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Abstract

:

Biological membranes are not only essential barriers that separate cellular and subcellular structures, but also perform other critical functions such as the initiation and propagation of intra- and intercellular signals. Each membrane-delineated organelle has a tightly regulated and custom-made membrane lipid composition that is critical for its normal function. The endoplasmic reticulum (ER) consists of a dynamic membrane network that is required for the synthesis and modification of proteins and lipids. The accumulation of unfolded proteins in the ER lumen activates an adaptive stress response known as the unfolded protein response (UPR-ER). Interestingly, recent findings show that lipid perturbation is also a direct activator of the UPR-ER, independent of protein misfolding. Here, we review proteostasis-independent UPR-ER activation in the genetically tractable model organism Caenorhabditis elegans. We review the current knowledge on the membrane lipid composition of the ER, its impact on organelle function and UPR-ER activation, and its potential role in human metabolic diseases. Further, we summarize the bi-directional interplay between lipid metabolism and the UPR-ER. We discuss recent progress identifying the different respective mechanisms by which disturbed proteostasis and lipid bilayer stress activate the UPR-ER. Finally, we consider how genetic and metabolic disturbances may disrupt ER homeostasis and activate the UPR and discuss how using -omics-type analyses will lead to more comprehensive insights into these processes.
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1. Introduction


Within the eukaryotic cell, the endoplasmic reticulum (ER) is a dynamic membrane network involved in many essential cellular processes. The rough ER has membrane-bound ribosomes and is a site for the synthesis, maturation, and modification of more than one-third of the human proteome. The smooth ER functions in lipid and steroid hormone biosynthesis and xenobiotic detoxification. Although ER homeostasis is critical, it is prone to various cellular stressors such as intracellular Ca2+ imbalance, viral infection, changes in redox environment, and hypoxia, all of which trigger a state known as ER stress [1]. Moreover, in highly proliferative or secretory cells, the influx of large amounts of nascent proteins into the ER can temporarily overburden the folding machinery, leading to endogenous ER stress [2]. Prolonged ER stress can compromise cellular function and viability and lead to or exacerbate many human diseases, including cancer, diabetes, and neurodegenerative conditions [3].



To ensure viability and proper cellular function, cells have evolved a conserved adaptive mechanism to restore ER homeostasis under stress: the ER unfolded protein response (UPR-ER; Figure 1) [4,5]. In higher eukaryotes, the UPR-ER is composed of three parallel ER stress sensing and transducing branches: the Inositol-Requiring-Enzyme 1α (IRE-1α, also known as Endoplasmic Reticulum to Nucleus signaling 1 or ERN1 in mammals) branch [2]; the protein kinase RNA-like ER kinase (PERK; also known as human PERK kinase homolog, PEK-1; or Eukaryotic Translation Initiation Factor 2 Alpha Kinase 3 or EIF2AK3) branch [6]; and the Activating Transcription Factor 6 (ATF-6) branch [7] (Figure 1). These three sensors are embedded in the ER membrane with a single-pass transmembrane domain, which connects a luminal sensor domain to a cytosolic effector domain. This modular design enables these sensors to communicate the input stress signal to transcriptional and translational machineries for effector output. Together, they attenuate ER stress by reprograming transcription and translation to promote protein folding, degradation, and transport, as well as lipid synthesis and remodeling [8]. Alternatively, if ER stress is not resolved, the UPR-ER switches from promoting survival and adaptation to triggering apoptosis [8].



The nematode roundworm Caenorhabditis elegans (C. elegans) has emerged as a useful model to study a large variety of cellular processes. Genome sequencing and comparative proteomics studies have revealed that more than 80% of the C. elegans proteome has human homologs [9]. Moreover, many genetic pathways that were initially discovered in worms also exist in other species [10], including those involved in lipid metabolism and the UPR-ER. For example, the three core UPR-ER signal transducers display high levels of conservation between C. elegans and mammals, including humans. Furthermore, 237 of the 471 curated C. elegans lipid metabolism genes are conserved in humans and/or other model organisms, and 71 of these are implicated in human metabolic diseases [11,12]. Vice versa, as with all model systems, there are limitations to the use of C. elegans. Pertinent to the study of the UPR-ER, these include (i) a relative lack of accessibility to manipulation with drugs, which sometimes fail or work only at extremely high doses (e.g., chemical chaperones, see below); (ii) differences in membrane lipid composition, as C. elegans features very low to no cholesterol in its cellular and subcellular membranes; and (iii) mechanistic differences concerning nuanced roles of the UPR-ER, such as regulated IRE1-dependent decay of mRNA (RIDD; see below). Nevertheless, because of the high level of conservation of the core UPR-ER pathways and of (lipid) metabolism, and because of the powerful genetic and genomic tools including forward and reverse genome-wide screens, C. elegans is an excellent model that has provided important new insights into the mechanistic basis of UPR-ER regulation under different stress conditions, including lipotoxicity [13,14,15,16,17,18,19,20,21,22].



In this review, we summarize evidence that supports the bi-directional interplay between lipid metabolism and UPR-ER activation in different species with an emphasis on C. elegans, focusing on the differences from proteotoxicity-induced UPR-ER. Additionally, we explore the potential of -omics approaches to delineate how metabolic disturbances might activate the UPR-ER in C. elegans, and how this could deepen our understanding of lipid-disturbance-induced UPR-ER in the pathophysiology of human metabolic diseases.




