© 2018. Published by The Company of Biologists Ltd | Journal of Cell Science (2018) 131, jcs199307. doi:10.1242/jcs.199307

e Company of
‘Blologlsts

REVIEW

From the unfolded protein response to metabolic diseases — lipids

under the spotlight
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ABSTRACT

The unfolded protein response (UPR) is classically viewed as a stress
response pathway to maintain protein homeostasis at the
endoplasmic reticulum (ER). However, it has recently emerged that
the UPR can be directly activated by lipid perturbation, independently
of misfolded proteins. Comprising primarily phospholipids,
sphingolipids and sterols, individual membranes can contain
hundreds of distinct lipids. Even with such complexity, lipid
distribution in a cell is tightly regulated by mechanisms that remain
incompletely understood. It is therefore unsurprising that lipid
dysregulation can be a key factor in disease development. Recent
advances in analysis of lipids and their regulators have revealed
remarkable mechanisms and connections to other cellular pathways
including the UPR. In this Review, we summarize the current
understanding in UPR transducers functioning as lipid sensors and
the interplay between lipid metabolism and ER homeostasis in the
context of metabolic diseases. We attempt to provide a framework
consisting of a few key principles to integrate the different lines of
evidence and explain this rather complicated mechanism.

KEY WORDS: Endoplasmic reticulum stress, Unfolded protein
response, Lipid perturbation, Phospholipids, Metabolic diseases

Introduction

The key factors in the unfolded protein response (UPR) were
identified during the search for factors required for endoplasmic
reticulum (ER)-to-nucleus communication (Mori et al.,, 1992;
Kohno et al., 1993; Mori et al., 1993; Cox et al., 1993; Cox and
Walter, 1996). The establishment of the UPR field was rather
serendipitous, but nevertheless it surprised the scientific community
by setting up a paradigm of unconventional signal transduction.
Since then, the field has been ever expanding, just like any other
fundamental discovery. As a means of coping with misfolded
proteins and restoring ER homeostasis, it is unsurprising that the
UPR is directly linked to protein-misfolding disorders, such as
Alzheimer’s disease and Parkinson’s disease (Hetz and Saxena,
2017). Cancer cells exploit the UPR to sustain their high demand for
protein production, which is a prerequisite for unconditional
proliferation (Urra et al., 2016). Current evidence also shows a
clear association between the UPR and the hallmarks of metabolic
syndrome, dyslipidemia and obesity (Basseri and Austin, 2012;
Cnop et al., 2012). Dyslipidemia, characterized as an increase in
fasting and postprandial serum triglyceride (TAG) and cholesterol
levels, is a common feature observed in obese patients (Klop et al.,
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2013; Nguyen et al., 2008). Obesity is now a global health pandemic
afflicting individuals of both developing and developed countries
(NCD Risk Factor Collaboration, 2016). Obesity and dyslipidemia
are contributing risk factors for metabolic diseases, such as non-
alcoholic fatty liver disease (NAFLD) and type 2 diabetes (T2D).
NAFLD is the most prevalent liver disease worldwide that is marked
by the abnormal accumulation of fat in the liver (Younossi et al.,
2016). The progression of NAFLD to severe non-alcoholic
steatohepatitis (NASH) results in chronic inflammation of
hepatocytes, cirrthosis of hepatic tissue and hepatocellular
carcinoma, culminating in terminal liver damage (Michelotti
et al., 2013). Recent studies suggest that elevated levels of serum
free saturated fatty acids, a consequence of dyslipidemia, play a role
in the damage caused to hepatocytes during NAFLD (Li et al.,
2009). Similarly, T2D has been associated with increased levels of
triglycerides and free fatty acids, eventually leading to B-cell
dysfunction and insulin resistance (Eto et al., 2002; Kelpe et al.,
2002; Briaud et al., 2002). Contrary to the well-established roles of
the UPR in resolving protein misfolding, the UPR as a contributor of
lipotoxic cell death in the liver and pancreatic B-cells are poorly
characterized (Alkhouri et al., 2009; DeFronzo, 2004). This Review
will briefly describe the classical functions of the UPR in
maintaining ER protein homeostasis, before discussing the
importance of lipid species in ER membrane homeostasis. The
different types of membrane irregularities affecting ER homeostasis
mentioned here will be referred to collectively as ‘lipid bilayer
stress’. We will discuss insights that have been derived from the
yeast Saccharomyces cerevisiae and substantiated with evidence
from mammalian in vitro and in vivo models. We will also examine
the intricacy between lipid bilayer stress and the UPR and
emphasize the implications that are relevant for disease progression.

The unfolded protein response sensors

As an ancient counter-stress programme to ease the damaging effects
in the ER, extensive efforts have been made to better understand the
UPR. Typically, the accumulation of unfolded proteins in the ER
activates the three ER-stress transducers, inositol-requiring enzyme
lo. (Irelo;; also known as ERNI1 in mammals), PRKR-like
endoplasmic reticulum kinase (PERK; also known as EIF2AK3)
and activating transcription factor 6 (ATF6), resulting in translational
control and transcriptional reprogramming of UPR target genes to
elicit global cellular changes (Walter and Ron, 2011) (Fig. 1).

