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The endoplasmic reticulum (ER) is a key organelle involved in the regulation of lipid and
glucose metabolism, proteostasis, Ca>* signaling, and detoxification. The structural organi-
zation of the ER is very dynamic and complex, with distinct subdomains such as the nuclear
envelope and the peripheral ER organized into ER sheets and tubules. ER also forms physical
contact sites with all other cellular organelles and with the plasma membrane. Both form and
function of the ER are highly adaptive, with a potent capacity to respond to transient changes
in environmental cues such as nutritional fluctuations. However, under obesity-induced
chronic stress, the ER fails to adapt, leading to ER dysfunction and the development of
metabolic pathologies such as insulin resistance and fatty liver disease. Here, we discuss
how the remodeling of ER structure and contact sites with other organelles results in diversi-
fication of metabolic function and how perturbations to this structural flexibility by chronic
overnutrition contribute to ER dysfunction and metabolic pathologies in obesity.

etabolic adaptation in response to oscilla-

tions in nutrient availability is essential to
maintain homeostasis and health. Throughout
evolution, a diverse and robust array of adaptive
mechanisms have been selected to cope with
acute changes in nutritional states. The endo-
plasmic reticulum (ER) is a key platform
supporting these mechanisms. In addition to
mediating nutrient sensing, ER is involved in a
variety of biological processes such as protein
synthesis, folding and secretion, glucose homeo-

stasis, and Ca** signaling. Importantly, the ER
is the main site of lipid biosynthesis, includ-
ing synthesis of sterols, glycerophospholipids,
sphingolipids, and the formation of lipid drop-
lets (LDs) (Fu et al. 2012b; Walther et al. 2017).
The ER hosts elegant and robust adaptive path-
ways that maintain cellular and systemic
homeostasis. For example, under stress condi-
tions, the ER activates the unfolded protein re-
sponse (UPR) to reestablish ER homeostasis by
reducing protein synthesis, increasing expres-
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sion of ER chaperones, promoting membrane
expansion, and facilitating protein disposal
(Schroder and Kaufman 2005; Hotamisligil
2010; Walter and Ron 2011). ER membrane ex-
pansion has also been shown to restore ER
health independent of UPR signaling (Schuck
et al. 2009). Protective mechanisms have also
evolved to sense and maintain ER membrane
lipid levels. For example, SREBP2, a transcrip-
tion factor localized to the ER membrane, re-
sponds to alterations in ER sterol content by
regulating the transcription of genes involved
in cholesterol homeostasis (Goldstein et al.
2006). Although all these adaptive mechanisms
work efficiently when ER faces stress transiently,
such as during daily cycles of fasting and feed-
ing, they fail when the stress or the increased
functional demand becomes chronic, such as
in the case of obesity. The resulting ER dysfunc-
tion in multiple tissues underlies the develop-
ment of a cluster of obesity-associated diseases
such as type 2 diabetes, cardiovascular disease,
and fatty liver disease, which represent major
public health problems (Ozcan et al. 2004; Rut-
kowski et al. 2008; Erbay et al. 2009; Gregor et al.
2009).

The mechanisms involved in the develop-
ment of ER dysfunction in obesity are complex
and multifactorial. For example, obesity leads to
aberrant and insufficient activation of the UPR,
which directly impacts glucose and lipid metab-
olism (Ozcan et al. 2004; Wang et al. 2009; Yang
et al. 2015). Obesity also leads to alterations in
the activity of key ER-resident transcription fac-
tors, such as SREBPs and NFE2L1, as well as
defective Ca®>" homeostasis (Kammoun et al.
2009; Arruda and Hotamisligil 2015; Bartelt
et al. 2018). Excellent reviews covering these as-
pects of ER dysfunction in obesity are available,
and therefore will not be discussed in depth in
this article (Eizirik et al. 2008; Hotamisligil 2010;
Fu et al. 2012b; Arruda and Hotamisligil 2015;
Han and Kaufman 2016; Lemmer et al. 2021;
Marciniak et al. 2021). Here, we discuss emerg-
ing data demonstrating that the ER responds to
stress and fluctuations in metabolic demand by
remodeling its structural organization and its
ability to form contact sites with other organ-
elles. We also discuss how changes in the spatial

organization of the ER affect metabolic func-
tion, and how the lack of this structural flexibil-
ity is a key problem associated with ER dysfunc-
tion in obesity.

