O 00 N O U B W N P

A DA D W WWWWWWWWWNNNNNNNNNNRERERERRRRERRRLRPR
N P O OO NO U DBMWNRPROWOVONLONOUDSWNER,OWOOLWNODWUDDWNIPR O

Lipid bilayer stress and proteotoxic stress-induced unfolded protein response deploy
divergent transcriptional and non-transcriptional programmes

School of Biological Sciences, Nanyang Technological University, Singapore, 637551

ORCID
XHF  0000-0002-5371-0394
GT 0000-0002-7926-4812

*Corresponding author:
Guillaume Thibault

School of Biological Sciences
Nanyang Technological University
Singapore 637551

email: thibault@ntu.edu.sg
Phone: +65 6592 1787

Xiu Hui Fun and Guillaume Thibault*


mailto:thibault@ntu.edu.sg

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

ABSTRACT

The unfolded protein response (UPR) is activated by endoplasmic reticulum (ER) stress and is designed to

restore cellular homeostasis through multiple intracellular signalling pathways. In mammals, the UPR

programme regulates the expression of hundreds of genes in response to signalling from ATF6, IRE1, and

PERK. These three highly conserved stress sensors are activated by the accumulation of unfolded proteins

within the ER. Alternatively, IRE1 and PERK sense generalised lipid bilayer stress (LBS) at the ER while ATF6

is activated by an increase of specific sphingolipids. As a result, the UPR supports cellular robustness as a

broad-spectrum compensatory pathway that is achieved by deploying a tailored transcriptional programme

adapted to the source of ER stress. This review summarises the current understanding of the three ER stress

transducers in sensing proteotoxic stress and LBS. The plasticity of the UPR programme in the context of

different sources of ER stress will also be discussed.

KEYWORDS

Endoplasmic reticulum stress, unfolded protein response, lipid bilayer stress, proteotoxic stress, stress sensing

mechanism, differential transcriptome.

HIGHLIGHTS

e ER stress sensors activate the UPR by two independent sensing mechanisms
e Non-specific lipid stress actives IRE1 and PERK while ATF6 responds to sphingolipid

e The deployed transcriptional UPR programme is adapted to the source of ER stress

ABBREVIATIONS

CORPII, coat protein Il; DHC, dihydroceramide; DHS, dihydrosphingosine; ER, endoplasmic reticulum; ERAD,
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ER-associated protein degradation; ERSE, ER stress response element; LBS, lipid bilayer stress; LDL, low-

density lipoprotein; NAFLD, nonalcoholic fatty liver disease; RIDD, IRE1-dependent decay; SRP, signal

recognition particle; UPR, unfolded protein response; UPRS, lipid bilayer stress-induced UPR; UPRPT,

proteotoxic-induced UPR; UPRE, UPR element.
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1. INTRODUCTION

The unfolded protein response (UPR) is a eukaryotic stress response pathway canonically activated by

endoplasmic reticulum (ER) stress. Equipped with different mechanisms including translational attenuation [1]

and transcriptional activation of genes involved in ER protein folding and degradation [2, 3], the activation of

the UPR is required to overcome ER stress. The UPR is conserved from protozoa but exhibits a high degree

of complexity in metazoans [4]. The mammalian UPR programme regulates the expression of hundreds of

genes in response to signalling from the three sensor molecules ATF6 (activating transcription factor 6), IRE1

(inositol requiring enzyme 1), and PERK (double-stranded RNA-activated protein kinase (PKR)-like ER

kinase), all three of which are embedded within the ER membrane (Fig. 1). IRE1 is the most evolutionarily

conserved UPR sensor, and it is the sole sensor present in lower eukaryotes including Saccharomyces

cerevisiae and Schizosaccharomyces pombe. As part of the initial adaptive phase of the UPR, accumulation

of unfolded proteins within the ER lumen activates the three ER stress sensors which further initiates a cascade

of signalling events that aim to restore and protect cellular integrity [5, 6]. However, cellular dysfunction and

cell death often occurs when ER stress is chronically prolonged and protein load overwhelms the folding

capacity of the ER. Additionally, the three transducer proteins sense ER stress through lipid bilayer stress

(LBS), in a manner independent from their respective luminal domains [7-11]. The molecular mechanism of

IRE1 activation upon LBS has been recently demonstrated in budding yeast [7]. Various perturbations of lipid

metabolism have been shown to activate IRE1, including altered ratio of phosphatidylethanolamine (PE) and

phosphatidylcholine (PC) [10], elevated lipid saturation [12], elevated sterol levels [13], and inositol depletion

[9]. Hence, LBS was introduced as a collective term for atypical lipid compositions of the ER membrane that

can contribute to UPR activation [12].
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The transcriptional UPR programme must directly address specific defective or saturated pathways while

simultaneously avoiding overcompensating for others that are functional as a constitutively activated UPR in

unstressed WT yeast cells is toxic [14]. It can be hypothesised that the UPR transitions from a general

response towards a curated transcriptional programme to address the source of stress through a negative

feedback loop mechanism. Initially, the UPR transducers are either activated by LBS, proteotoxic stress, or

both resulting in temporary translational attenuation and the upregulation of genes. Through the responsive

phase, different UPR-related players modify the initial transcriptional programme. Depending on the cell type

and organism, these factors are divergent, and their activity might be influenced by the source of stress. Thus,

the UPR transcriptional programme displays plasticity according to the specific needs of the cell to restore ER

homeostasis. This review will provide an overview on how the different ER stress transducers sense LBS and

proteotoxic stress independently, before discussing the transcriptional and non-transcriptional UPR

programmes that are associated with proteotoxic-induced ER stress (UPRPT) and LBS-induced ER stress

