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“That which can be asserted without evidence,

can be dismissed without evidence.”

— Hitchens’s razor, Christopher Hitchens



ABSTRACT

Age-related diseases such as neurodegeneration and cardiovascular disease are increasingly com-
mon. Growing evidence suggests that impaired lipid metabolism, often stemming from obesity and as-
sociated dyslipidemia, contributes significantly to these diseases. This dysfunction may involve dis-
rupted intracellular lipid traffic as multitude of lipids are synthesized in the endoplasmic reticulum (ER)
and mitochondria, from which they must be transported in a timely manner to ensure proper cellular
function. Aberrations in cellular lipid traffic can result in activation of integrated stress pathways that
have a plethora of downstream outcomes, such as inflammation or apoptosis. Lipids can be transported
from cellular compartments by two main means, vesicular and non-vesicular traffic. Traffic by vesicles
can take place between the ER and Golgi or through endosomal pathway from and to the cellular pe-
riphery. Non-vesicular transport often refers to the transport of lipids and other small molecules, be-
tween intracellular membrane compartments. In the non-vesicular pathways lipid transfer proteins traffic
lipids between membrane compartments as individual molecules, or form membrane contacts sites
(MCS) through interactions with other proteins. In this thesis, a multitude of methods, including tran-
scriptomics and lipidomics, as well as functional assays were used to characterize changes in macro-
molecular pools of MCS protein-manipulated endothelial cells. The manipulations targeted oxysterol
binding protein and oxysterol binding protein related protein 7 with small molecule inhibitors, as well as
vesicle associated membrane protein associated proteins A and B with small hairpin RNA silencing.
The results implicated that MCS proteins modulate the cellular cholesterol content by affecting on ER
cholesterol homeostatic machinery and on lipid droplets, as well as trigger a ubiquitous initiation of
integrated stress pathways and downstream upregulation of inflammatory process. Angiogenesis was
shown to be inhibited in vitro consistent with the downregulation of cellular division associated genes.
Lipidomics analysis implicated modulation in the viscosity of intracellular membranes. MCS manipula-
tions were speculated to have an impact on membrane lipid composition, reducing membrane viscosity
and accumulation of unfavorable lipids at membranes. Thus, the manipulations resulted in an increased
integrated stress, downregulated cellular division and decreased angiogenesis. This thesis represents
the first of its kind to study the macromolecule pools of endothelial cells with dysfunctional MCS to this
extent. These data provide a basis for further research into how dysfunctional lipid transport affects

endothelial cells and possibly disease such as atherosclerosis
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1 INTRODUCTION

Out of the numerous intracellular organelles, the endoplasmic reticulum (ER) has the widest variety of
functions, ranging from the synthesis of major macromolecules, such as proteins and lipids, to traffick-
ing and storing them. The timely synthesis and trafficking of major macromolecules is vital for cells,
therefore aberrations in ER function can lead to the induction of multiple types of cellular stress such
as ER, Golgi, lipid and oxidative stress. ER stress can be triggered by the accumulation of unfolded
proteins, toxic by-products, or lipids such as free cholesterol (FC). Acute ER stress can induce signif-
icant changes in cellular metabolism, by for example triggering unfolded protein response (UPR), or
in the case of prolonged ER stress apoptosis or necrosis. Since the accumulation of ER products at
the ER is deleterious it its vital to understand how macromolecules are trafficked into and from the ER.
According to current knowledge there are multiple means, by which this trafficking occurs. Vesicular
trafficking can occur via coat protein complex (COP) coated vesicles that bud of from the ER mem-
brane and deposit their cargo at the Golgi apparatus by fusing to the Golgi membrane. Another means
of intracellular trafficking is by transport membrane contact site (MCS) proteins that can traffic lipids
and small molecules between two membranes without fusing together as in vesicle-mediated traffic.
Other trafficking mechanisms include diffusion of small molecules through the cytosol or as bound to
carrier proteins, as well as hemifusion of membrane leaflets. MCS have been shown to be pivotal for
the exchange of lipids and signalling molecules between membrane compartments in vitro, but
whether the exchange of lipids is limited to the bulk modulation of membrane lipid composition or if
MCS have a more precise role in modifying the lipid environment of membrane raft domains remains
unclear. What is certain is that MCS display a wide variety of distinct functions. Multiple protein families
have been identified and shown to be specialized in the traffic of often a single lipid species between
different membrane compartment pairs. The oxysterol binding protein related protein (ORP) family is
a notable example of this, as most of the proteins in this family traffic cholesterol or phosphatidylserine
(PS) in exchange for phosphoinositides (PIPs), between the ER and other members compartments.
MCS dysfunction has been implicated as one key factor in the development of cardiovascular dis-
eases, but research on MCS in endothelial cells (ECs) is very limited. This makes ECs MCS an op-
portune target for research as ECs can contribute to the development of atherosclerosis and various
other cardiovascular complications. Therefore, this thesis focused on how the dysfunction of ER MCS
affects ECs especially their lipid metabolism, and other functions such as inflammation and angiogen-