Irelo is the most evolutionarily conserved UPR sensor and it is also
solely present in lower eukaryotes such as S. cerevisiae and
Schizosaccharomyces pombe (referred to as Sclrel and Splrel,
respectively, for clarity). The luminal domain of Irela: directly binds to
misfolded proteins through a dimeric interface peptide binding groove
(Zhou et al., 2006; Gardner and Walter, 2011; Carrara et al., 2015),
which triggers formation of dimers and higher-ordered oligomers
leading to trans-autophosphorylation (Gardner and Walter, 2011).
Phosphorylated Irelo/Sclrel possesses a ribonuclease activity that
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cleaves the introns of target mRNAs, such as the pre-mRNA of the
transcription factor X-box binding protein 1 (XBPI) or orthologous to
Atf/Crebl (HACI) in budding yeast (Prischi et al., 2014; Korennykh
et al, 2011) (Fig. 1A,B). Importantly, its activation initiates
a  spliceosome-independent mRNA  splicing event. Irelo
unconventionally splices XBP! (XBPI*) at a dual stem loop to
remove a 26 nucleotide segment (Lu et al., 2014). The remaining
fragments are subsequently ligated by the tRNA splicing ligase RtcB,
generating a product with a frameshift that allows XBPIs to be
translated into a transcription factor to activate downstream
cytoprotective genes (Calfon et al.,, 2002; Lu et al.,, 2014). The
unconventional splicing of HAC! is initiated by the docking of its 3
UTR to the cytosolic domain of oligomerized Sclrel (van Anken
et al., 2014). Only when the intron is removed by Sclrel upon ER
stress activation, will HAC1 spliced (HACI*) mRNA be translated and
ligated by the tRNA ligase Rlgl to function as a potent bZIP
transcription factor (Fig. 1B). Hacl recognizes the cis-acting element
UPRE in the promoter regions and initiates a transcriptional
programme, which consists of approximately 381 genes that are
involved in many cellular processes, including the phospholipid
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Fig. 1. Activation of the unfolded protein
response (UPR). (A) In mammals, the
accumulation of unfolded proteins or lipid
bilayer stress (LBS) in the ER activates three
distinct UPR sensors. Upon sensing of ER
stress, monomeric Ire1o. and PERK1 form
dimers or higher oligomers, followed by
trans-autophosphorylation. The Ire1o
ribonuclease domain cleaves the intron of
XBP1 mRNAs, and newly synthesized
XBP1 activates the transcription of UPR
target genes. Ire1o. may also initiate
regulated Ire1-dependent decay (RIDD) of a
specific subset of MRNA to decrease mMRNA
load. JNK and NF-xB are activated by Ire1
and initiate the transcription of
proinflammatory genes. Activated PERK
phosphorylates elF2q, resulting in the
temporary attenuation of general translation
and the activation of the transcription factor
ATF4, which subsequently activates the
transcription of specific UPR target genes
such as CHOP and GADD34 (shown in dark
blue). CHOP is a pro-apoptotic factor that
initiates cell death and is also linked to NF-
B activation. Subsequently, GADD34
promotes the dephosphorylation of elF2q,
resuming translation. When sensing
unfolded proteins, the ATF6 luminal domain
stimulates its relocalisation to the Golgi
where the transcription factor is released by
intramembrane proteolysis. Soluble ATF6
then translocates to the nucleus (N) where it
upregulates the expression of a subset of
UPR target genes. (B) S. cerevisiae Ire1
(Sclre1) undergoes dimerization or

higher oligomerization and trans-
autophosphorylation resulting in the splicing
of HAC1 mRNA by its RNase domain.
Transcription factor Hac1 upregulates UPR
target genes to restore homeostasis.

(C) Activated S. pombe Ire1 (Splre1) triggers
downstream RIDD activity in a similar
manner to Ire1o. CHOP, C/EBP-
homologous protein; RIDD, IRE1-
dependent decay; ®, spliced; Y, unspliced.
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metabolic pathway, ER-associated protein degradation (ERAD),
protein translocation across the ER membrane, vesicular trafficking,
glycosylation, cell wall biogenesis and vacuolar protein sorting
(Travers et al., 2000). Genes regulated by both XBP1 and Hacl
collectively resolve ER stress by increasing the volume of the ER
through membrane expansion (Schuck et al., 2009; Kim et al., 2015),
enhanced protein folding and degradation pathways, as well as via
repression of translation (Harding et al., 2002).