COMPARTMENTALIZATION OF ER
FUNCTION THROUGH DISTINCT
STRUCTURAL SUBDOMAINS

The ER is formed by a continuous network of
membranes that comprise distinct subdomains:
the perinuclear ER and the peripheral ER. The
peripheral ER presents itself as a network of tu-
bules devoid of ribosomes (smooth ER) as well as
parallel stacked flat sheets, which is often, but not
always, characterized by the presence of ribo-
somes (rough ER) (Shibata et al. 2010; Chen
et al. 2013; Goyal and Blackstone 2013; Westrate
etal. 2015). More recently, it has also been shown
that the tubular ER can be organized as dense ER
matrices (Nixon-Abell et al. 2016). The ER also
forms physical contact sites with every other or-
ganelle in the cell in addition to the plasma mem-
brane (PM) (Phillips and Voeltz 2016; Cohen
etal.2018; Wuetal.2018). Although the presence
and basic functions of ER have been conserved
across species, the evolution has introduced a di-
verse complexity to its spatiotemporal organiza-
tion, which correlates with the functional de-
mands of the cells. For example, cells with high
protein secretory capacity, such as pancreatic ac-
inar cells, which produce and secrete digestive
enzymes, contain a high level of stacked rough
ER sheets (Fig. 1) (Palade and Siekevitz 1956;
Terasaki et al. 2013). This is also the case for
intestinal goblet cells, which secrete glycoproteins
that make the intestinal mucus. Conversely, cells
specialized in the synthesis and secretion of ste-
roid hormones or lipids such as Leydig cells and
adipocytes, contain predominantly smooth ER
tubules. These cell types perform mainly one pre-
dominant function such as protein or lipid syn-
thesis and maintain a more static structural state
of the ER in its native tissue environment (Fig. 1)
(Mori and Christensen 1980). In contrast, cells
such as hepatocytes or enterocytes have pleiotro-
pic functions, including high rates of protein and
lipid synthesis and secretion, depending on met-
abolic demand. Additionally, hepatocytes and
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Figure 1. Distinct endoplasmic reticulum (ER) architecture across specialized cell types. Transmission electron
microscopy images of specialized cells in their native tissue environment. (From left to right) Pancreatic acinar
cells, intestinal Goblet cells, hepatocytes, enterocytes, adipocytes from white adipose tissue, and Leydig cells from
testis. The images are derived from lean healthy mouse tissues and were acquired by authors Dr. Arruda
and Dr. Parlakgiil. (The cartoons representing the tissues were adapted from images from Servier Medical Art
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enterocytes are subjected to drastic metabolic
transitions in response to nutritional fluctuations,
such as cycles of fasting and feeding (Fu et al.
2012b; Rui 2014; Ko et al. 2020). Accordingly,
these cells contain highly heterogenous and dy-
namic ER structures, which, presumably, support
their pleiotropic functionality and metabolic flex-
ibility (Fig. 1).

The shape of ER subdomains is determined
by its interaction with the cytoskeleton and by
the presence of transmembrane proteins that
sculpt the ER membrane (Terasaki et al. 1986;
Shibata et al. 2010; Goyal and Blackstone 2013;
Joensuu et al. 2014; Lu et al. 2020; Zheng et al.
2022). In the next section, we will briefly intro-
duce the main players involved in the regulation
of peripheral ER architecture and discuss the
evidence showing how the shape of ER relates
to its metabolic function.

The Structure and Function of ER Sheets

ER sheets consist of two flat membranes sepa-
rated by a constant luminal space and restricted
in the edges by curved membranes. It is decorat-
ed by membrane-bound ribosomes and is often
stacked in a parallel organization connected by a

twisted membrane surface (Shibata et al. 2010;
Terasaki et al. 2013). The space between the two
parallel ER membranes is maintained by the
oligomerization of a protein called Climp-63, a
single-pass transmembrane protein that con-
tains a large coiled-coil domain located in the
ER lumen and a microtubule-binding domain
located in its cytosolic side (Fig. 2) (Klopfenstein
et al. 1998; Vedrenne et al. 2005; Shibata et al.
2010). Overexpression of Climp-63 in multiple
cell lines, yeast, and in liver tissue leads to prolif-
eration of ER sheets at the expense of ER tubules
(Shibata et al. 2010; Parlakgtil et al. 2022). Dele-
tion of Climp-63 results in narrowing of the ER
lumen but it does not abolish ER sheets (Shibata
et al. 2010; Shen et al. 2019). Other proteins in-
volved in ER sheet formation and stabilization
include RRBP1 (or p180) and kinectin (KTN1)
(Ogawa-Goto et al. 2007; Shibata et al. 2010).
RRBP1 is an ER transmembrane protein that
contains a small intraluminal domain and a large
cytosolic domain that has been proposed to reg-
ulate the flatness of ER sheets. Recently it has also
been shown that Climp-63, RRBP1, and KTN1
influence the shape and distribution of ER sheets
by interacting with distinct subsets of cytoskeletal
microtubules (Zheng et al. 2022). Therefore, cy-

Cite this article as Cold Spring Harb Perspect Biol 2023;15:a041261 3



fggﬁm Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

A.P. Arruda and G. Parlakgiil

A B

ER tubules

ER sheets

Structure Function

Function

Structure

GeP

ST L W' TPPps, GEPase
__Microtubule  Kinectin Reticulon ce®® J/"' v R §
@/l | G6P 4 Glucose
Reep5 &, /Q’Y
,§ J | Glucose™

Polysome

Nascent
lipid droplet

Neutral
lipid lens

Figure 2. Structure and function of peripheral endoplasmic reticulum (ER) sheets and ER tubules. (A) (Left side)
Membrane-shaping proteins such as Climp-63, p180 (RRBP1), and kinectin regulate the formation and stabi-
lization of ER sheets. (Right side) ER sheets are the preferential site for membrane-bound polysome and trans-
locon complex localization. Therefore, protein cotranslation and translocation preferentially occurs at this ER
subdomain. First, the signal recognition particle (SRP) binds to a ribosome containing a nascent polypeptide.
Next, the SRP-ribosome-nascent polypeptide complex interacts with the SRP receptor in the ER membrane. The
nascent polypeptide chain is imported into the ER lumen through the translocon channel (SEC61 and associated
proteins), where chaperones like BIP assist in protein folding. (B) (Left side) The high curvature of the tubular ER
membranes is maintained by proteins containing the reticulon homology domain (RHD), such as reticulons and
REEP5. (Right side) The ER tubules are enriched in proteins involved in lipid metabolism and are the main site of
LD formation and budding, where seipin protein is localized. Another protein enriched in ER tubules is the
glucose-6-phosphatase (G6Pase), an enzyme involved in the conversion of glucose-6-phosphate (G6P) to glu-
cose. The catalytic domain of G6Pase is located in the ER lumen. Therefore, this reaction requires G6P to be
imported from the cytosol to the ER lumen and then glucose to be exported from the ER lumen to the cytosol by a
transporter. Hydrolysis of G6P is the last step of glucose production from gluconeogenesis and glycogenolysis.

toskeleton-ER interactions are essential for the
determination of the shape and dynamics of ER
sheets.