2. The Animal UPR-ER Is Composed of Three Branches


2.1. IRE1 Is the Most Highly Conserved and Ancient UPR-ER Transducer


IRE1 (IRE-1 in C. elegans) is an ER resident protein evolutionarily conserved from yeast to humans. It was first described in the yeast Saccharomyces cerevisiae as essential for growth in the absence of inositol [23] and emerged as the sole ER stress transducer in yeast [24,25]. Allosteric IRE1 activation involves the protein chaperone Binding immunoglobulin protein (BiP; also known as 78-kDa glucose-regulated protein (GRP78) or heat shock protein 5α (HSP5α), and as heat shock protein 4 (HSP-4) in C. elegans). Misfolded proteins bind to BiP/HSP-4, which causes its dissociation from IRE1’s luminal domain (LD; Figure 1) [26]. The dissociation of BiP/HSP-4 from the LD triggers the formation of IRE1 dimers and higher-order oligomers, leading to robust trans-autophosphorylation [26]. Phosphorylated and active IRE1 then uses its endoribonuclease activity to excise a 26-base-pair intron in a target mRNA encoding the transcription factor ATF/3’,5’-cyclic adenosine monophosphate (cAMP) responsive element binding protein 1 (CREB1) homolog (HAC1; in yeast) or X-box binding protein 1 (XBP1 or XBP-1; in metazoans) [27]. The excision and re-ligation shift the open reading frame, resulting in the translation of the spliced XBP1 mRNA (sXBP1; xbp-1s in C. elegans), which is more active and stable than the unspliced XBP1 mRNA (uXBP1; xbp-1u in C. elegans) [28,29]. After translation, HAC1/sXBP1/XBP-1s translocates to the nucleus and initiates the transcription of cytoprotective genes involved in protein folding, translocation, and glycosylation; redox metabolism; autophagy; cell wall synthesis; vesicular trafficking; ER-associated degradation (ERAD); and lipid/inositol metabolism [8,24,30,31].



IRE1 has alternative roles besides XBP1 splicing. IRE1 mediates the degradation of a subset of mRNAs and microRNAs via a process termed regulated IRE1-dependent decay (RIDD) in Drosophila melanogaster [32], mammalian cells [33], and Schizosaccharomyces pombe [34]. The majority of mRNAs targeted by RIDD encode ER-resident proteins, whose presence would present additional challenges to an already-stressed organelle [32,33,34]. Mechanistically, IRE1 adopts higher-order oligomeric structures to splice XBP1/HAC1, whereas monomeric IRE1 is sufficient to activate RIDD [35]. Intriguingly, evidence for RIDD in C. elegans is currently lacking. Moreover, independently of the endoribonuclease domain, IRE1 can initiate ERAD, which targets terminally misfolded proteins for degradation in the cytoplasm by the ubiquitin–proteasome system (UPS) [36]; this role is conserved from yeast to mammals, including in C. elegans [18].



IRE1 null mutant yeasts are viable under normal growth conditions but not in the presence of ER-stress-inducing drugs such as tunicamycin and β-mercaptoethanol [24]. Similarly, C. elegans ire-1 or xbp-1 loss-of-function mutants fail to survive ER stress conditions and pathogen infection [37,38]. Although C. elegans ire-1 mutant worms do not exhibit gross developmental defects, recent studies found that ire-1, independently of xbp-1, is required for neuronal development [39]. In contrast, D. melanogaster Xbp1 null [40] and mouse Ire1α−/− and Xbp1−/− null mutations are lethal [41]. This variation in phenotypic manifestation highlights the importance of IRE1 as a UPR-ER sensor and also indicates a spatiotemporally unequal demand for IRE1 functions during organism development.




2.2. The PERK/PEK-1 Branch of the UPR-ER Reprograms Translation


In higher eukaryotes, including C. elegans, the UPR-ER is more complex as it includes additional ER stress transducers besides IRE1 (Figure 1). PERK/PEK-1, like IRE1, is a transmembrane kinase whose luminal domain dissociates from BiP upon sensing misfolded proteins, whereupon PERK forms dimers and undergoes auto-phosphorylation [42]. Active PERK then phosphorylates the eukaryotic translation initiation factor-2 (eIF2α) and thus transiently inhibits general protein translation initiation, thereby reducing ER proteostasis stress. However, phosphorylation of eIF2α also enables the selective translation of activating transcription factor 4 (ATF4), which upregulates a subset of UPR genes, including the apoptosis-inducing CCAAT/Enhancer Binding Protein (C/EBP) homologous protein (CHOP; also known as also known as growth arrest- and DNA damage-inducible gene 153, GADD153) and the growth arrest and DNA damage-inducible gene 34 (GADD34) [35], restoring balance by dephosphorylating eIF2α [43]. Whereas the downstream actions of ATF4 are not well known in C. elegans, worm ATF-4 resembles human ATF4 in gene structure and regulation by upstream open reading frames [44] and in its response to general translational inhibition [45], implying strong functional similarity.



PERK plays important roles in animal development. Although C. elegans pek-1 single mutant worms show no noticeable phenotypes, a pek-1;ire-1 double mutant arrests at the second larval (L2) stage due to intestinal degeneration [46]. Consistent with its function as an important UPR-ER sensor, absence of pek-1 renders worms hypersensitive to ER-stress-inducing toxins such as tunicamycin, and loss of PERK in cultured mammalian cells causes similar phenotypes [46,47]. Similarly, Perk-/- mice, although viable, develop progressive diabetes mellitus because they amass misfolded proteins in the highly secretory pancreatic β-cells [48]. In addition, homozygous loss of Perk in humans causes onset of type 1 diabetes during infancy [49]. Collectively, these observations in different organisms highlight the importance of PERK in alleviating exogenous and endogenous ER stress.