(UPR!8S),

2. ER stress transducers sense lipid bilayer stress and proteotoxic stress by different mechanisms

In metazoans, activation of the UPR involves three ER localized sensors IRE1, PERK and ATF6 that sense

and employ unigue transduction mechanisms to the cytosol and nucleus to enable an adaptive response. Each

unique sensor consists of an ER luminal domain that senses aberrant conditions within the ER lumen and/or

membrane compositions, an ER-transmembrane domain, and a cytosolic domain that relay information to the

transcriptional and translational machineries. First identified in S. cerevisiae, the UPR transducer Irel is the

most evolutionarily conserved ER stress sensor [15, 16]. Irel dimerises and further clusters in higher-ordered

oligomers upon UPR'eS and UPRPT [7, 17, 18]. Clustering of Irel leads to transphosphorylation and the
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activation of its unique ribonuclease domain. Subsequently, active Irel cleaves the intron of homologous to

Atf/Crebl (HAC1) mRNA, which is translated into the transcription factor Hacl that upregulates the expression

of hundreds of genes involved in various cellular processes to restore ER homeostasis [10, 19, 20]. In

mammals, IREla and IRE1f are the two IRE1 homologues of yeast Irel [21, 22], where IRE1a is ubiquitously

expressed and therefore the main UPR mediator, while IRE1[3 expression is limited to the epithelial cells of the

gastrointestinal tract [22, 23]. Conserved in higher organisms, IRE1a is similarly activated and it splices the

pre-mRNA of the transcription factor X-box binding protein 1 (XBP1) [24, 25] (Fig. 1A). In addition to the

interaction between IREla and the Sec61 translocon complex, the signal recognition particle (SRP) pathway

recruitment of XBP1Y to the Sec61 translocon is also required for efficient cleavage of XBP1Y [26, 27]. The

spliced XBP1 mRNA is then translated into an active transcription factor that induces UPR target genes to

alleviate ER stress. In the event of prolonged ER stress, IRE1la cleaves mRNAs localised to the ER membrane

by a mechanism termed as regulated IRE1-dependent decay of mMRNA (RIDD) (Fig. 1A) [28, 29]. The activation

of RIDD further complements the UPR by reducing the incoming protein load on the ER under stress conditions.

The addition of two new classes of ER stress sensors, PERK and ATF6, has increased the complexity of the

ER stress sensing and response mechanisms in higher eukaryotes. Oligomerisation of PERK triggers

autophosphorylation and the phosphorylation of eukaryotic translation initiation factor 2 subunit alpha (eiF2a)

during UPR'®S and UPRPT [11] (Fig. 1B). Phosphorylated eiF2a (elF2a-P) attenuates general protein

translation while enhancing the translation of the activating transcription factor 4 (ATF4). Subsequently, ATF4

induces a subset of UPR genes including pro-apoptotic factor C/EBP-homologous protein (CHOP) and the

growth arrest and DNA damage-inducible protein (GADD34). GADD34 promotes the dephosphorylation of

elF2a-P to subsequently derepress translation. The transcription factor CHOP induces pro-apoptotic genes in

the presence of persistent stress such as prolonged ER stress [30]. In contrast to IRE1a and PERK, disulfide-
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bonded ATF6 is reduced during ER stress and the resulting monomeric form is transported to the Golgi

apparatus through interaction with the coat protein Il (COPII) [31, 32] (Fig. 1C). In the Golgi, the luminal and

the transmembrane domains of ATF6 are cleaved by site-1 and site-2 proteases (S1P and S2P) which releases

the cytosolic N-terminal domain of ATF6 [ATF6(N)]. In turn, ATF6(N) is transported to the nucleus where it

upregulates a subset of UPR genes. In parallel, many organisms have a general homeostatic response to limit

protein load in the ER by upregulating genes that increase the ER folding capacity, attenuating translation, and

degrading ER-targeted mRNAs. Together, the activation of these three sensors aids in protecting against

proteotoxicity and to maintain overall ER homeostasis.