esis.

2 REVIEW OF LITERATURE

This literature review will discuss how MCS function, as well as their importance in cellular homeosta-
sis. ER and its multiple roles in cells will be discussed, as well as how major lipid classes are synthe-

sized, and how their homeostasis is regulated. Cellular stress responses are often the result of major
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disturbances in cellular homeostasis, therefore this review also gives background on integrated stress
pathways (ISP), as well as how they are initiated and ultimately resolved. Since this thesis focuses on

ER MCS in ECs, some of their key functions are discussed.

21 ER functions

The ER is a versatile cell organelle, and it not only act as the hub for protein synthesis and folding, but
also for lipid synthesis and storage, calcium homeostasis regulation, as well as detoxifies endogenous
and exogenous compounds (Schwarz and Blower 2016). Even though most high school textbooks
depict the ER as a static organelle stacked neatly next to the nucleus, it changes shape, mass, and
area depending on a cell’'s needs (Woo, Williams, and Tsai 2023). The rough endoplasmic reticulum
harbours ribosomes that are responsible for producing proteins from messenger ribonucleic acids
(mRNA). It is the more static part of the ER whereas the smooth ER is a more dynamic organelle that
can transform in response to both external and internal stimuli (Perkins and Allan 2021). Proteins are
not the only macromolecules that are produced at the ER, and many lipids such as steroids, very-
long-chain fatty acids, ceramides and glycerophospholipids are produced at the ER (Ventura and Is-
abel Hernandez-Alvarez 2022). ER can also detoxify both intracellular and extracellular compounds,
with ER localized cytochrome P450 family proteins (Crib et al. 2005). Another crucial task for the ER
is to quality control protein synthesis, aberration of which can lead to formation of unfolded and mis-

folded proteins, which in turn causes ER stress (G. Chen et al. 2023).

2.2 ERstress

The literature on ER stress, and its causes and means to alleviate it, is extensive and multiple thorough
reviews have been written on the topic over the years. ER stress occurs when the protein folding
capacity of the ER is overwhelmed or disturbed that in turn leads to the accumulation of both misfolded
and unfolded proteins in the ER lumen. Multiple environmental factors can lead to ER stress, these
include nutrient deprivation, oxidative stress, calcium imbalance, viral infection, lipid disturbances, tox-

ins, as well as protein overload during rapid cell growth (X. Chen et al. 2023).

Calcium balance at the ER is important for protein folding as many chaperones, such as Calnexin and
Calreticulin, use calcium ions as cofactors to ensure correct protein folding (Leach and Williams 2013).
Therefore, calcium imbalance can affect chaperone activity and subsequently protein folding capacity.
ER calcium homeostasis is regulated by multiple factors, that include calcium channels (Lanner et al.
2010). Calcium is influxed to the ER from the cytosol by endoplasmic reticulum calcium adenosine
triphosphate (ATP)-ase pumps that upkeep high ER calcium concentrations in an ATP dependent

manner (Xu and Van Remmen 2021). Calreticulin, calnexin and other calcium binding chaperones



also maintain a constant storage of calcium at the ER. Therefore, ER calcium concentrations can be

affected by dysfunction of either influx, efflux, or storage of calcium at the ER.