2.3. ATF6 Is a Parallel Sensor that Modulates UPR-ER Pathways


Animals feature a third UPR-ER pathway consisting of ATF6 (ATF6α and ATF6β in mammals). Like IRE1 and PERK, ATF6α is an ER transmembrane protein (Figure 1). However, ATF6α is different in its domain architecture and mode of action [2]. In the absence of stress, the luminal domain of ATF6α associates with BiP, shielding a Golgi localization sequence within ATF6α and thus anchoring it to the ER membrane. Upon ER stress, BiP dissociates from ATF6α, which translocates to the Golgi, where it is proteolytically processed by site 1 and site 2 proteases (S1P and S2P). This releases the cytosolic, N-terminal basic leucine zipper (bZIP) transcription factor domain (ATF6-p50), which then translocates to the nucleus and upregulates UPR-ER genes [2]. Specifically, ATF6α is required to express the XBP1 mRNA, which is then spliced by activated IRE1 [29,50], leading to synergistic UPR-ER activation by two distinct branches. Moreover, ATF6α can function independently or heterodimerize with sXBP1 to promote the expression of ERAD components, chaperones, and UPR mediators, including BiP and XBP1 in mammals [51,52] and C. elegans [53]. Mammalian ATF6α also modulates XBP1 splicing and promotes the expression of the ATF4 target CHOP in response to chronic ER stress [54], suggesting that ATF6α may function as a modulator of the IRE1 and PERK branches. In C. elegans, the ATF6α homolog ATF-6 regulates few inducible UPR-ER genes but is required to express many constitutively expressed UPR-ER genes; this distinguishes it from IRE-1 and PEK-1, which primarily upregulate inducible UPR-ER genes following ER stress, thus highlighting a distinct function for ATF-6 [46]. Consistently, atf-6 mutant worms do not display overt developmental phenotypes or sensitivity to tunicamycin [18], whereas ire-1;atf-6 and xbp-1;atf-6 double mutant worms show synthetic lethality [18,46,54].



Some mammalian species encode two ATF6 isoforms. Atf6α regulates stress recovery in vitro [54] and in vivo [51], but its target genes vary in different cell types [55]. In unstressed conditions, the effect of losing either Atf6α or Atf6β is mild [51,56], whereas losing both results in embryonic lethality in mice [51]. This is in line with the observation that C. elegans ATF-6 regulates constitutive UPR-ER genes and enables coping with endogenous ER stress during development [18]. Thus, the mammalian ATF6 branch likely possesses both conserved and distinct roles.





3. Membrane Lipids Are Critical for Normal ER Function


In mammals, lipids are categorized into six major classes: fatty acyls, glycerolipids, glycerophospholipids, sterol lipids, prenol lipids, and sphingolipids [57,58]. C. elegans has a similar lipid composition but with some additional lipid subclasses [11]. In all species, lipids are essential as they serve as a source of energy, mediate signal transduction, and form cellular and organellular membranes. In addition to the well-known functions of membranes, such as providing a physical barrier, membrane lipids and their modifications actively regulate cellular and subcellular trafficking [59]. Membrane lipids belong to three main categories: phospholipids, sphingolipids, and sterols (cholesterol in mammals, ergosterol in yeast) [60]. They vary in structure and distribution, and this diversity is maintained from the organismal level to the subcellular and membrane subdomain levels. For example, at the organelle level, lipidomic analysis in mammalian cells revealed that each organelle has a distinct membrane lipid profile [61]. Phosphatidylcholine (PC) is most abundant in the ER membrane (57%) and less abundant in the inner mitochondrial membrane (41%), whereas cardiolipin (CL) is present only in mitochondrial membranes [61,62]. Maintaining this unique quantitative and qualitative composition is critical for the normal functions of each organelle and, therefore, the cellular function and overall health of an organism. For example, reducing CL levels by blocking phosphatidic acid transfer causes cytochrome c release and apoptosis [63]. Moreover, in vivo studies show that blocking phosphatidylethanolamine (PE) synthesis at the mitochondrial inner membrane causes embryonic lethality in mice [64]. Links between different diseases and different lipid classes have been reviewed in detail elsewhere [65].




4. Bidirectional Interplay between Lipid Metabolism and the UPR-ER


It is now clear that the UPR-ER’s importance goes beyond proteostasis. In line with the ER’s dual function in protein and lipid production, membrane lipid imbalance can directly activate the UPR-ER. In turn, the UPR-ER directly upregulates compensatory pathways to restore lipid homeostasis. Thus, the UPR-ER is intricately linked to lipid metabolism and homeostasis both upstream and downstream, as outlined below (Figure 2).



Feedback from different lipid metabolic pathways modulates ER homeostasis through the UPR-ER sensors (Figure 2), including inputs from fatty acid (FA) tails and from lipid head groups; this type of ER stress is also known as lipid bilayer stress (LBS). Diets enriched in long-chain saturated FAs induce the UPR-ER [66,67], as does the inactivation of the FA desaturation machinery, which produces unsaturated FAs in yeast, worms, and human cells [68,69,70]. In C. elegans, RNA interference (RNAi) knockdown of the stearoyl-CoA desaturases (SCDs) fat-6 and fat-7 activates the transcription of an IRE-1-branch-specific hsp-4/BiP reporter. Dietary supplementation with oleate, a mono-unsaturated FA (MUFA), is sufficient to suppress the activation of hsp-4 from SCD knockdown [71], indicating that adequate membrane lipid unsaturation is required to prevent ER stress and concomitant UPR-ER activation in C. elegans.