2.1. Sensing proteotoxic stress at the ER

Protein glycosylation is a sophisticated post-translational modification that plays an important role in the folding,

stability, subcellular localisation and biological function of proteins residing or transiting through the secretory

pathway. Initially known to function as a natural antibiotic, tunicamycin inhibits N-linked glycosylation in the ER

of eukaryotic cells, thereby leading to the disruption of protein folding and the severe accumulation of unfolded

proteins within the ER [33-35]. Pioneer work to dissect the ER stress sensing mechanism pointed to the

accumulation of unfolded proteins in the ER lumen. In the late 80’s, either the expression of unfolded influenza

haemagglutinin viral protein or tunicamycin treatment were shown to induce the expression of the ER-resident

molecular chaperones immunoglobulin heavy-chain-binding protein (BiP), 94 kDa glucose-regulated protein

(GRP94), and protein disulfide-isomerase (PDI) [36, 37]. ER molecular chaperones facilitate protein

translocation, folding, and quality control [20]. Subsequently, the missing link between ER stress and gene

regulation, including ER-resident molecular chaperones, was elucidated in S. cerevisiae. The accumulation of

unfolded proteins was found to induce the splicing of HAC1 mRNA in an Irel-dependent manner, resulting in
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the translation of the transcription factor Hacl [15, 38, 39]. The IRE1a/XBP1 axis was eventually identified in

mammals and to be similar to the yeast Irel/Hacl axis [21, 22, 25]. During the same era, inhibition of protein

synthesis was reported to correlate with the phosphorylation of elF2a in response to ER stress signalling in

mammals [40-42] (Fig. 1). Later, PERK and ATF6 were reported to be activated upon the accumulation of

unfolded proteins [1, 43, 44]. Together, the three ER stress transducers were thought to be solely activated by

the accumulation of unfolded proteins in a similar fashion while having their unique properties and activation

pathways.

Our current understanding on how the ER stress transducer IRE1 senses the accumulation of unfolded

proteins at the ER is mostly derived from structural and in vivo studies in yeast. Despite early discovery on the

role of Irel as a central UPR regulator, the mechanism by which it senses unfolded proteins remains disputed.

There are two alternative models used to describe how Irel’s luminal domain sense ER stress: an earlier

model where Irel activity is regulated by the release of the molecular chaperone Kar2 (BiP homologue) and a

recent model where unfolded proteins act as activating ligands that directly binds Irel. In the first model, BiP

keeps Irel in its inactive monomeric states through the binding of their luminal domains under normal

conditions. In cells undergoing ER stress, BiP binding moves from Irel to the then accumulating unfolded

proteins, allowing Irel to oligomerise and to activate the downstream pathways. Supporting this model,

immunoprecipitation assays showed that Irel remains associated to BiP in unstressed cells and dissociates

from BiP under ER stress conditions [45-47]. Consistently, overexpression of BiP in CHO cells showed a

greater amount of BiP associated with PERK or IRE1 than in parental CHO cells with endogenous BIiP levels

[45]. Additionally, in BiP overexpressing CHO cells, ER stress-induced phosphorylation of PERK was delayed

and incomplete while IRE1 activation was absent [45-47]. Together, the emerging model pointed to the role of
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Kar2/BiP in keeping IRE1 as an inactive monomer under non-stress condition. Upon unfolded protein

accumulation, Kar2/BiP is titrated away from monomeric IRE1 to bind unfolded proteins. Consequently,

monomeric IRE1 molecules, freed of Kar2/BiP, oligomerises and thus self-activate.

In contrast to the competitive model, where IRE1 competes with misfolded proteins to bind BiP, a recent in

vitro study supports an allosteric model in which the interaction between IRE1 and BiP occurs through the

ATPase domain of BiP, independently of nucleotides [48]. This is further supported by an in vitro Forster

resonance energy transfer (FRET) UPR induction assay that revealed the ATPase domain of BiP as being

essential for the interaction with the luminal domain of IRE1 [49]. As the binding between IRE1, BiP and

unfolded proteins involves two different domains of BiP and is coupled to its conformation change, this is not

considered as a competitive process, but rather an allosteric model for UPR activation upon ER stress [49].

However, Irel mutants lacking the juxtamembrane segment of its luminal domain that is responsible for BiP

binding maintained their ability to get activated upon ER stress and remains inactive in its absence, suggesting

that the release and rebinding of BiP is not the principal determinant for the activation of Irel [17, 47, 50, 51].

Instead, the activation of Irel could be a hybrid model in which the first step involves the release of BiP,

followed by the binding of unfolded proteins to the luminal domain [17, 47]. Another alternative model of Irel

regulation involves the direct binding of unfolded proteins to its luminal domain, triggering self-oligomerisation

and activation of the cytoplasmic effector domains of Irel. This model is supported by structural studies of Irel

luminal domain that revealed a putative peptide binding groove that resembles the peptide binding domains of

major histocompatibility complexes (MHCs) [17, 47]. Further mutational analysis showed that residues facing

the groove are essential for UPR activation and their mutations reduce the response [50]. In addition, in vivo

and in vitro studies showed that yeast Irel directly interacts with misfolded mutant of carboxypeptidase Y
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(CPY*) and peptides, respectively, leading to its oligomerisation [52]. Despite the structural differences

between human and yeast IRE1 luminal domains, the crystal structure of human IREla core luminal domain

displays conserved structural elements in its core [53]. As in yeast, peptides and unfolded proteins bind to the

MHC-like groove within the luminal domain of IREla, inducing conformational changes that result in its

oligomerisation [53]. Impairment of the oligomerisation of the core luminal domain of IRE1 abrogated its activity

in living cells, further indicating that IRE1 activation is dependent on unfolded protein binding-induced

oligomerisation [53]. Together, these observations demonstrated that the direct binding of unfolded proteins to

the luminal domain of IRE1 induces its oligomerisation and further leads to the UPR activation (Fig. 2A).