Functionally, ER sheets are the preferential
site of protein synthesis, folding, and post-trans-
lation modification (Sabatini and Blobel 1970;
Kreibich et al. 1978; Amar-Costesec et al. 1989;
Voeltz et al. 2002; Shibata et al. 2006). Indeed, as
mentioned earlier, cells specialized in protein
synthesis and secretion, such as acinar cells
and Goblet cells, are enriched in rough ER sheets
and almost devoid of ER tubules (Fig. 1). There
are at least two main characteristics of ER sheets

that seem to facilitate protein synthesis, translo-
cation and folding. First, their flat surface
accommodates large, membrane-bound poly-
somes where nascent polypeptides are synthe-
sized (Shibata et al. 2010; Terasaki et al. 2013). In
fact, ER sheets are enriched with the translocon
complex formed by the Sec61 channel, the signal
recognition particle (SRP) receptor and its asso-
ciated proteins, responsible for the translocation
of nascent polypeptides from translating ribo-
somes into or across the ER membrane (Park
and Rapoport 2012; Reid and Nicchitta 2015).
Second, ER sheets have a large luminal volume-
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to-surface ratio compared to ER tubules, which
may optimize processes occurring in the ER lu-
men, such as protein folding (Schuck et al. 2009;
Terasaki et al. 2013; Westrate et al. 2015). Of
note, although evidence points to ER sheets as
the preferential site of protein synthesis and
folding, this division of tasks is not absolute
and protein synthesis may also occur in tubular
ER, albeit to a lesser degree.

The Structure and Function of ER Tubules

The main players involved in shaping ER tubules
are the reticulons (Rtns) and the receptor expres-
sion-enhancing protein 5 (REEP5 or DPI)
(Voeltz et al. 2006; Shibata et al. 2010; di Sano
et al. 2012; Wang et al. 2021). These proteins
share a common, evolutionarily conserved retic-
ulon homology domain (RHD), which formstwo
short hairpins that incompletely span the two
leaflets of the ER membrane, displacing more of
the outer leaflet than the inner, which generates
membrane curvature (Fig. 2) (Voeltz et al. 2006;
Shibata et al. 2008). Contrary to ER sheets, the
curved membrane of ER tubules seems not to
accommodate large polyribosomes, and there-
fore presents a smooth surface. Overexpression
of reticulon 4 isoform a (Rtn4a) or REEP5 induc-
es proliferation of ER tubules at the expense of ER
sheets. On the other hand, down-regulation of
these proteins leads to the conversion of ER tu-
bules into ER sheets (Voeltz et al. 2006; Shibata
et al. 2010). The formation of the tubular ER
network also depends on small GTPases called
atlastins (ATLs), which mediate tubule fusion
and the formation of three-way junctions. Lastly,
both the morphology and dynamics (shrinkage
and expansion) of tubular ER are supported by its
interaction with the cytoskeleton. In fact, depo-
lymerization of microtubules collapse the tubu-
lar ER network (Terasaki et al. 1986; Waterman-
Storer et al. 1995; Shibata et al. 2008).
Functionally, the tubular ER has been shown
to play a key role in lipid metabolism. For exam-
ple, the tubular ER is enriched in proteins
involved in LD formation (Fig. 2) (Jacquier
et al. 2011; Choudhary et al. 2015; Walther
et al. 2017). The process of LD formation starts
with the accumulation of neutral lipids within

ER Architecture and Metabolic Function

the tubular ER membrane bilayer. When the
accumulation of neutral lipids reaches a thresh-
old, phase separation occurs, leading to the nu-
cleation of a lipid lens, which grows and buds to
the cytosol as an LD (Wilfling et al. 2013; Wal-
ther et al. 2017; Olzmann and Carvalho 2019).
The proper formation of LD largely depends on
seipin, an integral membrane protein predomi-
nantly located at ER tubule-LD contacts (Salo
et al. 2016; Wang et al. 2016; Cao et al. 2019).
The high curvature of ER tubules is shown to
facilitate the formation of LDs by locally disturb-
ing the bilayer order (Jacquier et al. 2011; Kassan
et al. 2013). Additionally, it reduces the energy
barrier required for neutral lipid condensation
(Santinho et al. 2020). In fact, genetic manipu-
lations that drive ER tubule proliferation such as
overexpression of REEP5 or Rtn4 result in in-
creased LD biogenesis (Santinho et al. 2020).
In addition to enzymes involved in lipid me-
tabolism, proteomic analysis of tubular ER iso-
lated from yeast showed that this subdomain is
enriched in proteins involved in vesicle-based
trafficking, organelle contacts, and ER signaling
(Wang et al. 2017). In hepatocytes, tubular ER is
also enriched in enzymes involved in glucose
metabolism, such as glucose 6-phosphatase,
which catalyzes the conversion of glucose-6-
phosphate to glucose, the last step of gluconeo-
genesis (Fig. 2) (Garfield and Cardell 1979;
Csala et al. 2006). Although it is currently un-
known whether and, if so, how the shape of
tubular ER facilitates these processes, the fact
that these enzymes are enriched in tubular ER
suggests a structure—function relationship.