Similarly, the nature of a lipid’s head group is also important for ER homeostasis (Figure 2). RNAi knockdown of Mediator subunit 15 (mdt-15), a conserved transcriptional co-regulator, leads to a significant reduction in PC levels and activates the IRE-1 and PEK-1 branches [71]. This activation is partially suppressed by choline supplementation [13], indicating that appropriate PC levels are required for ER homeostasis. Indeed, abnormal PC/PE ratios caused by deleting or inactivating any of the PC synthesis genes encoding S-adenosyl methionine synthetase (sams-1), phosphocholine cytidylyltransferase (pcyt-1), and phosphoethanolamine methyltransferase (pmt-2) also cause UPR-ER activation in C. elegans [13,17,71], in yeast [72], and in mice [73]. These studies suggest that UPR-ER sensors can sense different types of LBS, i.e., inputs, across species.



In terms of output, UPR-ER sensors are critical for maintaining lipid homeostasis under lipotoxic stress. Recent work has provided molecular evidence for the regulatory role of UPR-ER branches in lipid metabolism in C. elegans (Figure 2). In C. elegans, ire-1 and its downstream target hsp-4 are required for fasting-induced fat droplet hydrolysis through the actions of fasting-dependent lipases [74]. Additionally, in a pmt-2 mutant with defective PC synthesis, ire-1 is required to induce lipid metabolism genes such as lipid droplet-associated lipase adipose triglyceride lipase (atgl-1) [75], which is necessary for TG hydrolysis. In contrast, this activation is absent in tunicamycin-induced proteotoxic stress [76]. Interestingly, similar to the lethality rescue by ectopic Xbp1 in flies [77], intestinal remodeling of the lipidome can be achieved by neuron-specific xbp-1s overexpression in C. elegans. This occurs via tyramine as an inter-tissue signalling molecule, which thus contributes to overall organismal proteostasis and increased life span [19,21]. Lastly, transcriptome studies show that C. elegans IRE-1, PEK-1, and ATF-6 differentially upregulate specific sets of genes in a pmt-2 deletion mutant, with about half of the 1069 lipid-stress-specific genes being controlled by two or more branches, suggesting combinatorial roles of UPR-ER sensors during PC depletion [17]. Overall, these results show that the UPR-ER is an adaptive stress response that is a central lipid metabolism regulator in worms.




5. The Role of Lipid Metabolism and ER Homeostasis in Human Diseases


With over 130 lipid metabolism genes implicated in human genetic diseases, lipid homeostasis plays a pivotal role in human health [78,79]. For example, human SCD is a highly conserved, ubiquitously expressed, ER-localized ∆9-desaturase that converts saturated FAs into MUFAs. The human SCD gene consists of six exons and five introns and is found on chromosome 10. Human SCD is implicated in various pathological processes, such as eating disorders, cardiovascular disease, and obesity [80,81,82,83]. It is expressed in numerous tissues and regulated by manifold inputs, factors, and pathways. For example, SCD’s transcriptional control is complex, including regulation by PUFAs, cholesterol, vitamin A, hormones, developmental signals, temperature changes, and the presence of metals and phenolic compounds [83,84,85,86,87].



The connections between lipid metabolism and the UPR-ER have attracted increasing attention, particularly in oncological settings. Different aspects of FA metabolism, including de novo FA synthesis, FA uptake, FA degradation, and phospholipid metabolism are altered in many cancer types [88,89,90]. For instance, human SCD is critical for growth in many different cancers, particularly in lung cancer, where its expression is inversely correlated with patient survival outcome [91]. In hypoxia, cancer cells deprived of oxygen are unable to maintain proper lipid unsaturation via endogenous SCD activity. Instead, they rely on increased uptake of exogenous unsaturated lipid species, mainly MUFAs, through the upregulation of the FA importer CD36; indeed, the lack of unsaturated FAs activates IRE1α-dependent cell death [92,93]. Yet, despite the tumor-suppressing role of terminal UPR-ER, other studies suggest that all three adaptive UPR-ER branches support tumor growth in vivo [94], and this has fueled the development of anticancer drugs targeting these branches [95,96].



Besides oncological settings, disturbances to local ER membrane lipid composition also correlate with atherosclerotic lesions [97] and obesity in humans [98,99]. Moreover, the altered composition of ER lipids has profound secondary influences. For example, an accumulation of PS in the ER results in disturbed phosphatidylinositol 4-phosphate (PI4P) metabolism and distribution and is a known cause for Lenz–Majewski syndrome [100]. Therefore, disturbances to ER lipid composition are not only a local phenomenon, but lead to malfunctions in other organelles and overall cellular defects, because the ER regulates the lipid composition of other organelles through direct contact sites [101,102] and vesicular trafficking [102].




6. Lipotoxicity Activates the UPR-ER through a Distinct Mechanism from Proteotoxicity


The mechanistic details of how membrane lipid perturbation is sensed by the UPR-ER have begun to emerge over the last few years. Early studies showed that UPR-ER induction by saturated FAs in yeast [68] can be suppressed by chemical chaperones, such as 4-phenyl butyrate (4-PBA), which promote protein folding. Similarly, in studies with obese mouse models with steatotic livers, chemical chaperones such as 4-PBA and tauro-ursodeoxycholic acid (TUDCA) also resolve obesity-induced hepatic lipid accumulation [103]. These observations favor a model of membrane lipid disturbances as an indirect activator of the UPR-ER, upstream of proteotoxicity; in other words, through protein misfolding [35].