BiP also binds the Iluminal domain of PERK, negatively regulating PERK oligomerisation and

autophosphorylation [45, 48, 54]. Although it has been well established that dimer formation is adequate for

autophosphorylation for both PERK [54] and Irel [16, 55-58], structural and functional analyses revealed the

transient formation of a novel tetrameric conformation of PERK that possess high efficiency of

autophosphorylation [59]. The transition between PERK dimer and tetramer may be an indication of an intrinsic

form of regulation that is dependent on the level of unfolded proteins within the ER lumen. Further biochemical

and structural findings showed that the oligomerisation of PERK luminal domains is dependent on the direct

binding of unfolded proteins to activate the UPR [60]. PERK luminal domain contains a highly flexible peptide-

binding grove which recognises and interacts with a variety of unfolded proteins. Flexible binding regions have

been reported for several molecular chaperones [61-66], hence the peptide binding groove of PERK possibly

varies according to the size of its peptide ligand to bind a wide range of unfolded proteins.

ATF®6 is a type Il transmembrane protein with a carboxyl-terminal luminal domain and an amino-terminal basic
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leucine zipper (bZIP) transcription factor domain [43, 44]. The luminal domain of ATF6 bears no sequence

homology to either IRE1 or PERK, and its mechanism of activation is dependent on changes in subcellular

localization and intramembrane proteolysis [43, 67]. The luminal domain of ATF6 is essential and sufficient for

its activation under ER-stressed conditions, indicating that this domain senses ER stress signal within the ER

[68]. Subsequently, BiP has been shown to bind to the luminal domain of ATF6 and to regulate its activation

[69]. Binding of BiP retains ATF6 in the ER by hindering its Golgi localization signals (GLSs) while the

dissociation of BiP during ER stress promotes the transportation of ATF6 to the Golgi [69]. Despite sharing a

similar mode of regulation by BiP with IRE1 and PERK, a mutational study showed that BiP-ATF6 complex is

stable and BiP dissociation during ER stress occurs through an active mechanism rather than the competition

with unfolded proteins described above for IRE1 [70]. Unlike IRE1 and PERK, ATF6 exists as a monomer,

dimer and oligomer, with the higher order forms maintained during non-ER-stressed condition via inter- and

intramolecular disulfide bridges formed between the two conserved cysteine residues within its luminal domain

[32]. Mutation of both conserved cysteine residues that mediate oligomerisation failed to induce constitutive

trafficking of ATF6 to the Golgi apparatus, suggesting that monomeric ATF6 is not sufficient for its activation

[32]. Upon ER stress, a reduced form of monomeric ATF6 translocates to the Golgi apparatus where its amino-

terminal transcription factor domain is released by S1P and S2P-mediated proteolysis. The conversion to the

monomeric form of ATF6 seems to be important for its activation as oligomers are absent in the Golgi apparatus

and they are also poor substrates of S1P cleavage [32]. The reduction process is specific to ATF6, as another

ER membrane-bound transcription factor, LZIP, was not reduced upon ER stress [32]. In addition, the

glycosylation inhibitor tunicamycin reduced ATF6 similar to the reducing agent DTT, reflecting the correlation

between reduction and ATF6 activation [32]. This further suggests that the mechanism underlying the activation

of ATF6 seems to be rather strict and is dependent on changes within the ER [32, 71]. Since BiP dissociation

10
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and reduction of disulphide bonds are closely associated with the luminal domain of ATF6, identification of

oxidoreductases modulating ER stress-induced reduction of ATF6 will contribute to a better understanding of

ATF6-mediated ER stress sensing mechanism [72].

2.2. Sensing lipid bilayer stress at the ER

The UPR programme upregulates a subset of lipid synthesis genes, indicative of interdependence between

lipids and ER stress [19]. Accordingly, several studies have reported on the link between the disruption of lipid

homeostasis and the activation of the UPR in eukaryotes [8, 10, 73-76]. One of the earliest observations that

obesity-induced UPR activation involves ER stress came from studies utilizing chemical chaperones [77].

These chemical chaperones stabilise protein conformation, improve ER folding capacity, facilitate appropriate

trafficking of mutant proteins and act as buffer in the presence of unfolded proteins, linking lipid-induced ER

stress to the accumulation of unfolded proteins [13, 77-82]. However, several groups have subsequently

demonstrated that the three ER stress sensors are activated by LBS independently of unfolded protein

accumulation [8, 9, 11, 83].