To further reduce protein load on the ER, Irelo cleaves ER-
localized mRNAs by an additional mechanism termed regulated
Irel-dependent decay of mRNA (RIDD) (Fig. 1A). Even though
Sclrel does not possess RIDD activity, its counterpart in S. pombe
exclusively relies on RIDD to decrease mRNA load on the ER,
because of the lack of HACI or XBPI to initiate transcriptional
responses (Fig. 1C). A group of 471 mRNAs were identified as
substrates of Splrel. They are cleaved at specific UG/C sites in the
coding region and the 3" UTR mRNA region (Kimmig et al., 2012;
Guydosh et al., 2017). Most of these RIDD mRNAs encode
secretory pathway proteins containing either a signal sequence or a
transmembrane domain. Importantly, a subset of mRNAs cleaved
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by Splrel is stabilized instead of being degraded, contributing to ER
homeostasis. In metazoans, because Irelo has dual activities for
both unconventional splicing and RIDD, XBPI and RIDD
substrates can be distinguished by the oligomerisation state of
Irelo (Tam et al., 2014). While splicing of XBP1 or HACI requires
oligomerized Irela/Sclrel, RIDD activity is dependent only on
monomeric Irela (Coelho and Domingos, 2014; Tam et al., 2014).

The other two UPR branches have also been well characterized.
The major responding strategies of these branches are conceptually
similar to Irelo in that they also reduce ER load and/or induce UPR
targets. Like Irelo, PERK dimerizes and auto-phosphorylates upon
the sensing of unfolded proteins by its luminal domain (Carrara
et al., 2015). Once activated, PERK phosphorylates the eukaryotic
translation initiation factor 2o (eIF2a), resulting in the temporary
attenuation of overall protein translation, except for the mRNA of
the transcription factor A7F4. ATF4 then activates the transcription
of specific UPR target genes, such as CCAAT-enhancer-binding
protein homologous protein (CHOP) and the growth arrest and
DNA damage-inducible protein (GADD34) (Fig. 1A). CHOP is a
transcription factor that triggers cell death by inducing genes
involved in apoptosis in the presence of persistent stress (Nishitoh,
2012). GADD34, by contrast, counteracts the PERK pathway by
dephosphorylating elF2a. to reverse translation attenuation and
re-establish the balance (Novoa et al., 2001).

ATF6 is activated by regulated intramembrane proteolysis. Upon
ER stress, ATF6 is packed into coat protein complex II (COPII)
vesicles and transported to the Golgi (Schindler and Schekman,
2009). Cleavage of the luminal and transmembrane domain of
ATF6 occurs by membrane-bound transcription factor site-1
protease (MBTPS1) and MBTPS2 in the Golgi, after which the
N-terminal cytosolic fragment ATF6(N) localizes into the nucleus
to activate UPR target genes (Fig. 1A).

The emerging roles of the UPR in metabolic syndrome
In recent years, great efforts have been undertaken to better
understand the roles of cellular stress responses in metabolic
syndromes. Surprisingly, the UPR, initially perceived as a means of
counteracting protein misfolding, emerged as a key pathway
(Shamu et al., 1994). In hindsight, the link should have been
anticipated since the disruption of lipid homeostasis compromises
ER function. As a stress-response pathway that senses ER stress and
activates a transcription programme to control lipid biosynthetic
genes, the UPR is ideally positioned to modulate any lipid
disequilibrium. Indeed, either prolonged dysregulation of lipid
synthesis or failure of UPR activation to resolve insults disrupt the
homeostatic ER environment and leads to disease development.

The initial clue to such a role can be traced back prior to the
inception of the UPR field. Irel was first identified in S. cerevisiae
as a protein required for synthesis of inositol, the essential building
block for phospholipids (Nikawa and Yamashita, 1992) (Fig. 2A),
before it was later re-discovered as the master regulator of the UPR
(Mori et al., 1993; Cox et al., 1993; Cox and Walter, 1996). Other
evidence shows that induction of the UPR by ER-stress inducer
drugs upregulates a series of lipid metabolic genes (Travers et al.,
2000). Reciprocally, deletion of genes involved in lipid biosynthesis
triggers activation of the UPR (Jonikas et al., 2009; Promlek et al.,
2011; Thibault et al., 2012). These early insights appeared to be
somewhat indirect until recent work provided solid evidence to
justify the UPR as a lipid regulator (Volmer et al., 2013; Halbleib
et al., 2017), as discussed below.