Structure and Metabolic Function of ER
Membrane Contact Sites

Another property of the ER, especially the tubular
ER, is its ability to form membrane contact sites
(MCSs) with every other organelle and the PM
(Phillips and Voeltz 2016; Cohen et al. 2018).
MCSs are regions of close proximity between or-
ganelles (around 15-30 nm) maintained by teth-
ering proteins or by protein-lipid interactions.
Through these physical interactions, ER can act
as a conduit, allowing organelles to exchange
ions, lipids, and metabolites to execute coopera-
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tive metabolic processes across and beyond or-
ganelle borders, without disturbing the entire cy-
tosol. ER MCSs have been shown to be involved
in many cellular functions and this is a rapidly
expanding field.

For example, some of the enzymes partici-
pating in biochemical pathways that require the
synthesis or transport of hydrophobic molecules
are hosted in different organelles, resulting in
the splitting of metabolic processes (see details
in Fig. 3). This is the case for enzymes involved
in phospholipid synthesis (Vance 1990), steroid
hormone synthesis (Issop et al. 2015; Prasad
etal. 2015), or coenzyme Q synthesis pathways,
whose enzymes are located at ER and mitochon-
dria interfaces known as MAMs (mitochondria-
associated membranes) (Eisenberg-Bord et al.
2019; Subramanian et al. 2019). The presence
of MCSs facilitate the shuttling of molecules be-
tween these organelles and by doing so, regulate
the activity of these metabolic pathways.

The ER MCSs also enable the transfer of ions
such as Ca®" between organelles. For example,
MAMs facilitate Ca** flux from ER to mitochon-
dria, which is known to regulate mitochondrial
oxidative function, redox balance, and apoptosis
(Fig. 3). Ca®" transport also occurs at MCSs
between the ER and PM through the store-oper-
ated calcium entry (SOCE), a mechanism in-
volved in the control of ER and cytosolic Ca**
levels. ER and endosomes also exchange Ca®*
through contact sites, although the functional
significance of this process is unclear (Rizzuto
et al. 1998; Scorrano et al. 2003; Arruda and Ho-
tamisligil 2015; Phillips and Voeltz 2016).

The formation of ER MCSs has also an im-
pact on the morphology and dynamics of other
organelles (Fig. 3). For example, in COS-7 (a
monkey kidney cell line) and other cells, mito-
chondrial and endosomal fission occur at sites of
contacts with the ER (Friedman et al. 2011; Row-
land et al. 2014). Interestingly, an inverse rela-
tionship is also possible, wherein the interaction
between the ER and the lysosomes or late endo-
somes regulates ER morphology through the
ability of these organelles to pull or shrink tubular
ER membranes (Lu et al. 2020; Spits et al. 2021).

Interestingly, the MCSs between ER and oth-
er organelles are regulated not only by the abun-

dance and localization of membrane tethering
proteins but also by the general shape of the
ER. An example of that is seen in the reduced
frequency of MAMs when ER sheet formation
is artificially enhanced through Climp-63 over-
expression in COS-7 cells (Lewis et al. 2016) and
hepatocytes in vivo (Parlakgtil et al. 2022). On the
other hand, down-regulation of Rtn4 in mouse
embryonic fibroblasts (MEFs) leads to decreased
ER tubulation and a marked decrease in ER-PM
contact sites (Jozsef et al. 2014). These findings
suggest that the ratio between ER sheets and tu-
bules affects the number of MCSs and impacts
biological processes coordinated by them.

IMPACT OF STARVATION ON ER
STRUCTURE AND FUNCTION

As outlined above, ER is a central platform of
metabolic regulation, and its complex structural
organization is directly linked to the diversity
and robustness of its metabolic capacity. Alter-
ations in metabolic states promoted by changes
in nutrient availability impact ER function and
its adaptive capacity, at least in part by inducing
the remodeling of its spatial organization. This is
the case, for example, of when cells face nutrient
starvation. Starvation is characterized by a state
of extreme fasting, which cause cells to rewire
their metabolism to decrease energy-demand-
ing processes such as protein synthesis and to
optimize the use of endogenous substrates
through the activation of processes such as
autophagy. During prolonged starvation, sub-
strates are eventually depleted, and the cells en-
ter a state of stress and, ultimately, death.

In cell lines, starvation has been shown to
alter ER structure and MCSs in multiple ways.
For example, starvation induces narrowing of
ER-mitochondria contact sites (MAMs), which
in some cases results in increased mitochondrial
oxidative capacity but in others leads to overflow
of Ca** from ER to the mitochondria, mitochon-
drial Ca®" overload, and apoptosis (Csordas et al.
2006; Cieri et al. 2018). Increased MAMs during
starvation has also been shown to impact the
regulation of autophagy, as the formation auto-
phagosome occurs, at least in part, at MAMs
(Hamasaki et al. 2013; Bosc et al. 2020). Starva-