In yeast, Irel lacking its luminal stress-sensing domain (Ire1ALD) that binds unfolded proteins, when dimerised,

was shown to activate the UPR during LBS but failed to do so with the overexpression of CPY* [9]. In the study,

LBS was induced by either the depletion of the phosphatidylinositol and sphingolipids precursor inositol from

the growth medium or genetic perturbation of the lipid biosynthesis pathways [9]. The study suggested that

Irel contains distinct ER stress sensors, one in its luminal domain and the other within the transmembrane or

cytosolic domains [9]. Similar findings were reported in mammalian cells for both IRE1a and PERK where LBS

was induced by abnormally elevated levels of saturated fatty acids within the biological membrane [11]. IREla

11
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and PERK, lacking their luminal stress-sensing domain (IRELaALD and PERKALD, respectively), were

sufficient to sense LBS but were insensitive to proteotoxic stress. These findings showed that LBS can be

sensed by the transmembrane domains of IRE1a and PERK. Due to the decrease in membrane fluidity through

fatty acid saturation, they proposed that the transmembrane domains of IRE1a and PERK are favourably

excluded from the gel phase, thus favouring their oligomerisation. Despite swapping the transmembrane

domain of an unrelated ER protein and sequence scrambling, both IRE1 and PERK still retained their ability

to activate the UPR. This suggests that although responsiveness to lipid perturbation requires the presence of

a transmembrane domain, it is not sequence specific [11, 84]. A conserved amphipathic helix within the luminal

domain of Irel, in proximity to the transmembrane domain, was shown to be necessary to drive the

oligomerisation of Irel during LBS in yeast [7]. The unique properties of the amphipathic helix together with

the transmembrane domain of Irel was proposed to drive local membrane compression and acyl chain

disordering which favour the oligomerisation of Irel during LBS. Together, the conserved LBS sensing

mechanism by IRE1 and PERK appears to be dependent on their secondary structures at the membrane and

the surrounding membrane biophysical properties rather than specific amino acid sequences (Fig. 2B).

Recently, ATF6 was reported to be specifically activated from LBS but through a divergent sensing mechanism

from those of IRE1a and PERK [83]. ATF6 was shown to be sensitive to the accumulation of two sphingolipid

species, namely dihydrosphingosine (DHS) and dihydroceramide (DHC), while being non-responsive to

ceramides (Fig. 2C). Although both sphingolipid intermediates are normally in low abundance, the authors

demonstrated their levels are elevated upon ER stress. DHS and DHC accumulation activate ATF6 similarly

as proteotoxic stress (Fig. 1C). Single point mutations within the ATF6 transmembrane conserved motif were

sufficient to prevent sphingolipid-induced activation whereas it remained sensitive to proteotoxic stress.
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Interestingly, the ATF6 transmembrane conserved VXXFIXXNY motif that is similar to the sphingomyelin

binding motif of p24, a major transmembrane protein of COPI-coated transport vesicles [85]. The possibility of

other types of LBS in activating ATF6 should be explored. Whether LBS disrupts COPIll-mediated ATF6

transport to the Golgi apparatus or attenuates S1P/S2P enzymatic activities should also be investigated.

In addition to the UPR sensors, other ER-resident proteins sense specific lipid species to maintain lipid

homeostasis. To maintain membrane fluidity, fatty acid saturation is tightly regulated to ensure cell functionality

and vitality. For instance in yeast, the lack of the A9-fatty acid desaturase OLEL1 results in lethality which can

be rescued with unsaturated fatty acids supplementation [86, 87]. The expression level of OLE1 is controlled

by the ER membrane-bound transcriptional regulator Mga2 [88-90]. The oligomeric transmembrane a-helix of

yeast Mga2 undergoes subsequent rotational orientations that induce conformational changes upon alteration

of the fatty acid composition within the membrane and is activated upon proteolytic cleavage. Active Mga2

further adjusts OLE1 expression to maintain membrane integrity and cell viability [91]. Cholesterol synthesis

is regulated at the ER by the membrane-bound transcription factor sterol regulatory element binding element

(SREBP) [92, 93]. The activation of SREBP employs the same cellular machinery as ATF6 as it requires

transport to the Golgi apparatus followed by sequential cleavage by the S1P/S2P to release its soluble

transcription factor when cholesterol is low at the ER [94]. The release of soluble SREBP further induces the

expression of cholesterol synthesis enzymes, triglycerides, phospholipids and the low-density lipoprotein (LDL)

receptor [95]. Additionally, sterol synthesis is regulated at the translational level through the HMG-CoA

reductase (HMGR) protein. The accumulation of intermediate products through the cholesterol biosynthesis

pathway promotes the degradation of HMGR [96], consequently preventing excessive accumulation of sterol.

Together, these lipid sensors contribute to lipid homeostasis at the ER but independently of the UPR pathway.
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3. The deployed UPR transcriptional and non-transcriptional programme is reflective to the source of

ER stress

Equipped with different mechanisms including translational attenuation [1] and transcriptional activation of

genes involved in ER protein folding and degradation [2, 3], the UPR broadly shifts the transcriptome to

overcome ER stress (Fig. 3). The expression levels of the UPR transducers differ across cell types, providing

plasticity to a wide variety of ER-stress stimulus [97] (Fig. 3). For instance, ER molecular chaperones and the

majority of UPR target genes display tissue-specific effects that is XBP-1-dependent in plasma B cells and

fibroblasts but are not affected by the deletion of Xbpl in pancreatic cells [98]. Additionally, both genome-wide

and computational analyses revealed that XBP1 regulates tissue- and condition-specific target genes in

skeletal muscle and secretory cells [99]. The UPR transcriptional programme displays greater flexibility where

an extensive range of inputs can activate various overlapping but specific pathways that result in differential

outputs according to cellular needs.