In mouse liver, Irela is also required for the assembly and
secretion of very low-density lipoprotein (VLDL) and its secretion

in hepatocytes (Wang et al., 2012). Upon deletion of lrela,
excessive amounts of triglycerides accumulate in hepatocytes
regardless of whether the animals have a fasting or high-fructose
diet, whereas TAG biogenesis is unaffected. Downstream of Irela,
XBP1 is required for normal fatty acid synthesis, and its deletion
results in hypocholesterolemia and hypotriglyceridemia, in addition
to activating the regulated Irel-dependent decay (RIDD) activity of
Irelo (Lee et al., 2008). As targets of RIDD include mRNAs that
encode proteins in lipogenesis and lipoprotein metabolism,
diminishing the RIDD activity by knocking down Irela reverses
hypolipidemia in Xbp/-deficent mice (So et al., 2012). In addition,
XBP1 also serves as a regulator for lipogenesis and responds to high
dietary carbohydrate levels by inducing genes that control fatty acid
and cholesterol synthesis (Lee et al., 2008). Furthermore, XbpI-
deficient obese mice develop insulin resistance, suggesting that
XBP1 has a role in protecting cells from metabolic disorders
through the activation of UPR genes (Ozcan et al., 2004).
Unexpectedly, XBP1 was shown to directly interact with the
forkhead box O1 (FoxOl) transcription factor and target it for
proteasomal degradation (Zhou et al., 2011). FoxO1 negatively
regulates hepatic glucose metabolism by modulating expression and
promoting degradation of hepatic gluconeogenic enzymes (Gross
et al., 2008). This novel mechanism indicates that XBP1 has a dual
role in modulating serum glucose levels, which is independent of
the cytoprotective effects it exerts on the ER-folding capacity. These
findings clearly undermine the protective roles of the Irel branch in
maintaining hepatic lipid metabolism.

The PERK branch of the UPR is also involved in the metabolic
response. CHOP, a downstream target of PERK, has been shown to
activate the NF-xB pathway upon saturated free fatty acid (SFA)-
induced lipotoxicity (Willy et al., 2015), suggesting a role in the
pathogenesis of NASH and hepatic inflammation (Fig. 1A). CHOP-
induced NF-kB promotes the secretion of proinflammatory
cytokines, contributing to hepatic inflammation and the severity
of NASH. SFA-induced lipotoxicity in apoptotic B-cells similarly
induces the PERK—CHOP pathway and plays a role in development
of NASH and T2D (Cunha et al., 2008). Rebalancing the PERK
pathway by enforced expression of GADD34 to dephosphorylate
hepatic [Eif2o enhances glucose tolerance and attenuates
hepatosteatosis in mice fed on a high-fat diet (Oyadomari et al.,
2008) (Fig. 1A).

Although it is the least studied UPR activation pathway, ATF6
might also contribute to lipid homeostasis as it can be activated
upon lipid bilayer stress (Maiuolo et al., 2011; Cunha et al., 2008).
Ablation of A#6 in mice that are subjected to pharmacological ER
stress leads to hepatosteatosis as a result of dysregulation of lipid
metabolism, highlighting the critical role of ATF6 in maintaining
phospholipid homeostasis (Yamamoto et al., 2010). Unlike Irelo
and PERK, evidence linking ATF6 to lipid homeostasis is still
limited, perhaps due to a different activation mechanism. ATF6 is
activated by COPII-mediated transport and cleaved in the Golgi.
During lipid bilayer stress, altered lipids may affect the kinetics of
COPII packaging and transport to the Golgi as well as proteolytic
activity of MBTPS1 and MBTPS2.

ER membrane composition and UPR induction

The homeostatic environment of the ER relies on a fine-tuned
balance between hundreds of membrane lipids and is essential in
maintaining the stability of numerous membrane proteins and the
proper folding equilibrium within the organelle (Thibault et al.,
2012; Ng et al., 2017, preprint). Irregularities in lipid biosynthesis
cause ER stress and trigger the activation of the UPR (Volmer and
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Ron, 2015) (Fig. 2). Here, both Ire1oe and PERK can respond to lipid
bilayer stress. Independent of sensing protein misfolding through
their luminal domains, the transmembrane and proximal domains of
Irelo. and PERK are positioned to monitor changes within the lipid
bilayer. Importantly, Ireloe and PERK mutants that lack their
luminal domains (ALD-Irelo and ALD-PERK) and are thus unable
to respond to the accumulation of unfolded proteins, still retained
their activity in initiating the UPR, i.e. XBP! splicing and elF2o
phosphorylation, respectively, upon membrane saturation-induced
lipid bilayer stress (Volmer et al., 2013) (Fig. 1A). Further work
suggests that the N-terminal transmembrane domain of Sclrel
functions as an amphipathic helix to detect any biophysical changes
at the ER membrane (Halbleib et al., 2017). Based on in vivo,
in vitro and in silico evidence, the authors proposed that the
transmembrane domain (TD) of Sclrel adapts to lipid bilayer stress
by dimerising to avoid a local membrane compression that is
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induced by the lumenal juxta-membrane amphipathic helix next to
the Sclrel TD. Reconstitution of this N-terminal amphipathic helix
and the transmembrane helix into liposomes revealed a stabilising
titled orientation assumed by the transmembrane helix in response
to lipid bilayer stress conditions (increased lipid order) that allows
for oligomerisation and Irel activation (Halbleib et al., 2017).
PERK likely senses lipid disequilibrium through a similar
mechanism, given that it has a high similarity to the Irela TD.
Indeed, the Ireloo TD and PERK can be swapped without
compromising the lipid-sensing activity (Volmer et al., 2013).
Saturated fatty acid palmitic acid is frequently added in large
amounts to the growth medium to induce lipid bilayer stress in cell
culture (Fig. 3). This excessive intake of SFA changes the metabolic
flux of phospholipid synthesis and leads to an increased amount of
saturated lipid species at the ER membrane (Borradaile et al., 2006).
A high degree of fatty acid saturation at the biological membrane
affects membrane fluidity by promoting the stiffening of the
membrane (Quinn, 1981; Stubbs, 1983; Stubbs and Smith, 1984).
It is likely that the dynamics of membrane—protein interactions are
altered by the decrease in membrane fluidity, producing a signal that
is eventually received by the UPR sensors and amplified in the
initiation of the UPR programmes (Bogdanov et al., 2008). The SFA-
induced UPR in INS-1E B-cells can be counteracted by
supplementing growth medium with unsaturated oleic acids,
bringing back the delicate balance between saturated and
unsaturated FAs (Sommerweiss et al., 2013) (Fig. 3). Inhibiting the
conversion of SFA to monounsaturated FA by targeting stearoyl-CoA
desaturase genetically or pharmacologically leads to lipid-bilayer-
stress-induced UPR, similar to results obtained when supplementing