6 Cite this article as Cold Spring Harb Perspect Biol 2023;15:a041261
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Figure 3. Functions of endoplasmic reticulum (ER) membrane contact sites. (A) Examples of split biochem-
ical pathways for which enzymes are located in different organelles requiring trafficking of metabolites
through inter-organelle contact sites. Phospholipid synthesis: The phosphatidylserine (PS) present in the
ER membrane is shuttled to the inner mitochondria membrane, where it is decarboxylated by the PS
decarboxylase (PSD1) generating phosphatidylethanolamine (PE). Mitochondrial PE can be then shuttled
back to the ER and be converted to phosphatidylcholine (PC) through the phosphatidylethanolamine N-
methyltransferase (PEMT) (Vance 1990). Steroidogenesis: Steroid hormones originate from cholesterol and
require the shuttling of intermediates across the ER and mitochondria (Miller 2007). Cholesterol gets into
the inner mitochondrial membrane through the steroidogenic acute regulatory protein (StAR), which is
shown to be located at the mitochondria-associated membranes (MAMs) (Prasad et al. 2015). In the
mitochondria, the cholesterol side-chain cleavage enzyme (P450scc) catalyzes the conversion of cholesterol
into pregnenolone. Next, pregnenolone is converted to progesterone by the enzyme 3B-hydroxysteroid
dehydrogenase (3BHSD). In the next step, 17o-hydroxylation of progesterone occurs, which is catalyzed
by the enzyme CYP17A1 in the ER. Steroid 21-hydrolase (P450c21) then converts 170-hydroxyprogesterone
into 11-deoxycorticosterone and 11-dexycortisol, respectively. Last, 11B-hydroxylase (P450c11B1) completes
the synthesis of cortisol in the mitochondria. Alterations in proteins such as ATAD3, which stabilize MAMs
in steroidogenic cells, have been shown to result in decreased hormone-stimulated steroid hormone synthesis
(Issop et al. 2015). (B) Ca®" flux at the MAMs: Ca** transport from ER to mitochondria occurs through the
IP3R, located in the ER membrane, the mitochondrial anion transporter (VDAC), located at the outer
mitochondrial membrane, and the MCU, located in the inner mitochondrial membrane. In the mitochon-
dria, Ca®* regulates the TCA cycle dehydrogenases, thus modulating the rate of NADH production and ATP
synthesis. Excess Ca>* flux from ER to mitochondria leads to mitochondrial Ca** overload and apoptosis.
ER Ca®* levels are also regulated through the store-operated Ca®* entry (SOCE) at ER-PM contact sites.
SOCE is mediated by the physical coupling between STIM, an ER protein, and Orai, a Ca>* channel located
at the PM, which allows Ca®" entry from the extracellular compartment to the cytosol, and then into the ER
through SERCA. (C) Regulation of organelle fission at ER contact sites: Sites of physical interactions
between ER and mitochondria are shown to recruit key proteins involved in mitochondria fission such as
DRPI1. At the MAMs, DRP1 homo-oligomerizes, forming rings that help the ER tubule to constrict the
mitochondria, leading to mitochondria fission.
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tion also impacts the formation of ER contact
sites with lysosomes, which is critical for the dy-
namics of the ER tubular network. Short-term
starvation of COS-7 cells for a few hours leads
to accumulation of lysosomes in the perinuclear
regions of the cell with a reduction in ER tubules
in the periphery of the cell. Prolonged starvation
of 24 h, however, leads to redistribution of lyso-
somes in the entire cell, which increases the ER
tubular network (Lu et al. 2020). Therefore, by
changing the intracellular position of lysosomes,
a key nutrient-sensing organelle, cells can rapidly
alter ER architecture in response to nutritional
challenges. Lastly, nutrient starvation also leads
to remodeling of the ER through the induction of
ER-phagy, a specific type of autophagy where
portions of ER are targeted to degradation for
substrate recycling. ER-phagy is mediated by spe-
cific receptors, and, depending on the receptor
triggering the process, this results in degradation
of ER sheets or ER tubules, thus influencing the
general organization of the ER (Hiibner and
Dikic 2020).

An interesting question is whether the archi-
tectural alterations of the ER induced by starva-
tion in cell culture models are also part of the
adaptive mechanisms to fasting in specialized
metabolic tissues such as the liver. In cell culture,
starvation is modeled by maintaining the cells in
media with low levels of nutrients in the absence
of serum. However, when considering the phys-
iologic response of a mammalian organism to the
lack of nutrient intake, each tissue responds very
differently. For example, in the hepatocytes, fast-
ing leads to increased uptake of lipids from the
circulation, which originates from increased li-
polysis in the adipose tissue. Also, during fasting,
hepatocytes rewire their glucose metabolism to
enhance glucose production through glycogenol-
ysis and gluconeogenesis (Petersen et al. 2017).
Fasting also induces ketone body production
through fatty acid oxidation (Kersten et al.
1999; Rui 2014; Trefts et al. 2017). Therefore,
fasting in hepatocytes is not equivalent to a lack
of nutrient input, as modeled in cell culture, but
rather to a change in the type of nutrients being
used, stored, and exported. In fact, earlier ultra-
structural work has shown that fasting leads to
changes in hepatocyte ER organization such as

the induction of tubular ER proliferation (Strif-
fler etal. 1981) and alterations in ER contacts sites
with mitochondria and peroxisomes (Sood et al.
2014; Ilacqua et al. 2022). However, a detailed
analysis of the effects of fasting/feeding cycles
on the structural organization of the ER and its
functional implications in a tissue-specific con-
text is lacking and is an interesting area of future
research.

IMPACT OF OBESITY ON ER STRUCTURE
AND FUNCTION

Although the complex regulation of ER architec-
ture on the tissue level in response to fasting/
feeding cycles is not yet well understood, there
is evidence that disrupted ER architecture and
MCSs is an important component of ER dysfunc-
tion in obesity-linked chronic overnutrition.
Likely considering their critical metabolic role,
most studies in this area have focused on hepa-
tocytes in the liver; thus, our discussion has an
emphasis on this tissue.