Stress responses usually act within a cell experiencing unfavourable conditions that in turn promote

proteotoxicity. However, diseases and cellular damages that involve unfolded proteins are hardly confined

within a single tissue. Hence, the mechanisms that protect or promote disease progression require

communication between cells and tissues, namely cell-nonautonomous regulatory pathways [100] (Fig. 3). In

addition to the conventional intracellular ER-to-nucleus signal transduction pathway, the UPR can be activated

extrinsically through factors released from cancer cells [101]. Similar UPR-activated cell-nonautonomous

communication occurs where neuronal cells constitutively activated UPR induces the UPR of intestinal cells,

resulting in C. elegans lifespan extension [102, 103].
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The ER stress-induced transcriptional UPR programmes are well defined. For instance, transcriptional profiling

experiments identified ~381 UPR target genes that are induced upon DTT and tunicamycin treatment in

budding yeast [19]. As expected, expression of ER chaperones was upregulated, together with the expression

of genes involved in various functions including protein trafficking and quality control, lipid metabolism and cell

wall biosynthesis [19]. Additionally, the three UPR transducers were shown to upregulate inducible UPR genes

with similar functions upon tunicamycin treatment in C. elegans, with ire-1/xbp-1 and pek-1 as major

contributors [104]. The ability of the UPR to regulate a wide variety of genes was further supported by a

systematic analysis of 4,500 yeast deletion mutants that identified ~10% mutant strains with a significant UPR

activation [105]. Therefore, it is not surprising that ER stress induced by proteotoxic or LBS might differentially

alter the UPR to reach cellular homeostasis. UPRBS and UPRPT were shown to be distinct from each other in

which the UPR activation in both yeast and C. elegans are upregulated independently of unfolded protein

levels [106, 107]. In yeast, we have demonstrated that the UPR elicits a broad response that remodels the

proteome to protect against conditions that alters lipid composition of membranes using global transcriptional

and proteomic studies [10]. Similarly, we reported a different UPR transcriptional programme that was deployed

upon LBS in comparison to proteotoxic stress in yeast and C. elegans [8, 10]. Despite these differences, a

subset of genes in C. elegans were found to be similarly regulated by both UPRPT and UPR!ES, suggesting a

shared programme regardless of the source of ER stress [8]. Consistent with previous findings, there are

several processes that are similarly regulated including protein quality control, lipid metabolism, vesicle

trafficking, and protein synthesis [8-10, 19, 104]. Among the UPR-upregulated genes, a subset of genes is well

characterised while a large proportion of these genes and their roles to restore ER homeostasis remains

unexplored. Therefore, the minimal UPR transcriptional programme necessary to restore ER homeostasis is
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unknown. Better understanding the slight variations of the transcriptional programme is critical to develop new

successful therapies. UPR inhibitors that have been developed to treat diseases have serious potential long-

term side effects on the functions of the pancreas, the immune system, and the liver as the UPR transcriptional

programme is too broad to be inhibited from the upstream players [108]. As the UPR is either pro-survival or

pro-apoptotic, the UPR transcriptional programme can be potentially manipulated to ease ER stress by

promoting apoptosis [108]. Thus, inhibiting a subset of downstream UPR target genes could yield better

therapeutic success, but the characterisation of such players, in different stress conditions remain to be

identified.

3.1. Transcriptional and non-transcriptional UPR programme upon proteotoxic stress

Each UPR transducer regulates its downstream transcription factor, and the combination of the three UPR

branches generates a variety of responses. These transcription factors also regulate an overlapping subset of

genes involved in both ER-specific and general cellular proteostasis pathways [109-112]. Among the hundreds

of upregulated genes in eukaryotes, a subset encodes ER chaperones, protein trafficking machinery, protein

quality control, lipid metabolism, and autophagy [8, 19, 20, 24, 25, 113]. These genes are rapidly and efficiently

transcribed by the presence of ER stress response element (ERSE) and UPR element (UPRE) within their

promoter regions. To increase specificity, certain genes contain unique self-regulatory loops to further promote

the robustness of the UPR in response to different cellular stresses [114]. For instance, transcriptional levels

of ERSE-bearing genes GRP78 (BiP protein), XBP1, and CHOP are increased by thapsigargin-induced

depletion of ER stored calcium, which can be further self-amplified with higher concentration of thapsigargin.

On the other hand, UPRE-bearing genes ATF4, ATF6, IRE1, and PERK lack positive feedback loops upon

acute ER stress. In addition to temporary translation attenuation through elF2a phosphorylation, PERK
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activates the nuclear factor-erythroid 2-related factor 2 (NRF2) to upregulate genes encoding antioxidant

proteins and detoxifying enzymes [115]. Both PERK and IRE1 independently induce the transcription factor

NF-kB to potentially promote inflammation, immune responses, apoptosis and tumorigenesis [116, 117] (Fig.

1A).

ATF4-induced CHOP regulates the growth arrest and GADD34, a regulatory subunit of protein phosphatase

type 1 (PP1) [118]. GADD34, together with PP1C, dephosphorylates elF2a to resume translation of proteins

[119, 120] (Fig. 1B). Resumed protein translation in stressed cells will eventually increase the ER protein load,

further promoting ER stress-induced apoptosis [118, 121, 122]. The regulated IRE1-dependent decay (RIDD)

pathway complements the general transcriptional and translational regulation during chronic ER stress (Fig.