Fig. 2. Simplified schematic illustration of the major lipid metabolic
pathways. (A) Phosphatidic acid (PA) is the product of two acyl-CoAs
incorporated into glycerol 3-phosphate (glycerol 3-P). Converted from PA,
diacylglycerol (DAG) is the precursor of phosphatidylethanolamine (PE),
phosphatidylcholine (PC) and triacylglycerol (TAG) while cytidine diphosphate
choline-DAG (CDP-DAG) is the precursor for phosphatidylinositol (PI),
phosphatidylserine (PS) and phosphatidylglycerol (PG). Pl can be
polyphosphorylated (Plx) and PG can be dimerized to cardiolipin (CL). The de
novo biosynthesis of PC from PE occurs in a three-step methylation reaction
through the intermediates monomethyl-PE (MMPE) and dimethyl-PE (DMPE).
PS is converted to PE via the de novo pathway. (B) Sterol ester biosynthesis
pathway. Sterols are biosynthesized from a series of intermediate products
including the rate-limiting step where 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA\) is reduced into mevalonic acid. (C) Sphingolipid biosynthesis pathway.
The condensation of serine to palmitoyl-CoA is the first rate-limiting step
leading to ceramide through intermediate products. Ceramide can be further
modified to form complex sphingolipids such as sphingosine-1-phosphate
(S1P). Several sphingolipids and sterol intermediates are omitted in this figure
for simplification. Proteins in green and blue refer to mammals and yeast,
respectively. ACAT, acyl-coenzyme A:cholesterol acyltransferase; AGPAT,
acylglycerolphosphate acyltransferase; ASAH, N-acylsphingosine
amidohydrolase 1; AURT1, Inositol phosphorylceramide synthase; DGAT,
diglyceride acyltransferase; CDP-Cho, cytidine diphosphate choline; CDP-
ETA, cytidine diphosphate ethanolamine; CDS, CDP-diacylglycerol synthase;
CEPTH1, choline/ethanolamine phosphotransferase 1; CERS, ceramide
synthase; coenzyme A, coenzyme A; CLS, cardiolipin synthase;

HMGCR, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase;

HMGCS, 3-hydroxy-3-methyl-glutaryl-coenzyme A synthase; Ino, inositol;
IPC, inositolphosphorylceramide; IPT1, inositolphosphotransferase 1;
KDSR, 3-ketodihydrosphingosine reductase; MIPC,
mannosylinositolphosphorylceramide; M(IP)2C,
mannosyldinositolphosphorylceramide, PGP, phosphatidylglycerolphosphate;
PGPS, phosphatidylglycerolphosphate synthase; PIS, phosphatidylinositol
synthase; PLPP, Phospholipid phosphatase; SMS, sphingomyelin synthase;
SPT, serine palmitoyltransferase; SPP1, sphingosine-1-phosphate
phosphohydrolase; SPHK, sphingosine kinase; SUR1, mannosyl
phosphorylinositol ceramide synthase SUR1.
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Fig. 3. Lipid classes and representatives. Structures in red and black highlight polar and nonpolar regions, respectively. Representative phospholipids are:
phosphatidylcholine (PC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; phosphatidylethanolamine (PE), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine;
phosphatidylserine (PS), 1,2-dipalmitoyl-sn-glycero-3-phosphoserine and phosphatidylinositol (PI), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-myo-inositol).