However, the role of chemical chaperones is more complex than facilitating protein folding. 4-PBA reduces Ire1p levels instead of unfolded protein load, providing an alternative interpretation of the above results [104]. Furthermore, 4-PBA and TUDCA have functions beyond protein refolding, such as reducing lipid accumulation [105] and membrane cholesterol levels [106], as well as restoring ER lipid fluidity and calcium permeability [107]. Therefore, interpreting results from experiments with chemical chaperones is challenging.



Indeed, later work from several groups offers an alternative view on the mechanisms underlying lipotoxicity-induced UPR-ER. For example, long-chain saturated FAs reduce Ca2+ in the ER of hepatic cells [108]. Consistently, lipid bilayer stress (LBS) caused by altered lipid saturation or phospholipid head group composition in the liver of obese mice inhibits the sarco-/endoplasmic reticulum calcium ATPase (SERCA), thus reducing Ca2+ in the ER [73]. However, the effect of Ca2+ level changes in the ER is not limited to protein folding capacity changes, as ER Ca2+ homeostasis is also implicated in lipid storage in cultured cells and flies [109]. Moreover, comparative proteomics of ER from the liver of obese mice that experienced LBS did not show significant alterations in the chaperone content compared to the lean mouse control, whereas an enrichment in lipid metabolism enzymes was observed [73]. This suggests that, in addition to the idea that Ca2+ changes activate the UPR-ER by reducing the load of misfolded proteins, lipotoxicity-induced changes in ER Ca2+ content may also activate the UPR-ER via concurrent lipid alterations.



Furthermore, several lines of evidence indicate that, parallel to proteotoxicity-induced UPR-ER (also referred to as UPR-ERPT), disturbances to lipid composition directly induce the UPR-ER; this is termed lipid bilayer stress (LBS)-induced UPR-ER (UPR-ERLBS). First, different IRE1 cluster formation in cells experiencing proteotoxic and lipotoxic stress provides indirect evidence that LBS activates UPR-ER through a mechanism different from protein misfolding. Specifically, in HeLa cells transfected with an IRE1-GFP(green fluorescent protein) fusion reporter, tunicamycin-induced ER stress caused IRE1 to form distinctive puncta, whereas palmitate-induced ER stress caused diffuse IRE1 distribution throughout the ER membrane [110]. Similar findings were reported in yeast where IRE1 formed clustered puncta in response to dithiothreitol (DTT)-induced proteotoxic ER stress, whereas such puncta were absent during UPR-ERLBS in opi3 mutants that failed to synthesize PC [13]. Furthermore, 4-PBA was able to attenuate tunicamycin-induced UPR-ERPT but not opi3-deletion-induced UPR-ERLBS [13]. Second, additional evidence confirmed that LBS directly activates the UPR-ER through a novel, membrane-based mechanism that is independent of protein misfolding. In C. elegans, increased lipid saturation or decreased PC content activates the UPR-ER via the IRE-1 branch (Figure 2). Critically, this is independent of protein misfolding, as shown by the lack of aggregates of a misfolding-prone protein reporter [71]. Third, the UPR-ER is activated in yeast by reduced PC and PI content [111] and in cell lines by increased lipid saturation [69] even when the luminal misfolded protein sensing domain of IRE1 or PERK is deleted. Thus, the UPR-ERLBS is molecularly separable from protein-misfolding-induced UPR-ER. Fourth, there are important mechanistic differences in how proteotoxicity and lipotoxicity activate IRE1 in yeast. Overexpressing the luminal domain of IRE1 (IRE1LD) completely attenuated proteotoxicity (tunicamycin) induced UPR-ER, whereas lipotoxicity (in opi3 mutants) induced UPR-ERLBS was only partially attenuated by overexpressing either IRE1-LD or IRE1ΔLD; this suggests that lipotoxicity requires a novel activation mechanism of IRE1 [13]. Moreover, this study pinpointed Arginine 537 at the interface of the amphipathic and transmembrane helices in IRE1 as required for UPR-ERLBS but not UPR-ERPT. Additionally, in yeast, transcriptomic analysis identified a novel subset of genes only induced by lipotoxicity in opi3 mutants; this further differentiates UPR-ERPT and UPR-ERLBS [13]. Similarly, in C. elegans, activation of lipophagy by the UPR-ER is sufficient to drive lipid depletion and restructure ER morphology, thus promoting life-span extension. This occurs independently of chaperone induction [22], providing further evidence that proteostasis and lipid homeostasis are separate UPR-ER dependent processes. Collectively, these studies demonstrate that the UPR-ER can be activated directly by two parallel mechanisms: (i) by sensing aberrant protein folding and processing or (ii) via altered membrane lipid composition, with modest activation in both parallel pathways leading to higher synergistic IRE1 activation. Such a dual sensing and response mechanism is consistent with ER’s dual function in protein and lipid synthesis and processing.




7. Crosstalk between Proteotoxicity- and Lipotoxicity-Induced UPR-ER


Intriguingly, despite clear differences, the separation between proteotoxicity- and lipotoxicity-activated UPR is not absolute. In S. cerevisiae, lipid imbalance can be observed concomitantly with disturbed ER proteostasis [35,112,113]. For example, chronic palmitate exposure results in disrupted ER lipid rafts and causes protein overload in mouse β-cell lines [114], providing a mechanistic framework to explain how lipotoxicity leads to proteotoxicity. Indeed, membrane lipid composition affects the sorting of many proteins to different organelles in yeast and mammalian cells, as the properties of protein transmembrane domains interact differentially with the properties of the target membrane bilayer, e.g., the thickness and chemical properties [115]. On the other hand, supplementation with oleic acid reduced disease phenotypes associated with the expression of exogenous poly-Q40, an aggregating polyglutamine peptide, in C. elegans [20]. This suggests that changes in the lipidome are sufficient to improve protein homeostasis through mechanisms other than chaperone induction. Molecular evidence also supports the importance of lipid homeostasis in directly maintaining proteostasis. In vitro biophysical assays have established the role of different classes of lipids as catalysts or inhibitors for protein folding. Anionic phosphatidylserine (PS) accelerates human amylin protein aggregation, whereas cholesterol attenuates it [116]. In addition, membrane-vesicle-based studies show that PE functions as a lipid chaperone that enables the folding of the Escherichia coli membrane protein lactose permease [117]. Based on these studies, we conclude that rather than a downstream response, lipotoxicity can induce or exacerbate proteotoxicity directly, determined by the inherent chemical properties of lipids.