1A) [28]. IRE1 mediates the degradation of newly targeted mMRNAs or existing mRNAs at the ER translocon

site to reduce overall ER protein load [123]. This activity results in the termination of protein synthesis at the

ER and thus reduces protein overload within the ER [28, 29, 123]. In addition to its pro-survival properties,

IRE1 additionally exhibits pro-apoptotic properties by phosphorylating c-Jun amino-terminal kinase (JNK)

during chronic ER stress [124]. Activated JNK phosphorylates and suppresses the anti-apoptotic activity of the

B-cell CLL/lymphoma 2 (BCL2) family of proteins and activate pro-apoptotic BCL2 homology domain 3 (BH3)-

only proteins [125-127]. Despite its recognized pro-apoptotic role, JNK signalling can upregulate autophagy to

promote cell survival [128]. Central to the pro-apoptotic role of PERK, CHOP induces a transcriptional

programme that is similar to JNK-induced apoptosis signalling pathway. Additionally, CHOP activates the

death receptor 5 (DR5) by sensitising cells to different conditions that trigger ER stress [118, 129]. To further

amplify the transcriptional regulatory network of the UPR programme, ATF6(N) upregulates CHOP and XBP1

[25, 112, 130]. Heterodimerisation of ATF6 with XBP1 has been shown to induce major ERAD components
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under proteotoxic-induced ER stress, promoting the degradation of unfolded proteins by the ubiquitin

proteasome system [131]. In addition, CHOP expression was induced synergistically and additively by both

ATF6 and PERK pathways [109]. Together, these signalling cascades contribute to cell death when unfolded

proteins overload in the ER is not resolved.

3.2. Transcriptional and non-transcriptional UPR programme upon LBS

Although the three ER stress transducers are activated differently by LBS or proteotoxic stress, the subset of

the UPR transcriptional programme is conserved including genes that promote ER protein modification and

quality control, lipid metabolism, vesicle trafficking, and autophagy [8]. However, a large subset of the UPRBS

transcriptional programme diverge from proteotoxic stress. Prior to the identification of the LBS-specific

sensing mechanisms of IRE1, PERK, and ATF6, the UPR transcriptional programme that catered to LBS was

mostly deduced from lipotoxicity and metabolic syndromes [75, 132, 133].

To alleviate ER stress upon LBS, chemical chaperone tauroursodeoxycholic acid has been used in obese mice

models which correlate with a decrease in the size of adipocytes and serum levels of free fatty acids and

triglycerides [81, 134]. These studies indicate that repression of ER stress prevents metabolic abnormalities

related to obesity. In vitro, the saturated free fatty acid palmitic acid in combination with a stearoyl CoA

desaturase 1 (SCD1) inhibitor activate IRE1 and PERK through changes in the lipid bilayer properties [11]. In

addition, a recent study showed that ER stress is a major driver of lipotoxic cell death in palmitate-treated

human cells [135]. It correlates with the accumulation of saturated fatty acids, incorporated into glycerolipids,

which can be neutralised with a counterbalancing amount of unsaturated fatty acids [135]. UPR modulators

also play important regulatory roles in lipid homeostasis. For instance, XBP1 induces the synthesis of
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phospholipids for the expansion of the ER membrane [136], and the overexpression of GADD34 in the liver

alleviates hepatosteatosis in mice [137]. Hence, the ER-spanning transmembrane domain of IRE1 and PERK

sense LBS and in turn results in the deployment of the UPR transcriptional programme.

Recently, efforts to distinguish the UPR'ES transcriptional programme from UPRPT have been made by several

groups. Accumulation of the sphingolipids DHS and DHC preferentially promotes ATF6-activated lipid

biosynthetic and metabolic genes with little effect on ER chaperone genes [83]. The differential UPR output

suggests that ATF6 distinguishes LBS and proteotoxic stress by either DHS/DHC-induced conformational

change or post-translational modification of ATF6 [83]. In contrast to ATF6, IRE1 or PERK transmembrane

domains replaced with an unrelated a-helix retain the capacity to be activated by both LBS and proteotoxic

stress. Therefore, the transcriptional UPR programme deployed might differ in response to different types of

LBS, in which ATF6 senses specific sphingolipids whereas IRE1 and PERK sense global changes within the

membrane [7, 84]. In C. elegans, we recently demonstrated that the transcriptome diverges dramatically

between UPRPT and UPRBS [8]. In this study, UPR'®S was induced by genetic attenuating pmt-2, an enzyme

required for the de novo biosynthesis of PC from PE, whereas UPRPT was induced by tunicamycin. Overall,

2603 and 1745 genes were upregulated and downregulated, respectively, in pmt-2(RNAI) treated animals

compared to wildtype. On the other hand, tunicamycin-treated worms showed an upregulation of 1258 genes

and downregulation of 1473 genes. Consistent with previous findings that showed overlapping functions of

genes being regulated upon proteotoxic stress and LBS, there were 492 and 420 genes that were similarly

upregulated and downregulated, respectively, from both UPRPT and UPR'8S [8-10, 19, 104]. Further functional

analysis of 1069 UPRBS-regulated genes showed an enrichment of processes related to ER stress and

downregulation of genes related to translation initiation factors, a common characteristic observed upon UPR
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activation. Additionally, individual branches of the UPR were found to regulate distinct processes including the

innate immunity response, lipid and fatty acid processes, as well as protein modifications and cell signalling

cascades [8]. Most of the genes that are upregulated by UPR'BS were modulated by IRE-1 while PEK-1

regulated a small subset of genes, similar to the upregulated genes upon proteotoxic stress [104]. Moreover