Cells produce reactive oxygen species (ROS) and nitrogen species as part of normal cellular metab-
olism, and at basal cellular conditions they are quickly stored or removed by anti-oxidative agents
(Bardaweel et al. 2018). When the balance between generation and removal or storage of ROS is
disturbed, excess oxidative ions and molecules can accumulate at the mitochondria or ER that in turn
have multitude of detrimental effects (Burgos-Morén et al. 2019). In the context of ER stress, accumu-
lation of ROS can oxidize amino acid residues (Juan et al. 2021) that leads to the misfolding or un-
folding of proteins. In surplus, these un- or misfolded proteins lead to the upregulation of ER stress.
Accumulation of ROS can have detrimental effects on other cellular function, and these include lipid
oxidation that disrupts membrane integrity, DNA damage that causes mutation and genome instability,
as well as damage to mitochondrial DNA that leads to dysfunction and further generation of ROS,

resulting in a positive feedback loop (Juan et al. 2021).

Nutrient deprivation has a more indirect effect on ER stress, as lack of amino acids can affect protein
synthesis. At first decreased protein synthesis capacity can be beneficial but it can also reduce the
amount of chaperone proteins produced during longer starvation. Energy metabolism is also affected
by lack of nutrients, as decreased amount of ATP can directly affect the protein synthesis and protein
folding. Lack of ATP can reduce the potential to upkeep calcium homeostasis that can also be affected
by the reduction in cellular influx of exogenous calcium. Redox balance may also be affected by nutri-
ent deprivation as the lack of antioxidants can increase the concentration of reactive oxygen species
(J. Zhu et al. 2023).

Viral infections are another source of ER stress, and viruses can appropriate the protein synthesis
machinery and subsequently overwhelm the protein folding capacity of the ER (Walsh and Mohr 2011).
Viral proteins can also disrupt ER calcium homeostasis, as well as induce inflammation and activation
of immune response, that in turn induce ER stress through multiple pathways, such as the induction
of tumor necrosis factor-alpha (TNF-a) and interleukin 1 as well as -6. These cytokines induce signal-

ling cascades that can lead to the upregulation of UPR (Choi and Song 2019).

In response to ER stress, the morphology of the ER can undergo significant changes as part of UPR.
Expansion of ER membrane is one of these events (Schuck et al. 2009; Yuanhao Guo et al. 2022),
and cells use the expanding membrane to accommodate more mis- and unfolded proteins, but also to
add more surface area for protein synthesis and folding. The expanding ER membrane needs a con-
stant supply of membrane lipids. Therefore, expansion of the ER membrane also requires the upreg-
ulation of membrane lipid synthesis (Moncan et al. 2021). Expanding ER membrane is also used to
generate ER stress granules that are aggregates of mis- and unfolded proteins as well as ER chaper-
ones. These granules are deposited from the ER membrane to the cytosol to be further sequestered

and degraded by the proteasome, which in turn assists in alleviating ER stress (Nicchitta 2024).
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2.21 Unfolded protein response

Persistent ER stress can lead to apoptosis or contribute to the pathogenesis of various diseases,
including neurodegenerative disorders, diabetes, and cancer (Bettigole and Glimcher 2015; Ghemrawi
and Khair 2020; Yadav et al. 2014). Therefore, processes to reduce or eliminate ER stress as quickly
as possible have evolved. One of these routes is UPR that is mediated by three main transmembrane
proteins located in the ER membrane: inositol-requiring enzyme 1 (IRE1), activating transcription fac-
tor 6 (ATF6), and protein kinase RNA-like ER kinase (PERK). The UPR aims to restore ER homeo-
stasis by increasing protein folding capacity, reducing protein synthesis, and eliminating irreversibly
misfolded proteins through ER-associated degradation (ERAD) and promote autophagy. UPR can
trigger apoptotic pathways to eliminate cells that are overwhelmed by stress, thereby maintaining tis-

sue integrity and function.