Sphingomyelin is represented by N-palmitoyl-D-erythro-sphingosylphosphorylcholine and cholesterol by cholest-5-en-3p-ol. SFA, saturated fatty acid; MUFA,

monounsaturated fatty acid; PUFA, polyunsaturated fatty acid.

growth medium with SFA (Volmeretal., 2013; Ariyama et al., 2010).
The mechanisms underlying these observations appear to be
conserved throughout evolution. In S. cerevisiae, increases in
membrane saturation owing to deletion of S-aminolevulinate
synthase HEMI or desaturase OLE] results in UPR activation
(Pineau et al., 2009). Here, supplementation of monounsaturated fatty
acids myristoleic acid (C14:1) and oleic acid (C18:1) to correct the
unbalanced ratio between saturated and unsaturated phospholipids
relieved ER stress, whereas SFA palmitic acid (C16:0)
supplementation to hemlIA cells further exacerbates the UPR
activation (Pineau et al., 2009) (Fig. 3). Loss of HEM]I leads to a
defect in ergosterol and unsaturated FA synthesis (Pineau et al., 2008;
Ferreira et al., 2004) (Fig. 2). Additionally, a yeast-based fatty-acid
screening assay demonstrated that addition of the long-chain
monounsaturated oleic acid is particularly effective to shut down
UPR activation and overcome ER stress in hemIA cells (Deguil
et al., 2011). Surprisingly, some long-chain polyunsaturated fatty
acids that are absent in S. cerevisiae significantly improved the
growth of AemIA cells. UPR induced by lipid bilayer stress can
also be triggered by deletion of ubiquitin-like (UBX)-domain-
containing protein (UBX2), an important component of the ERAD
pathway. The absence of UBX2 triggers the accumulation of
saturated fatty acid, as the transcriptional control of the FA
desaturase OLE! is impaired (Surma et al, 2013). The
upregulation of OLE] is mediated through multicopy suppressor
of Gaml (MGA2) that is activated by the ERAD machinery.
Interestingly, Mga2 was recently shown to be an important
regulator of membrane fluidity by acting as a sensor of membrane
lipid saturation and controlling unsaturated fatty acid synthesis
mediated by the desaturase Olel (Covino et al., 2016). These
findings suggest that membrane properties, such as those defined
by the ratio between saturated and unsaturated phospholipids and
acyl chain length, are constantly monitored by the UPR.

Another lipid feature important for ER homeostasis is the optimal
ratio of phospholipids with different head groups (Lagace and
Ridgway, 2013; Fagone and Jackowski, 2009). The ER membrane
is composed predominantly of ~40% phosphatidylcholine (PC) and
20% phosphatidylethanolamine (PE) in yeast, and in mammals
of 55% PC and 30% PE, while phosphatidylinositol and
phosphatidylserine are of lower abundance in both (van Meer
et al., 2008; van Meer and de Kroon, 2011). An imbalance in the
ratio between PC and PE has been shown to activate the UPR and to
cause fatty liver (Fu et al., 2011; Gao et al., 2015). This can be
explained by the distinct biophysical properties of these two classes:
PC has a cylindrical shape allowing for better packing and bilayer
forming propensity, whereas PE is conically shaped, thus lacking a
bilayer-forming ability due to packing rigidity (Holthuis and
Menon, 2014) (Fig. 3 and Fig. 4A,B). Thus, it is not surprising
that changes in membrane integrity and rigidity that create
imbalances between PC and PE levels are sensed by the UPR.

The decrease in PE levels affects the trans-bilayer distribution of

different PE species (Dawaliby et al., 2016; Williams et al., 2000)
(Fig. 4B). The distribution of PE species amongst the membrane is
critical for the function of membrane-associated processes, thus
potentially affecting that of membrane proteins involved in UPR.
Indeed, deletion of CHOZ2 and OPI3, the major yeast genes involved
in the biosynthesis of ER phospholipid PC, triggered
hyperactivation of the UPR, which buffers the otherwise lethal
defect this imbalance would have (Thibault et al., 2012). Irel

activates the UPR directly from a decrease in PC independently of

the Irel luminal domain, but the mechanism of activation is still
unclear (Promlek et al., 2011). Mostly expressed in the liver, PEMT,
the homologue of OPI3, is a methyltransferase required for de novo
synthesis of PC from PE (Fig. 2A). Pemt deletion in mice (Pemt™")
causes liver failure after 3 days of choline-deficient diet (Walkey
et al., 1998). The reduction of the PC/PE molar ratio in liver tissues
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Fig. 4. Properties of a lipid bilayer affect its shape and fluidity.

(A) Molecular shapes of lipids are defined by their polar headgroup (red) and
fatty acid saturation states (grey). PC (phosphatidylcholine), Pl
(phosphatidylinositol) and PS (phosphatidylserine) form cylindrical-like
shapes and PE resembles a cone, whereas phospholipids containing one
instead of two acyl chain (lyso-PC) exhibit an inverted conical geometry.