446 genes were modulated by at least two of the three UPR branches, further suggesting compensatory roles

of one or more UPR transducers in the absence of the other. Possibly the plasticity of the UPR to modify its

output programme could be beneficial in curbing the development of diseases associated with lipid disruption

[138-141]. Together, these studies clearly point to a transcriptional programme curated to LBS. Further studies

should explore the specificity of UPRBS-induced genes to better understand their roles in LBS-related diseases.

4. Conclusion remarks

The UPR is a robust adaptive response to protect the ER and the cell against life-threatening intracellular

variations. In recent years, we learned that the UPR not only responds to the accumulation of unfolded proteins

at the ER but also to LBS. The three ER stress sensors are activated by both cues to deploy a broad-spectrum

compensatory pathway. Although the ER stress sensing mechanisms and the core of UPR-induced

upregulated genes are highly conserved, there are considerable variations across organisms and between cell

types. The significance of these differences and the influence on restoring ER homeostasis are largely

unexplored. As the UPR programme is essential during development and in certain cellular contexts, a better

understanding of these variations of the UPR programme will allow the development of targeted therapies

instead of shutting down an entire branch of the UPR.

To curb the progression of diseases associated with chronic ER stress, several compounds have been
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identified to either inhibit UPR pro-survival effects or to attenuate ER stress levels. For instance, the compound

GSK2656157 has been identified to inhibit the kinase activity of PERK which proved to be promising in

targeting pancreatic adenocarcinoma and multiple myeloma in preclinical models [142]. However, it failed to

progress further due to undesirable side effects that caused pancreatic 3-cell loss and diabetes [143], similar

to other inhibitors of PERK kinase activity. IRE1la, XBP1, and PERK inhibitors could be promising in treating

diseases but their potential long-term side effects on the function of the pancreas, the immune system, and

the liver need to be carefully assessed. In particular, the liver plays a critical role in cholesterol and lipid

metabolism in addition of drug detoxification through the Irela/XBP1 axes [144-146]. Consequently, the UPR

programme may be too broad to be inhibited from the upstream effectors. Thus, specific inhibition of a subset

of downstream targets that are part of a specific UPR transcriptional programme may yield better success and

potentially minimise undesirable long-term side effects. In order to identify such targets, substantial efforts

should be made to characterise stress-specific UPR transcriptional programmes in the near future.
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FIGURE LEGENDS

Figure 1. Activation of the unfolded protein response (UPR). (A) In mammals, the accumulation of unfolded

proteins or lipid bilayer stress (LBS) result in ER stress. (A) Upon sensing stress, IRE1a dimerisation or higher
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oligomers from monomer, followed by trans-autophosphorylation. Subsequently, IRE1la splices XBP1 mRNA,

resulting in the translation of the transcription factor XBP1 which regulates a subset of UPR genes. Prolonged

ER stress activates the regulated IRE1-dependent decay (RIDD), cleaving a subset of mMRNA to decrease

mMRNA load. Both JNK and NF-kB are activated by IRE1la to initiate the transcription of proinflammatory genes.

(B) PERK oligomerises and phosphorylates itself and elF2a. elF2a-P attenuates general protein translation

while activating the translation of the transcription factor ATF4. Subsequently, ATF4 activates a subset of UPR

genes including pro-apoptotic factor CHOP and GADD34. GADD34 promotes the dephosphorylation of elF2q,

resuming translation. (C) ATF6 is transported to the Golgi apparatus where the N-terminal transcription factor

[ATF6(N)] is released by intramembrane proteolysis. ATF6(N) regulates a subset of UPR genes.

Figure 2. Models of ER stress transducers sensing mechanism. (A) The accumulation of unfolded protein in

the ER promotes IRE1 oligomerisation, autophosphorylation, and consequently activation. In the absence of

stress, molecular chaperone BiP binds IRE1 but will favourably assist in folding unfolded proteins. (B) Lipid

bilayer stress (LBS) favours the bending of IRE1 amphipathic helix and transmembrane domain within the

localised compressed lipid bilayer, promoting IRE1 activation. (C) In the absence of proteotoxic stress, ATF6

can be activated by LBS through the accumulation of dihydrosphingosine (DHS) or dihydroceramide (DHC).

Potentially, DHS/DHC favour membrane curvature and thus the packing of ATF6 within COPII-mediated vesicle,

resulting in the release of cleaved of cytosolic ATF6(N).

Figure 3. The deployed UPR programme is crafted to stress-specific-induced ER stress. The three ER stress

sensors IRE1, PERK, and ATF6 activate their conserved linear pathways resulting in activation and inhibition

of cellular responses. This response is fine-tuned through feedback regulation and thus become adapted to
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