One of the three main pathways that trigger ER stress is the IRE pathway that activates when heat
shock protein family A (HSPA) Member 5 disassociates from the luminal domains of IRE1. Autophos-
phorylation of HSPAS through oligomerisation triggers the alternative splicing of x-box binding protein
1 (XBP1) that in turn activates numerous proteins involved in ERAD, lipid metabolism and protein
folding, thus helping to alleviate ER stress. Induction of IRE1 also activates a process called regulated
IRE1-dependent decay, that degrades ER-localized mRNAs, further reducing protein synthesis and
folding load at the ER. IRE1 also contributes to the crosstalk between multiple other signalling path-
ways in an indirect manner. An example is the activation of XBP1 that can regulate expression of

genes related to immune response and inflammation (Siwecka et al. 2021).

ATF6 is another ER membrane localized protein, that is inactivated in non-stressful conditions. When
ER stress accumulates ATF6 translocates to the Golgi where it is cleaved by site-1 and site-2 prote-
ases (S1P, S2P), to form a truncated cytosolic fragment called ATF6f. This fragment functions as a
transcription factor that can activate the transcription of genes, which have an ER stress response
element in their promotors, chaperone proteins including calnexin, protein disulfide isomerases,
ERAD-associated proteins, as well as lipid synthesis proteins, such as fatty acid synthase and stea-
royl-CoA desaturase 1, both of which are important for the synthesis of fatty acids (Hillary and Fitzger-
ald 2018).

PERK pathway functions in a similar manner to the IRE1 pathway: it is activated by HSPA5 release
and PERK is autophosphorylated. Activated PERK further phosphorylates the alpha subunit of eukar-
yotic initiation factor 2 alfa (elF2a) that regulates protein synthesis initiation and reduce protein syn-
thesis globally. PERK also phosphorylates elF2B, decreasing its guanosine diphosphate-guanosine
triphosphate (GDP-GTP) exchange activity leading to reduced protein synthesis. Downstream effects
of elF2a deactivation induce the expression of genes related to amino acid metabolism, redox home-

ostasis, anti-oxidative defence as well as chaperones and ERAD pathway proteins (Z. Liu et al. 2015).



ERAD is the quality control mechanism that ensures only properly folded and functional proteins are
moved out of the ER. When mis- or unfolded proteins are detected at the ER lumen, they are moved
to the cytosol to be degraded by the ubiquitin-proteasome system. Essentially the ERAD process has
four distinct steps. The first is the recognition of aberrantly folded proteins, by chaperones and quality
control proteins at the ER. The second phase is the retrotranslocation of the aforementioned proteins
to the cytoplasm. In the third phase ubiquitin proteins tag aberrant proteins with ubiquitin that act as
degradation signals for the proteasome. The fourth step is degradation where ubiquitinylated proteins
are broken down to smaller peptides by the proteasome complex, thus returning peptides and amino

acids back to protein synthesis (Gariballa and Ali 2020).

2.2.2 Apoptosis, programmed self-destruction

Programmed cell death or apoptosis is a strictly regulated process of cellular destruction in contrast
to necrosis that is a traumatic cell death resulting from acute cellular injury. There are two main sig-
nalling pathways that can trigger apoptosis, the intrinsic and extrinsic pathway, the latter of which is
more dependent on external signals. Example of external signals are extracellular death ligands, such
as fas ligand (FasL) or TNF-a, which bind to death receptors on the cell surface. The intrinsic pathway
can be triggered by intracellular stress signals, such as DNA damage or oxidative stress. This pathway
involves mitochondrial outer membrane permeabilization (MOMP), leading to the release of pro-apop-
totic factors, such as Cytochrome C, from the mitochondria into the cytosol (Carneiro and El-Deiry
2020).