(B) Packaging of cylindrical lipids results in a planar-shaped lipid bilayer,
whereas inverted-cone lipids and cylinders will be sorted into positively and
negatively curved lipid bilayers, respectively. (C) Localized properties of lipids
can result in a thickening or thinning of the lipid bilayer. For instance, clustering
of cholesterol and glycosphingolipids will form a thicker microdomain, referred
to as ‘lipid raft-like’ domains. Conversely, the concentration of phospholipids
with short acyl chains will reduce the thickness of the lipid bilayer.

of both Pemt™~ mice and NASH human patients resulted in the loss
of membrane integrity owing to the disproportional increase of the
non-lamellar lipid-bilayer-forming PE, suggesting an increase in
membrane curvature (Li et al.,, 2006; Beney and Gervais, 2001)
(Fig. 4B). In addition to membrane integrity, aspects of membrane
dynamics, including lipid—lipid and lipid—protein interactions, are
also compromised by the loss of PC (Seu et al., 2006). In obese
mice, the increased PC/PE ratio impairs the function of sarco-/
endoplasmic reticulum calcium ATPase (SERCA) and activates the
UPR (Fu et al., 2011). The impairment of the SERCA pump affects
Ca?" levels within the ER, thereby influencing chaperone functions
and protein folding, which, consequently, activates the UPR.
Furthermore, an imbalanced PC/PE ratio can also result in the
aberrant activation of downstream signaling pathway and thus
eventually might lead to disease manifestation. For example, the
JNK signaling pathway is hyperactivated in cells with a
dysregulated PC/PE ratio; this suppresses the insulin signaling

pathway through phosphorylation of insulin receptor substrate-1
(IRS-1), which gives rise to insulin resistance, a hallmark of T2D
(Ozcan et al, 2004). In addition, dysregulation of the PE
biosynthetic pathway in hepatic steatosis was found to result in
abnormal accumulation of neutral lipids, phospholipid remodeling
and upregulation of lipogenic transcription factors, which all
contributed to the development of the disease (Leonardi et al.,
2009; Fullerton et al., 2009).

The ER membrane also contains sphingolipids, such as ceramide,
sphingosine and sphingosine 1-phosphate (S1P), which are, however,
only in low abundance compared with phospholipids (Fig. 2C and
Fig. 3). Although it is unclear how alteration in sphingolipid
biosynthesis is sensed by the UPR, it is evident that sphingolipids are
necessary to maintain lipid homeostasis and prevent ER stress
(Breslow, 2013). The first rate-limiting step in sphingolipid synthesis
is carried out by the serine palmitoyltransferase complex (Spt), which
is negatively regulated by the evolutionarily conserved proteins
ORMI1 and ORM2 (Futerman and Riezman, 2005) (Fig. 2C).
Accordingly, deletion of ORMI or ORM?2 leads to lipid-mediated
UPR activation (Han et al., 2010; Jonikas et al., 2009; Liu et al.,
2012). Aberrant sphingolipid composition has also been found to be
involved in the pathogenesis of obesity and insulin resistance. Indeed,
ceramide accumulates in mice adipose and muscle tissues upon
exposure to a high-fat diet (Shah et al., 2008). Furthermore, it has
been shown that the accumulation of C16 ceramide upon UPR
activation leads to cell death through an induction of pro-apoptotic
factor Bax, which leads to cytochrome c release and mitochondrial
apoptosis (Aflaki et al., 2012; Epstein et al., 2012; Pettus et al., 2002).
In obese mice, cell death can be avoided by overexpression of
sphingosine kinase 1 (SphK), which promotes the conversion of
ceramide to S1P (Bruce et al., 2012) (Fig. 2C). S1P functions by
attenuating the proinflammatory JNK pathway, thereby ameliorating
high-fat-diet-induced insulin sensitivity partly by reducing
inflammation of muscle cells. Importantly, it should be noted S1P-
phosphohydrolase 1 (Sppl), a phosphatase of S1P, plays a role in
maintaining ER homeostasis (Lépine et al., 2011) (Fig. 2C). S1P
accumulation upon Sppl deletion stimulates autophagy and ER
stress, suggesting that the intricate regulatory mechanisms that are
involved in sphingolipid metabolism are also required to maintain ER
homeostasis.

Taken together, aberrant changes in lipid bilayer composition are
sensed by the UPR and these have been implicated in the onset of
diseases, particularly obesity and diabetes. Future studies are needed
to explore the possibility of averting these processes by taking
advantage of the accumulating knowledge in the UPR field. In this
regard, searching for or designing compounds that pharmacologically
modulate the UPR sensors and their downstream targets is a
promising avenue.