Vice versa, proteotoxicity-inducing agents can induce lipid accumulation and changes in lipid droplet size in various models, including UPR-ER-deficient, aged C. elegans [76], human hepatoma cell lines [118], and mice [119]. However, these studies employed gene expression and visible lipid-related morphological differences to study the effects of proteotoxicity. Attempts to study changes in lipid composition more directly have been made recently. Lipid profiling using 1H nuclear magnetic resonance (NMR) showed that protein misfolding caused by acyclic retinoid significantly reduced unsaturated FA content in a human cancer cell line [120]. Imaging by scanning electron microscopy and Raman spectroscopy of individual, tunicamycin-treated endothelial cells showed a decrease in ER phospholipid content [121]. Furthermore, mass-spectrometry-based lipid analysis showed that a short cultivation of S. cerevisiae in DTT is sufficient to induce substantial lipidomic changes, including an increase in overall PA and a shift of PA lipids toward a higher average acyl chain length and a greater unsaturation [122]. This occurred in an IRE1-independent manner, reinforcing the idea of a direct link between two types of parallel stresses, rather than one being a downstream response of the other.




8. Functional Genomic Approaches Identify New UPR-ERLBS Components in C. elegans


In C. elegans, the functional mapping and characterization of genetic pathways is typically done by identifying mutants with a desired phenotype (e.g., activation of a reporter gene, synthetic lethality with another gene, increased sensitivity to a chemical, etc.). These classical genetic approaches have been extremely useful in pathway mapping and have helped identify novel lipid metabolism regulators of the UPR-ER [13,14]. For example, recent efforts have used functional genomics approaches to identify new players in the UPR-ERLBS of C. elegans. Specifically, a reverse genetic screen depleting 1247 predicted metabolic genes by RNAi yielded 34 genes whose inactivation induces the UPR-ER, including previously known players in lipid homeostasis and new candidates whose specific links to UPR-ER have not been explored [13]. Another study screened 712 kinase and transcription factor genes and identified 8 genes whose inactivation suppresses the UPR-ERLBS (induced by fat-6, mdt-15, or sams-1 RNAi) but not the UPR-ERPT (induced by heat or tunicamycin) [14]. This is exciting as it provides a list of new genes that may specifically activate the UPR-ERLBS or may selectively be required for a functional UPR-ERLBS, respectively. Collectively, these studies highlight the power of functional genomics in identifying novel inputs, components, or regulators of the UPR-ERLBS pathway.



However, these approaches alone are not sufficient to delineate the full scope of UPR-ER activation and regulation and its interaction with lipid metabolism. These gaps can, however, be filled by other -omics-type approaches, including transcriptomics [17,18], proteomics, and, especially, metabolomics and lipidomics [17,71].




9. Metabolomics, Lipidomics, and Label-Free Imaging Are Powerful Emerging Tools to Gain Insights into UPR-ERLBS Inputs and Outputs


The above noted genomic approaches have been successfully used in C. elegans to identify putative UPR-ERLBS components, but many of these genes are not well understood. Exciting untapped potential to gain insights into the function of these genes is offered by the application of metabolomics and lipidomics technologies, as well as by computational modeling of metabolic networks composed of metabolites, corresponding enzymes, and their genes.



Metabolomics involves simultaneously quantifying the abundance of a large number of small molecules [123]. The estimated size of the complete C. elegans metabolome exceeds 10,000 molecules [124]. With advances in detection methods, the known metabolome in C. elegans now covers more than 1000 metabolites (excluding lipids) and is rapidly expanding [123]. Comparative metabolomic studies have already provided valuable insights into C. elegans aging, including the prediction of candidate biomarkers of aging [125].



Recently, non-conventional metabolomics and lipidomics approaches have been developed to reveal spatiotemporal insights at the whole-organismal level. Creative approaches like heteronuclear NMR live metabolomics in C. elegans allow temporal resolution of metabolite levels in live worms instead of at fixed time points [126], which may not reveal the effect of non-steady-state or time-dependent changes in metabolite levels on the UPR-ER. Moreover, although resolution barriers may currently prevent visualization of the ER, the novel use of coherent Raman spectroscopy imaging has allowed label-free and quantitative study of the tissue distribution of lipid-rich structures in live C. elegans, providing a direct way of visualizing lipid content in a spatially resolved manner [127]. The ability to accurately measure the fat content in different C. elegans tissue types with distinct UPR-ER patterns could be important for the accurate interpretation of the physiological importance of the UPR-ERLBS.