DNA Damage Inducible Transcript 3 (DDIT3) is one of the key transcription factors that induce ER
stress related apoptosis. Induction of DDIT3 is regulated by PERK, ATF6 or ATF4, and DDIT3 acti-
vates the expression of the b-cell lymphoma 2 (Bcl-2) protein family that has both pro- and anti-apop-
totic functions. DDIT3 can also activate death receptor ligands, and the components of the mitochon-
drial apoptotic pathway (H. Hu et al. 2019). During ER stress the balance between pro- and anti-
apoptotic proteins is key for the initiation of MOMP, Cytochrome C release and eventual activation of,
for example Caspase-9. Caspases are a group of protease enzymes that degrade cellular components
in an orderly fashion (Svandova et al. 2023). Another activator of apoptosis are elevated cytosolic
calcium levels that trigger the calcium-dependent apoptotic pathway (Sukumaran et al. 2021). Figure
1 summarizes the contributors and outcomes of both ER stress, ROS generation as well as other

topics discussed in section 2.2 and its subheadings.
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Figure 1 Image summarizing the contributors and outcomes of ER stress as well as reactive oxygen
species. Legend distinguishing between contributors and outcomes has been added to the top
right corner of the image. Abbreviations: UPR — Unfolded protein response, ROS — reactive oxy-
gen species, ERAD — ER associated degradation. Created with BioRender.com.

2.3 ER mediated lipid synthesis and homeostasis.

The ER works in conjunction with the mitochondria to produce phospholipids at the mitochondria as-
sociated membranes (MAM), the function of which is not limited to simply facilitating the production of
phospholipids but also has other functions, such as calcium uptake, lipid transport and autophagy
initiation (X. Yang et al. 2023). The MAM is a closely apposed region of ER and mitochondria where
exchange of lipids and calcium can be facilitated. The glycerophospholipids (GPL) phosphatidylcho-
line (PC), -ethanolamine (PE), -inositol (Pl) and -serine (PS) are the main components of lipid bilayers
in mammalian cells. Diacylglycerol (DAG) on the other hand is the main component of glycerophos-
pholipids, and DAG is mostly generated from phosphatidic acid (PA) by enzymes at the plasma mem-
brane (PM), ER and MAM (Hishikawa et al. 2014). This is the main route of newly synthesized glyc-
erophospholipids but by no means the only one, as GPLs can also be generated from each other at
the ER and mitochondria. The mitochondria need a constant supply of PS from the ER as they are

unable to generate it and, vice versa, the mitochondria supply the ER with PE (Vance 2015). The ER



also synthesizes a multitude of other lipid classes, such as steroids, sphingolipids, Pl and triacylglyc-
erols (TG). The synthesis and homeostasis of the aforementioned lipid classes are discussed in the
subsections below.

2.3.1 Regulation of cholesterol biosynthesis

Steroids are a broad lipid class that includes cholesterol and its biosynthetic intermediates as well as
oxysterols and steroid hormones. Cholesterol is an essential lipid that has a multitude of functions
within the cell, including regulation of membrane fluidity, formation of lipid rafts, regulation of mem-
brane permeability, modulation of protein function and establishment of membrane curvature, such as
formation of membrane invaginations and protrusions (Paukner, Lesnda, and Poledne 2022). Genera-
tion of cholesterol at the ER is precisely balanced with its exit, as excess cholesterol at the ER can be

toxic to cells and can result in ER stress (Bashiri et al. 2016).