The liver plays a central role in coordinating
whole body homeostasis and secretes a high
number of proteins, lipids, lipoproteins, and
glucose into circulation depending on the sys-
temic metabolic demand. However, in obesity,
overconsumption of lipids, carbohydrates, and
calories promotes chronic stress to liver cells,
resulting in altered hormonal responses such
as insulin resistance and dysregulated glucose
and lipid metabolism. Over time, imbalanced
liver energy metabolism drives the development
of nonalcoholic fatty liver disease (NAFLD), a
pathological condition characterized by exces-
sive hepatic lipid accumulation (steatosis), un-
controlled glucose production, and increased
glycogen storage (Unger et al. 2010; Loomba
et al. 2021). This excessive nutrient accumula-
tion in the liver not only disturbs metabolic net-
works but also poses a significant physical chal-
lenge to the hepatocyte subcellular organization.

Impact of Obesity in General ER Architectural
Organization

Detailed 3D ultrastructural analysis of mouse
hepatic ER in its native tissue environment has
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shown that in the fed state, hepatic ER comprises
a mixture of parallel organized ER sheets and a
network of ER tubules, with an ER sheet-to-tu-
bule ratio of ~53% (Fig. 4) (Parlakgiil et al. 2022).
However, hepatic ER of mice with genetic obesi-
ty (leptin-deficient mice, ob/ob) undergoes a
marked remodeling, characterized by the loss of
parallel organized rough ER sheets and increased
abundance of smooth ER tubules, which causes a
decrease in the ER sheet-to-tubule ratio to ~23%
(Fig. 4) (Parlakgiil et al. 2022). This obesity-
linked decrease in ER sheets is correlated with
decreased expression of the ER sheet-shaping
proteins such as Climp-63 and p180, and in-
creased expression of proteins that shape the tu-
bular ER (e.g., Rtn4 and REEP5) (Parlakgiil et al.
2022). Increased Rtn4 expression has also been
reported in livers from high-fat diet (HFD)-in-
duced obese mice (Zhang et al. 2020). Whether
alterations in the abundance of the ER-shaping
proteins in the liver are the primary cause or the

ER

Hepatic ER Mitochondria

Lean
R WAL

ER Architecture and Metabolic Function

consequence of the shifts in ER organization in
obesity remains to be determined.

Remodeling of the ER structure in obesity
could be also related to an aberrant lipid com-
position of the ER membrane. Obesity leads to
alterations in the ratio and saturation levels of
the two most abundant membrane phospholip-
ids, phosphatidylcholine (PC) and phosphati-
dylethanolamine (PE) (Fu et al. 2011). Addi-
tionally, obesity leads to accumulation of lipids
such as 1,2 diacylglycerol (DAG) (Lyu et al.
2020) and cholesterol (Bashiri et al. 2016) in
the ER, which could alter fluidity and curvature
of the lipid bilayers. Although the impact of ER
membrane lipid composition on ER shape is not
well understood, there are clues that it may have
an important influence. For example, in Chinese
Hamster Ovarian (CHO) cells, palmitate treat-
ment induces saturation of PC in the ER mem-
brane, which is associated with compromised
ER structure and integrity (Borradaile et al.

Obesity—driven alterations in ER

/,,/

l \ fereereers @ Cholesterol
© ER tubules QrciPE
aflf_ "B
/\

S =g

@ Lipogenesis QRTN4 @ Climp63 Q) Polysomes

BV @) Lipid droplets @) Reeps @)RRBP1 ) Protein folding

Figure 4. Obesity leads to loss of parallel endoplasmic reticulum (ER) sheets and predominance of ER tubules in
the liver. (Left panel) Three-dimensional (3D) reconstruction of segmented ER morphology from livers derived
from lean (upper panel) and obese (ob/ob) (lower panel) mice (1000 x 1000 x 400 pixels—8x 8 x 3.2 pum’).
(Middle panel) Reconstruction of hepatic ER and mitochondria segmentation on raw FIB-SEM images of
lean (upper panel) and obese (ob/ob) mice (lower panel). (Right panel) The cartoon depicts the transition of
ER subdomains promoted by obesity. Obesity leads to decreased parallel organized rough ER sheets and in-
creased smooth ER tubules, resulting in a decreased ER sheet-to-tubule ratio. These alterations are accompanied
by changes in the expression of ER-shaping proteins. While Climp-63 and RRBP1 (p180) levels are decreased,
the expression levels of Reticulon 4 (Rtn4) and REEP5 are increased. Accordingly, obesity leads to decreased
membrane-bound-polysome content. On the other hand, de novo lipogenesis and lipid droplet accumulation are
increased in obesity. (The left and middle images shown in this figure are reprinted from Parlakgiil et al. 2022;
with permission from the authors through an agreement with Springer Nature 2022.)
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2006). In oocytes, depletion of DAGs in ER
membranes results in enrichment of ER sheet-
like structures, whereas increasing DAGs induc-
es tubular ER formation (Ulloa et al. 2019).
Alterations in ER membrane lipid composition
also affect the function and localization of ER
membrane proteins, including those that active-
ly shape ER. For example, an increased PC/PE
ratio and cholesterol in ER membrane leads to
malfunction of enzymes embedded in the ER
membrane such as the sarco/ER Ca®* ATPase
(SERCA) (Li et al. 2004; Fu et al. 2011). Addi-
tionally, perturbations of ER membrane lipid
composition and saturation have also been
shown to trigger the activation of key members
of the UPR such as serine/threonine-protein ki-
nase/endoribonuclease (IRE1) (Volmer et al.
2013; Halbleib et al. 2017). Unraveling the rela-
tionship between membrane lipid composition
and ER remodeling in obesity remains an inter-
esting and open area of investigation.