Lipid-induced proteotoxicity

The dual function of the UPR in protein and lipid homeostasis
suggests these two types of stress are interconnected. Indeed, in many
cases, lipid disequilibrium induces proteotoxicity. For instance, SFA
accumulation not only disrupts phospholipid homeostasis at the ER
membrane, but also impacts on the morphology and integrity of the
ER, thereby leading to disturbed ER proteostasis (Borradaile et al.,
2006). In B-cells, supplementation of SFA activates all three UPR
branches by affecting ER Ca?* storage. Here, disturbance of the pump
activity of SERCA decreases ER Ca*" storage and thus compromises
the function of the Ca®*-dependent calnexin/calreticulin cycle that is
required for glycoprotein folding and ER proteostasis (Cunha et al.,
2008). Interestingly, treatment with the chemical chaperone
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4-phenylbutyrate (4-PBA), which binds to ER misfolded proteins,
rescued lipid bilayer stress-induced UPR, suggesting that proteotoxic
stress is downstream of lipotoxicity (Pineau et al., 2009). In
S. cerevisiae, lipid disequilibrium is also concomitant with the
disruption of ER proteostasis (Borradaile et al., 2006; Deguil et al.,
2011). Consequently, activation of the UPR is essential for proteome
remodeling to counteract the global detrimental effects of lipid bilayer
stress, such as the severe changes to global lipid levels, majorly
affecting biological membranes (Thibault etal., 2012; Ngetal., 2017,
preprint). In C. elegans, ablation of mdt-15, a regulator of lipid
biosynthetic genes, leads to the activation of both Irelo. and PERK
(Hou et al., 2014). Interestingly, in this instance, the activation of both
UPR sensors was, however, found to be independent of proteotoxic
stress (Hou et al., 2014). Because lipid bilayer stress caused by mdt-
15 is rather mild, this suggests the existence of a tipping point, beyond
which any present lipid imbalance begins to exert additional burden
on the proteostasis network. In either case however, the UPR is
activated to cope with changes in protein and/or lipid homeostasis.

Conclusion and perspectives

As discussed above, there is now clear evidence for a link between
the UPR and lipid homeostasis; in years to come, we anticipate a
wave of new findings that will further reinforce this view. Unlike the
classic roles of the UPR in maintaining protein homeostasis, its
regulatory role in lipid metabolism appears to be more complex.
Below, we attempt to provide some basic principles to integrate the
different lines of evidence and consolidate this rather intricate
mechanism.

First, the key factors in the UPR might have evolved additional
features to cope with lipid bilayer stress. For example, XBP1 has been
revealed to be a lipogenesis regulator, a function that is independent
of'its classical role in ER stress (Lee et al., 2008; Glimcher and Lee,
2009), and also controls the expression level of FoxOl1 in the insulin
signaling pathway through proteasomal degradation (Otoda et al.,
2013). Second, the UPR sensors Irelo/Sclrel and PERK directly
sense changes in ER lipid composition through their transmembrane
domain — an activity that is independent of their luminal domains
(Volmer et al., 2013; Halbleib et al., 2017).

It seems that the UPR, once activated, responds to lipid
disequilibrium in a manner that is similar to its classic function.
This includes transcriptional activation of lipid synthesis genes and
other stress responsive factors (e.g. chaperones), controlling
mRNAs of genes involved in lipogenesis and lipoprotein
metabolism via RIDD activity, and tuning the overall translation
through its downstream targets, such as CHOP and GADD34.

Even though we cannot exclude the possibility that new
principles might emerge from future research, most of the current
literature can largely fit into this framework, although our current
understanding regarding the mechanistic roles of the UPR in lipid
disequilibrium is far from complete. Nevertheless, with our current
knowledge, it might already be feasible to design pharmacological
interventions that modulate UPR activity under lipid disequilibrium.
For example, chronic ER stress occurs in patients with obesity,
NASH or T2D (Dara et al., 2011; Laybutt et al., 2007). Compounds
that attenuate UPR activation or reverse the sustained
phosphorylation of elF2a, the transcription factor governing
CHOP activity, should salvage hepatocytes or pancreatic cells that
would otherwise undergo programmes leading to cell death (Hetz
et al., 2013). Drugs that circumvent NASH and improve glucose
tolerance by preventing ceramide accumulation are inhibitors of
acid sphingomyelinase, called FIASMAs, as well as the marketed
drug myriocin (FTY-720) for the treatment of multiple sclerosis,

which inhibits serine palmitoyltransferase (SPT) (Bruce et al., 2013;
Kasumov et al., 2015; Musso et al., 2016). Alternatively, direct
targeting of ceramide for degradation with ceraminidase, which
catalyses its degradation to sphingosine, has been shown to be
effective in reducing high-fat-induced NASH and insulin resistance
(Xia et al., 2015). The potential of newly developed therapeutic
drugs should be able to circumvent inflammation that results from
the hyperactivation of the UPR during conditions of altered lipid
species, originating either from a high-fat diet or dysregulation of
lipid metabolism and/or synthesis. With the ongoing research and
explosion of technologies to study cellular lipids, we are optimistic
that the UPR will become an excellent target for drug therapy
and metabolic diseases, which will thus eventually be controllable,
if not curable.
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