Synthesis of cholesterol at the ER begins with glucose or fatty acid derived acetyl-CoA, which is con-
verted into acetoacetyl-CoA, that is further converted into B-hydroxy-B-methylglutaryl-CoA (HMG-
CoA) in a reaction catalysed by the enzyme thiolase. The next step in the pathway is the conversion
of HMG-CoA into mevalonate facilitated by a rate limiting enzyme HMG-CoA reductase that also func-
tions as the main regulatory factor in maintaining cholesterol homeostasis (Shi et al. 2022). HMG-CoA
reductase is regulated by a feedback inhibition that is triggered by high intracellular cholesterol con-
centrations. Sterol regulatory element-binding proteins (SREBPs) and their associated proteins, such
as SREBP cleavage-activating protein (SCAP) are responsible for this feedback inhibition. At low cho-
lesterol conditions they actively promote the transcription of genes involved in cholesterol biosynthesis
such as HMG-CoA reductase, whereas in high cholesterol conditions the aforementioned proteins are
inhibited, thus reducing gene expression. In low cholesterol levels SCAP can bind to SERBPs, which
SCAP ferries to the Golgi to be cleaved by proteolytic proteins site-1 and site-2 proteases (S1P and
S2P). The cleaved active domain then acts as a transcription factor that initiates the transcription of
cholesterol synthesis genes. Since cholesterol can competitively bind to SCAP, at high cholesterol
concentrations cholesterol itself inhibits its own synthesis. Insulin induced gene can also prevent the
upregulation of cholesterol synthesis by binding to SCAP and retaining the SCAP-SREBP complex in
the ER (Shi et al. 2022).

De novo synthesis is only one of the many ways cells can acquire cholesterol, as cells can uptake
lipoprotein particles from the blood stream, that are endocytosed through several receptors such as
the low-density lipoprotein receptor (X. Zhang, Sessa, and Fernandez-Hernando 2018). Cholesterol
can also be taken from endogenous lipid droplets where it is stored as cholesteryl esters (CE). Cho-
lesterol concentrations can subsequently be lowered by turning cholesterol back to CE and storing
them in lipid droplets (LD)s (Olzmann and Carvalho 2019a). Another manner, by which cell modulate

cholesterol concentrations is by efflux to extracellular lipoproteins through ATP binding cassette (ABC)



proteins, such as ABCA1 and ABCG1, that move intracellular cholesterol to Apolipoprotein A1 (ApoA1)
and High-density lipoprotein (HDL), respectively (Hardy, Frisdal, and Le Goff 2017).

2.3.2 Cholesterol can be oxidized to form oxysterols

Cholesterol concentrations can also be modulated by turning cholesterol into oxysterol derivatives.
Oxysterols are enzymatically or non-enzymatically oxygenated cholesterol products that are synthe-
sized by different pathways depending on the cell type (Olkkonen, Béaslas, and Nissila 2012). Oxys-
terols are derived from cholesterol by Cytochrome P450 enzymes, including CYP27A1 and CYP46A1
that produce 27-hydroxycholesterol (Pikuleva et al. 1998), and 24-hydroxycholesterol respectively
(Lund et al. 2003). Lipoxygenases have also been shown to oxidize cholesterol, for example, ALOX15
can form 7a,15-dihydroxycholesterol and 78,15-dihydroxycholesterol (Snodgrass et al. 2018). Cho-
lesterol can also be oxidized by ROS during oxidative stress, and this form of oxysterol generation can
produce, for example, 7-ketocholesterol and 25-hydroxycholesterol (Ghzaiel et al. 2023; Cao et al.
2020), which has been shown to inhibit the cholesterol transport of multiple ORPs as well as inhibit

cholesterol synthesis by inhibition of HMG-CoA reductase (Suchanek et al. 2007).

The synthesis of oxysterols, particularly through enzymatic pathways involving CYPs and lipoxygen-
ases, is regulated by multiple factors, including substrate availability, cofactor availability, transcrip-
tional regulation of enzyme expression, and post-translational modifications (A. J. Brown, Sharpe, and
Rogers 2021; Mutemberezi, Guillemot-Legris, and Muccioli 2016). Oxysterols can also undergo me-
tabolism and conversion to other metabolites, contributing to their turnover and elimination. These
metabolic pathways lead to the formation of bile acids, steroid hormones, and other biologically active
molecules thus reducing the oxysterol levels (Mutemberezi, Guillemot-Legris, and Muccioli 2016).
Oxysterols can also serve as ligands for various nuclear receptors, such as liver X receptors (LXRs)
that are activated by intermediates in the cholesterol biosynthetic pathway, as well as other oxysterols
(Janowski et al. 1999). These receptors play a central role in the regulation of cholesterol and lipid
metabolism and the activation of LXRs induces the expression of genes involved in cholesterol efflux,
particularly ABCA1 and ABCG1 (Bilotta et al. 2020). LXRs can have anti-inflammatory effects, partic-
ularly in macrophages. Activation of LXRs suppresses the expression of pro-inflammatory genes and
cytokines, such as interleukin 6 (D. He et al. 2022). Oxysterols can be eliminated from cells through
ABC transporters, which mediate the efflux of oxysterols (Tarling et al. 2010). As already mentioned,
oxidative stress can lead to the accumulation of oxysterols through non-enzymatic oxidation of cho-
lesterol. Therefore, maintenance of cellular redox balance plays a crucial role in both the prevention