Attempting to integrate this wealth of genetic and metabolomic data, several metabolic network models have been developed for C. elegans, ultimately resulting in a consensus genome-scale metabolic network, termed WormJam [128,129,130]. Such organism-specific network reconstructions include all known metabolic reactions and the genes that encode each pertinent enzyme, thus providing a reference framework [123,131]. These networks can be combined with flux balance analysis, which is usually set to maximize biomass production [132] and given experimentally measured enzyme expression level constraints. This allows in silico predictions of how changes in the level of a metabolite or a mutation in a pertinent gene might affect the metabolomic landscape and, by extension, organismal parameters such as growth. This approach has been used to investigate aging in C. elegans [128], now with a metabolomics-integrated objective function tailored to the aging process [133]. Similarly, the combinatorial application of both targeted and untargeted metabolomics has been adopted in recent studies, yielding novel insights into the respective molecular mechanisms of the responses to toxins in human primary hepatocytes [134] and male mice [135].



Lipids play an essential role in biology, and over 40,000 types of lipids have been identified in humans [65]. Due to the diversity and abundance of lipids, lipidomics evolved from metabolomics as an independent branch, aiming to quantitatively determine the complete lipid composition in a sample. Lipidomics is mainly based on mass spectrometry (MS), which is more sensitive than NMR [11]. For details of different lipid analysis methods and their advantages and disadvantages in C. elegans, please see a recent review [11].



Currently, the major lipidomics database is LipidMaps [136]. However, unlike WormJam, the consensus C. elegans metabolomics model, no consensus C. elegans lipidome model currently exists [11].




10. Potential -omics Work Characterizing UPR-ER Inducing Metabolic Disturbances in C. elegans


We now discuss the application of these exciting methods and tools to better understand some of the putative new UPR-ER activators. Our functional genomic screen identified several genes that activate the UPR-ER [13]. Consistent with previous studies, we identified genes that induce proteotoxicity-independent UPR-ERLBS, such as the FA desaturases fat-6 and fat-7 [71]; the PC synthesis enzymes pcyt-1 and sams-1 [137]; lpin-1, which is linked to the synthesis of ω-6 PUFA-containing phospholipids [138,139,140]; and the mevalonate pathway components hmgs-1 and hmgr-1 [141,142] (Figure 3). We also found several other metabolic genes whose inactivation may activate the UPR-ERLBS, but via unclear mechanisms. Omics-type methods such as those outlined above could help gain insight into how inactivation of these genes activates the UPR-ERLBS.



For example, nmt-1 encodes N-myristoyl transferase, which irreversibly attaches a myristate (C14 FA) moiety to the N-terminal glycine of proteins that participate in signal transduction. A global N-myristoylated proteome consisting of >100 proteins in human cells has been determined by quantitative proteomics studies [144]. Intriguingly, like in C. elegans, chemical inhibition of N-myristoyl transferase activity in human cell lines upregulates proteins involved in ER stress [145], suggesting that myristoylation may be required for ER homeostasis via conserved protein targets. Identifying targets of C. elegans NMT-1 using comparative proteomics followed by genetic validation studies may pinpoint NMT-1 downstream targets whose myristoylation is involved in maintaining ER homeostasis.



Another interesting gene is hgo-1, which encodes for homogentisate 1,2-dioxygenase; HGO-1 breaks down aromatic amino acids (tyrosine and phenylalanine; Figure 3). hgo-1 loss not only activates the UPR-ER, but also results in increased oxidative stress [146]. Moreover, inactivation of the fumarylacetoacetate hydrolase fah-1, an enzyme downstream of hgo-1 in the tyrosine/phenylamine metabolism pathway, also causes UPR-ER induction (Figure 3). This suggests that this breakdown pathway may be essential to preventing ER stress. fah-1 RNAi results in growth defects and hsp-4 upregulation in C. elegans due to toxic upstream metabolite buildup, and the growth defect is suppressed in fah-1/hgo-1 double RNAi treated worms [147]. However, hgo-1 RNAi also induces hsp-4 expression, suggesting that the growth defect can be uncoupled from UPR-ER activation in tyrosine/phenylalanine metabolism pathway mutants. Remarkably, inhibition of phenylalanine hydroxylase, the initial enzyme in the aromatic amino acid catabolism pathway, has been implicated in changing FA composition, which cannot be rescued by tyrosine supplementation [148,149]. Collectively, these studies point to phenylalanine build-up as a potential cause for UPR-ER activation, consistent with previous reports that phenylalanine increases membrane permeability by insertion into the membrane in liposomes [150]. However, whether phenylalanine induces the UPR-ER via alterations in membrane properties in vivo has not been tested. Untargeted or semi-targeted lipidomics profiling could reveal if and how this phenylalanine catabolism pathway induces the UPR-ER.



Finally, let-767, whose inactivation also induces the UPR-ER and causes developmental arrest, is a 3-ketoacyl-CoA reductase localized to the ER. let-767 is necessary to sysnthesize long-chain and mono-methyl branched-chain FAs [151] (Figure 3), both important precursors for sphingolipid synthesis in C. elegans [151,152]. Yet, how let-767 maintains ER homeostasis is unknown. LET-767 possesses steroid-modifying activity in worms [153], but this function is dispensable for normal development [151]. Gas chromatography mass spectrometry (GC-MS) analysis of FA profiles revealed that let-767 RNAi caused a decrease in C15iso and C17iso monomethyl branched-chain FAs and sphingolipids [151,152,154]. Consistently, iso-15:0, iso-17:0, and iso-19:0 monomethyl branched-chain FAs are sufficient to rescue the developmental arrest due to let-767 RNAi [151]. Interestingly, a recent study showed that let-767 RNAi results in severely disturbed ER morphology, which can be rescued by supplementation with wildtype worm lysate, but not by supplementation with mono-methyl branched chain fatty acid [155]. This suggests that LET-767 disruption induces ER stress through an unknown mechanism, independently of branched-chain FA synthesis [156]. Perhaps defective synthesis of long-chain FAs and/or sphingolipids, both of which have been linked to UPR-ER regulation [157], is the culprit. Indeed, very-long-chain FAs (>20C) can increase membrane saturation [158], which activates the UPR-ERLBS [71]. Targeted lipidomics in let-767-depleted worms would be a powerful approach to quantify changes in different very-long-chain FA levels in sphingolipids, possibly after ER membrane extraction [159].