The functional and metabolic consequences
of ER remodeling in obesity is just beginning to
be understood. The decrease in rough ER sheets
in livers of obese mice is accompanied by de-
creased ER protein synthesis, decreased binding
of polysomes to ER membrane, and reduced
translation rates (Fu et al. 2012a). In addition,
protein folding in the ER is compromised in obe-
sity, which leads to activation of the UPR (Ozcan
et al. 2004; Malhi and Kaufman 2011; Yang et al.
2015). Interestingly, in hepatocytes of obese mice,
increasing ER sheet formation by exogenous
overexpression of Climp-63 increases ER folding
capacity and relocation of chaperone GRP78 to
rough ER sheets. This results in lower markers of
stress such as CHOP and ATF4. Gain-of-func-
tion of Climp-63 also improves hepatic insulin
sensitivity, systemic glucose metabolism, and lip-
id accumulation in the liver (Parlakgil et al.
2022). Similarly, loss-of-function of Rtn4b,
which drives formation and stabilization of ER
tubules, protects mice from HFD-induced obesi-
ty and increases liver insulin sensitivity (Zhang
etal. 2020). More recently, it has been shown that
deletion of RHBDL4, an ER-resident rhomboid
protease that interacts with Climp-63, leads to
disturbed ER sheets, hepatocyte stress, and devel-
opment of liver steatosis (Lastun et al. 2021).

Hence, alterations in ER architecture have an im-
portant impact on ER dysfunction in obesity,
highlighting the potential of shaping the ER as
a therapeutic measure to treat fatty liver disease
and diabetes.

Impact of Obesity on ER Inter-Organelle
Contact Sites

In addition to alterations in the ER sheet-to-
tubule ratio, obesity leads to aberrant formation
of ER MCS with other organelles. For example,
hepatocytes from obese mice display chronic
enrichment in ER contact sites with the mito-
chondria through MAMs (Arruda et al. 2014).
Also, hepatic MAM content positively correlates
with the severity of fatty liver disease in humans
(Feriod et al. 2017) and is increased in obesity in
other tissues such as skeletal muscle as well
(Thoudam et al. 2019). Protein expression anal-
ysis of MAMs isolated from livers of lean and
obese mice show that both the quantity and rel-
ative protein composition of MAMs are altered
in this condition. For example, obesity leads to
increased expression of IP3R, the channel that
releases Ca®" from ER to cytosol/mitochondria,
and PACS-2, a MAM-tethering protein (Arruda
etal. 2014). Increased levels of IP3R and PACS-2
at MAMs have also been shown in a model of
fatty liver disease caused by the deletion of mi-
tofusin 2 (Mfn-2) (Hernandez-Alvarez et al.
2019).

Ca®" imaging experiments showed that in-
creased levels of IP3R in the MAMs of hepato-
cytes isolated from obese mice lead to excess Ca>"
flux from ER to mitochondria. This results in
mitochondrial Ca** overload, increased reactive
oxygen species (ROS) production, and the acti-
vation of inflammatory signaling such as the
phosphorylation of the c-Jun amino-terminal ki-
nase (JNK) (Fig. 5) (Arruda et al. 2014). In-
creased ROS and JNK activity are well known
mediators of insulin resistance in hepatocytes
(Hirosumi et al. 2002; Ayer et al. 2021). In fact,
liver-specific down-regulation of PACS-2 and
IP3R1 in obese mice decreased ER-to-mitochon-
dria calcium flux and JNK phosphorylation,
resulting in improved mitochondrial function,
insulin sensitivity, and systemic glucose metabo-
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Figure 5. Obesity-driven alterations in endoplasmic reticulum (ER) contact sites in the liver. Obesity leads to
chronic enrichment in mitochondria-associated membranes (MAMs) and increased expression of MAM pro-
teins such as the inositol trisphosphate receptor isoform 1 (IP3R1) and phosphofurin acidic cluster sorting
protein 2 (PACS-2). Increased MAMs and IP3Rs contributes to lower ER Ca** levels and higher mitochondrial
Ca**, which leads to higher ROS production and mitochondrial dysfunction. Increased IP3R1 activity in obesity
also leads to increased cytosolic Ca** and phosphorylation of CaMKII, which in turn phosphorylates FOXO, with
a direct impact on gluconeogenesis. Obesity leads to alterations in sphingolipid composition of the MAMs,
driven by the enrichment of ceramide synthase CerS6 at these contact sites. Increased Cy .o sphingolipids binding
to the mitochondrial fission factor (Mff) leads to the recruitment of DRP1 to the mitochondria triggering
mitochondrial fragmentation and dysfunction. Down-regulation of CerS6 in the liver protects from obesity
and insulin resistance. Obesity also affects processes at the ER-PM contact sites, such as store-operated Ca*"
entry (SOCE). In obesity, SOCE is dysregulated due to defective STIM1 translocation, caused, at least in part, by
aberrant STIM1 O-GlycNAcylation, a post-translational modification involving the addition of O-linked
N-acetylglucosamine (GlcNac) to serine and threonine amino acids.

lism (Fig. 5) (Arruda et al. 2014). Down-regula-
tion of IP3R in livers of obese mice has also been
shown to decrease hepatic gluconeogenesis by
inhibiting the activation of CaMKII and the tran-
scription factor CRTC2 (Wang et al. 2012; Ozcan
et al. 2013). In another study, hepatic deletion of
HCLS1-Associated Protein X-1 (HAX-1), a pro-
tein that interacts and positively regulates IP3R1,
led to decreased Ca®* flux from ER to mitochon-
dria, increased mitochondria respiration, and
protection against diet-induced liver steatosis
(Alogaili et al. 2020). Therefore, restoring
MAM abundance and Ca** signaling in hepato-

cytes of obese mice results in positive outcomes
for systemic glucose and lipid metabolism and
holds the potential to be used as a target for treat-
ing fatty liver disease.

