. et al. (2012) A novel pathway combining calreticulin
exposure and ATP secretion in immunogenic cancer cell death.
EMBO J. 31, 1062–1079

73 Hetz, C. et al. (2013) Targeting the unfolded protein response in
disease. Nat. Rev. Drug Discov. 12, 703–719

74 Papandreou, I. et al. (2011) Identification of an Ire1a endonuclease
specific inhibitor with cytotoxic activity against human multiple
myeloma. Blood 117, 1311–1314

75 Axten, J.M. et al. (2012) Discovery of 7-methyl-5-(1-{[3-
(trifluoromethyl)phenyl]acetyl}-2,3-dihydro-1H-indol-5-yl)-7H-
pyrrolo[2,3-d]pyrimidin-4-amine (GSK2606414), a potent and selective
first-in-class inhibitor of protein kinase R (PKR)-like endoplasmic
reticulum kinase (PERK). J. Med. Chem. 55, 7193–7207

76 Roller, C. and Maddalo, D. (2013) The molecular chaperone GRP78/BiP
in the development of chemoresistance: mechanism and possible
treatment. Front. Pharmacol. 4, 10

77 Lee, A.H. et al. (2003) Proteasome inhibitors disrupt the unfolded
protein response in myeloma cells. Proc. Natl. Acad. Sci. U.S.A. 100,
9946–9951
250
78 Boyce, M. et al. (2005) A selective inhibitor of eIF2a dephosphorylation
protects cells from ER stress. Science 307, 935–939

79 Schewe, D.M. and Aguirre-Ghiso, J.A. (2009) Inhibition of eIF2a

dephosphorylation maximizes bortezomib efficiency and eliminates
quiescent multiple myeloma cells surviving proteasome inhibitor
therapy. Cancer Res. 69, 1545–1552

80 Obeng, E.A. et al. (2006) Proteasome inhibitors induce a terminal
unfolded protein response in multiple myeloma cells. Blood 107,
4907–4916

81 Leung-Hagesteijn, C. et al. (2013) Xbp1s-negative tumor B cells and
pre-plasmablasts mediate therapeutic proteasome inhibitor resistance
in multiple myeloma. Cancer Cell 24, 289–304

82 Duerfeldt, A.S. et al. (2012) Development of a Grp94 inhibitor. J. Am.
Chem. Soc. 134, 9796–9804

83 Dejeans, N. et al. (2012) Overexpression of GRP94 in breast cancer cells
resistant to oxidative stress promotes high levels of cancer cell
proliferation and migration: implications for tumor recurrence. Free
Radic. Biol. Med. 52, 993–1002

84 Gilchrist, A. et al. (2006) Quantitative proteomics analysis of the
secretory pathway. Cell 127, 1265–1281

85 Christianson, J.C. et al. (2012) Defining human ERAD networks
through an integrative mapping strategy. Nat. Cell Biol. 14,
93–105

86 Hall, S.L. et al. (2009) The organelle proteome of the DT40 lymphocyte
cell line. Mol. Cell. Proteomics 8, 1295–1305

87 Venditti, R. et al. (2012) Sedlin controls the ER export of procollagen by
regulating the Sar1 cycle. Science 337, 1668–1672

88 Levental, K.R. et al. (2009) Matrix crosslinking forces tumor
progression by enhancing integrin signaling. Cell 139, 891–906

89 Ortiz-Urda, S. et al. (2005) Type VII collagen is required for Ras-driven
human epidermal tumorigenesis. Science 307, 1773–1776

90 Snuderl, M. et al. (2011) Mosaic amplification of multiple receptor
tyrosine kinase genes in glioblastoma. Cancer Cell 20, 810–817

91 Hanahan, D. and Weinberg, R.A. (2011) Hallmarks of cancer: the next
generation. Cell 144, 646–674

http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0325
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0325
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0330
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0330
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0335
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0335
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0335
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0340
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0340
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0345
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0345
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0345
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0350
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0350
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0355
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0355
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0360
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0360
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0360
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0365
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0365
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0370
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0370
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0370
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0375
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0375
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0375
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0375
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0375
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0380
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0380
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0380
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0385
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0385
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0385
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0390
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0390
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0395
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0395
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0395
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0395
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0400
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0400
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0400
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0405
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0405
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0405
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0410
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0410
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0415
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0415
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0415
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0415
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0420
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0420
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0425
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0425
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0425
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0430
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0430
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0435
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0435
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0440
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0440
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0445
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0445
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0450
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0450
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0455
http://refhub.elsevier.com/S1471-4914(13)00213-X/sbref0455

	Addicted to secrete - novel concepts and targets in cancer therapy
	Overview of the secretory pathway in cancer
	The economics of secretory protein production: cost, demand, and price to pay in cancer cells
	Interactions of cancer cells with their environment
	Post-translational modifications in the secretory pathway of the cancer cell
	Secretory addiction and cancer immunogenicity
	Implications for secretory pathway addiction in cancer therapy: looking for a cure or an overdose?
	Concluding remarks
	Acknowledgments
	References