and formation of oxysterols.



2.3.3 Neutral lipids function as intracellular lipid storage

Neutral lipids consist of CEs, mono-, di- and triacylglycerols, and wax esters, which form the bulk of
intracellularly stored lipids. These lipids function not only as stores of energy, but also protect the cells
from toxic lipid species that could otherwise accumulate in cell organelles. Synthesis of neutral lipids
uses Acetyl-CoA as a starting material, which is turned into fatty acid (FA) CoAs by Fatty acid syn-
thase. These FA CoAs and glycerol-3-phosphate (G3P) are catalysed to form lysoPAs by ER resident
Glycerol-3-phosphate acyltransferases. LysoPAs are subsequently converted into PA by lysophos-
phatidic acid acyltransferase. PAs are further transformed to DAGs, that takes place in the ER, and it
is catalysed by the enzyme sterol O-acyltransferase 1 (SOAT1, formerly ACAT). Neutral lipids are
incompatible with other membrane lipids and, thus, must be stored in lipid monolayer limited organelle
called lipid droplet (LD). At low concentrations neutral lipids can also be stored in the ER bilayer, but
once higher concentrations are reached, they demix from membrane GLPs to form a lipid lens that
initiates lipid droplet genesis, i.e. formation of excess CEs and TGs are the initiators of lipid droplet
genesis (Olzmann and Carvalho 2019b). LDs are dismantled in a process called lipophagy, that refers
to the selective autophagy of LDs. Degradation of LDs can be achieved by at least two main routes;
either by introducing lipases into the LDs, which then release FAs, or by the fusion of LDs with lyso-
somes, which also release FAs (S. Zhang et al. 2022). Thus, neutral lipid homeostasis is governed by

the synthesis of neutral lipids and lipolysis as well as lipophagy.

2.3.4 Glycerophospholipids as membrane building blocks

PCs, PEs, Pls and PSs make up the bulk of all membrane GLPs in cells, while Pls and PAs also play
crucial roles in cellular homeostasis either as a part of synthesis pathways or important lipid mediators
of signalling. De novo synthesis of GLPs uses G3P and fatty acyl-CoA as starting material that are
turned to lysoPA and further to PA. In subsequent reactions PA is further refined to either DAG or
cytidine diphosphate-DAG (CDP-DAG), which are used to form either PE and PC or Pls, respectively.
These lipid classes can be turned into their respective lyso species in the remodelling pathway where
lysoacyltransferases cleave or transfer one fatty acid from or to another lipid. The De novo pathway
also includes the reactions between PE, PS and PC, i.e. PE can be converted into PC or PS and PC
to PS, and PS back to PE, whereas the CDP-DAG arm of the pathway, which includes Pls can further
produce Pl phosphates (PIPs), cardiolipins and phosphatidylglycerols (Vance 2015). As was the case
for cholesterol, GPLs also efflux from the cells through ABC transporters to lipoprotein particles or by
phospholipid transfer proteins (X. C. Jiang 2018). Another means of GPL efflux from the cells is by the
exocytosis of vesicles and lipoprotein particles as the membranes of these organelles are made up of
mostly GPLs (Dashti et al., n.d.; Ghadami and Dellinger 2023). Vesicle and lipoprotein endocytosis is

also a means, by which cells can acquire exogenous GPLs.