11. Conclusions


Although the role of the UPR-ER in maintaining a healthy proteome is well understood, recent research has highlighted bidirectional feedback between lipid metabolism and the UPR-ER in several models, including C. elegans. Recent progress has aimed at distinguishing proteotoxicity-induced UPR-ERPT from lipotoxicity-induced UPR-ERLBS, yielding valuable insights into the LBS-induced activation mechanism of IRE-1 and the genetic regulation of membrane lipid homeostasis at a molecular level. Despite clear differences in proteotoxicity and lipotoxicity in terms of the activation mechanism of IRE-1 and transcriptional outputs, the two stresses nonetheless crosstalk and likely contribute to synergistic UPR-ER activation. Although lipotoxicity is now established as an ER stress inducer parallel to and independent of proteotoxicity, our understanding of how, molecularly, specific lipid metabolism pathway defects induce the UPR-ER remains limited. Similarly, we are only beginning to understand how the lipidome is influenced by the UPR-ER in response to a particular insult. We anticipate that using -omics tools, particularly metabolomics and lipidomics, will lead to new findings and more comprehensive answers to such questions in the future.
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Figure 1. Overview of the canonical endoplasmic reticulum unfolded protein response (UPR-ER) pathways. In higher eukaryotes, upon sensing misfolded proteins by HSP-4/BiP, the three UPR-ER branches—IRE-1α, PEK-1, and ATF-6—are activated to mount distinct and collective downstream transcriptional and translational programs to promote protein folding, processing, and secretion, thereby reducing the load of misfolded proteins in the ER lumen and alleviating ER stress. Abbreviations: ATF-4: Activating Transcription Factor 4; ATF-6: Activating Transcription Factor 6; eIF2α: Eukaryotic Initiation Factor 2α; HSP-4/BiP: heat shock protein 4/ Binding immunoglobulin protein; IRE-1α: Inositol-Requiring-Enzyme 1α; PEK-1: human PERK kinase homolog; UPR: unfolded protein response; xbp-1: X-box Binding Protein homolog 1. (Figure created with Biorender.com, Toronto, ON, Canada). 
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Figure 2. Overview of the bidirectional interplay between lipid metabolism and the IRE-1 branch of the UPR-ER in Caenorhabditis elegans. Disturbed ER membrane lipid composition is caused by the loss of mdt-15 or fat-6/7, which cause increased FA saturation, or by the loss of mdt-15, sams-1, pcyt-1, or pmt-2, which cause disturbed PC/PE ratios. All these disturbances are direct triggers for IRE-1 activation, i.e., independent of protein misfolding. Activated IRE-1 upregulates compensatory genes, which remodel lipid metabolism and restore a proper lipid environment in the ER. Genes colored in red have been experimentally shown to cause IRE-1 activation in C. elegans when inactivated. Abbreviations: atgl-1: adipose triglyceride lipase; cept-1: choline/ethanolaminephosphotransferase; FA: fatty acid; fat-6/-7: fatty acid desaturase 6/7; hsp-4: heat shock protein 4; IRE-1: IRE1 kinase related; MDT-15: mediator 15; NHR-49: nuclear hormone receptor 49; PC: phosphatidylcholine; pcyt-1: phosphocholine cytidylyltransferase; PE: phosphatidylethanolamine; PI: phosphatidylinositol; pmt-2: phosphoethanolamine methyltransferase; PS: phosphatidylserine; sams-1: S-adenosyl methionine synthetase; SBP-1: sterol regulatory element binding protein; XBP-1: X-box binding protein homolog. (Some parts of the image were created with BioRender.com, Toronto, ON, Canada). 
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Figure 3. Overview of lipid synthesis pathways in C. elegans (adapted with permission from [143]). Genes colored in red are known to induce the UPR-ER when inactivated. Abbreviations: CDP-Cho: cytidine diphosphate choline; CDP-DAG: cytidine diphosphate diacylglycerol; CL: cardiolipin; CoA: coenzyme A; DAG: diacylglycerol; elo-1/-2: fatty acid elongation; Etn: ethanolamine; FA: fatty acid; fah-1: fumarylacetoacetate hydrolase; fat-6/-7: fatty acid desaturase 6/7; G3P: glucose-3 phosphate; hgo-1: homogentisate 1,2-dioxygenase; HMG-CoA: 3-hydroxy-3-methyl-glutaryl-coenzyme A; hmgr-1: hydroxymethylglutaryl-CoA reductase; hmgs-1: hydroxymethylglutaryl-CoA synthase; LPA: lysophosphatidic acid; lpin-1: lipin (mammalian lipodystrophy associated) homolog; PA: phosphatidic acid; PC: phosphatidylcholine; PE: phosphatidylethanolamine; P-Etn: phosphoethanolamine; PG: phosphatidylglycerol; PI: phosphatidylinositol; pmt-2: phosphoethanolamine methyltransferase; PP: pyrophosphate; PS: phosphatidylserine; Ser: serine; SAM: S-adenosyl methionine; sams-1: S-adenosyl methionine synthetase; TAG: triacylglycerol. (Created with BioRender.com, Toronto, ON, Canada). 
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