In addition to alterations in Ca®" signaling,
chronic exposure of mice to HED also leads to
alterations in lipid signaling at MAMs. For ex-
ample, HFD induces the expression of the en-
zyme ceramide synthase 6 (CerS6), which drives
the accumulation of 16:0 ceramides in hepato-
cyte MAMs. Mass spectrometry-based ap-
proaches have demonstrated that ceramides at
MAMs are able to bind to the protein mitochon-
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drial fission factor (Mff), inducing mitochon-
dria fission. Conversely, deletion of CerS6 in
the liver of mice exposed to HFD protects
against fatty acid-induced mitochondrial frag-
mentation and ameliorates hepatic steatosis
(Hammerschmidt et al. 2019). Altogether, these
data show that alterations of MAMs in obesity
affect both ER Ca”" and lipid signaling, high-
lighting the role of MAMs a major hub of met-
abolic alterations in this condition (Fig. 5).

The precise cause of increased MAM forma-
tion in obesity is still unclear. On the one hand,
increased MAMs could result from up-regulation
of proteins shown to stabilize the MAMs, such as
PACS-2 and other tethering proteins. However, it
is also possible that increased MAMs result from
the phenotypic switch to dominance of ER tu-
bules observed in hepatocytes from obese mice
(Parlakgtil et al. 2022). Indeed, in cell lines, over-
expression of Rtns leads to increased ER tubules
and ER-mitochondria contacts (Reali et al. 2015).
Additionally, it was also shown that changes in
saturation of phospholipids such as PC and PE
impact MAM content and dynamics. As obesity
leads to increased saturation of phospholipids in
the ER membrane, this mechanism could have
relevance for obesity-induced alterations in
MAMs. Notably, although many studies describe
an increase in MAM content in the liver and
muscle in obesity, it is also shown that obesity
resulted in decreased MAM content in these
tissues (Tubbs et al. 2014, 2018). This discrep-
ancy may be associated with the sensitivity, spe-
cificity, and spatial resolution of the methods
used by the different studies and/or nutritional
status of the animals. Regardless, there is general
agreement that obesity is associated with aberrant
MAM content and function.

In addition to MAMs, obesity also impacts
ER function at ER-PM MCSs by altering SOCE
(Wilson et al. 2015; Arruda et al. 2017). SOCE is
mediated by the physical coupling of the ER pro-
tein STIM and the PM calcium channel Orai
induced by depletion of luminal ER Ca** levels.
The physical association of STIM and Orai allows
Ca®" entry from the extracellular compartment to
the cytosol, and then into the ER through
SERCA. This process is important to replenish
ER Ca®" concentration, which is necessary for

proper chaperone activity and protein folding
in the ER lumen. SOCE is impaired in the livers
of obese mice, which is partially driven by en-
hanced STIM1 O-GlcNAcylation, a post-transla-
tional modification caused by the addition of O-
linked N-acetylglucosamine (GlcNac) to serine
and threonine amino acids. Increased STIM1
O-GlcNAcylation leads to defective STIM1 trans-
location to the ER-PM interface and decreased
Ca®" import. Overexpression of STIMI in livers
of obese mice leads to increased STIM1 translo-
cation and cortical ER-PM MCS, resulting in im-
proved SOCE and systemic glucose tolerance
(Fig. 5; Arruda et al. 2017). Defects in SOCE
have also been observed in mouse models of di-
abetes, implying SOCE in B-cell health and insu-
lin secretion capacity (Kono et al. 2018).

In addition to regulating Ca** signaling, ER-
PM MCS also controls the trafficking of cellular
lipids such as cholesterol (Sandhu et al. 2018)
and phosphatidylinositol (Lees et al. 2017; Bian
etal. 2018). Therefore, alterations in the capacity
of ER to form PM contacts in obesity may have
relevance beyond changes in Ca®* signaling. In
summary, the loss of the structural flexibility of
the ER in obesity leads to miscommunication of
organelles and to dysregulation of organelle
function, eventually leading to the development
of cellular and systemic pathologies such as in-
sulin resistance and fatty liver disease.

CONCLUDING REMARKS

ER is a heterogenous and dynamic organelle, and
its various metabolic functions are compart-
mentalized in distinct subdomains. Through es-
tablishing and terminating ER contact sites with
other organelles and/or rearranging the relative
abundance of its subdomains, ER can regulate the
diversity and activity of metabolic signaling to
maximize cellular function. In this article, we dis-
cussed evidence showing that oscillations in nu-
trient availability lead to structural remodeling of
the ER and the disruption of this flexibility leads
to ER dysfunction in obesity-linked metabolic
diseases. However, there remain key questions
to be answered: What are the detailed mecha-
nisms through which changes in ER shape trans-
late into alterations of metabolic function? What
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are the molecular mechanisms involved in the
remodeling of ER structural domains in obesity?
Does it involve hormonal signaling? How do
changes in ER structure and contact sites inte-
grate with well-known mechanisms of ER dys-
function, such as UPR or autophagy? Addressing
these issues will be required to better understand
the ER structure-function relationship and to
translate our understanding of ER structural
dynamics into therapeutic interventions for met-
abolic diseases.
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