2.3.5 Sphingolipid synthesis and homeostasis

Sphingolipids are complex lipids that play important structural and signalling roles in cell membranes,
and synthesis of sphingolipids occurs primarily in the ER and Golgi apparatus (Quinville et al. 2021).
The synthesis of sphingolipids begins with the condensation of palmitoyl-CoA and serine. This reaction
is catalyzed by the enzyme serine palmitoyltransferase, resulting in the formation of 3-ketosphin-
ganine. Next, 3-ketosphinganine is reduced by 3-ketosphinganine reductase to form dihydrosphingo-
sine (also known as sphinganine). Dihydrosphingosine is then acylated by ceramide synthase, which
adds a fatty acyl-CoA chain to the amino group of sphinganine, resulting in the formation of dihydrocer-
amide (also known as sphinganine ceramide) (Quinville et al. 2021). Sphingomyelin is another major
sphingolipid found in cell membranes, particularly in the plasma membrane and myelin sheaths of
neurons. Sphingomyelin is synthesized by the transfer of a phosphocholine head group from phos-
phatidylcholine to ceramide. This reaction is catalysed by the enzyme sphingomyelin synthase, which
is localized in the Golgi apparatus (Villani et al. 2008; K. Hu et al. 2024).

Sphingolipids, similar to other lipids, can be removed from cells through several processes. Cells can
remove sphingolipids by packaging them into vesicles or lipoproteins that are then released from the
cell through exocytosis (Ghadami and Dellinger 2023; Dashti et al., n.d.). For example, sphingolipids,
including sphingomyelin, can associate with HDL particles in the bloodstream, and they may be ex-
changed between lipoproteins during lipid metabolism. Sphingolipids may also be removed from cells
during membrane turnover processes, such as endocytosis and autophagy (Quinville et al. 2021).
Lipid rafts are specialized microdomains in the plasma membrane enriched in cholesterol and sphin-
golipids (Grassi et al. 2020). Certain receptors or ligands associated with lipid rafts can be internalized
into cells via lipid raft-mediated endocytosis. This process involves the invagination of lipid raft-con-
taining membrane domains, leading to the formation of endocytic vesicles that are internalized into
the cell thus internalizing both sphingolipids and cholesterol (EI-Sayed and Harashima 2013). Figure

2 compiles simplified reactions and pathways of lipid homeostasis discussed in section 2.3.
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Figure 2 Image simplifying the reactions and pathways of lipid homeostasis discussed in section 2.3.
A legend is shown at the top right corner of the image. Created with BioRender.com.

2.4 ER mediated vesicle transport

Vesicle traffic between the ER and Golgi is mediated through COPI and COPII coated vesicles that
ferry large amounts of cargo within a lipid bilayer bound vesicle. Furthermore, vesicles also mediate
traffic from post-Golgi to the PM along membrane tubules (Gomez-Navarro and Miller 2016). This
mode of transport is distinct from MCS transport in that the membranes fuse together there by releas-
ing the cargo within the bilayer into the organelle lumen. This type of transport can move large amounts
of cargo at a time and is not specialized to a specific molecule. The endosomal pathway is another
route of transport mediated by distinct protein machineries, but COP coated vesicle transport remains
the main route of transport between the ER and Golgi, and a discussion of the endosomal pathway
remains out of the scope of this review. COPI and COPII coated vesicles play different roles in this
transport as COPII is responsible for the anterograde transport of cargo from the ER to the endoplas-
mic-reticulum-Golgi intermediate compartment (ERGIC) whereas COPI moves cargo from the ERGIC

to the ER in retrograde transport (Tang and Ginsburg 2023).
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2.5 Intracellular traffic by membrane contact sites

The first descriptions of MCS were already made in the late 1950s and early 1960s (Copeland 1959;
Porter 1957; Robertson 1960), and the field has evolved ever since. MCS traffic is distinct from ve-
sicular traffic by the fact that the membranes in proximity, anywhere between 10 — 80 nm, do not fuse
together (Scorrano et al. 2019). Current understanding on MCS has recognized at least four distinct
functions they perform: signalling, regulation of organelle membrane dynamics, lipid transport and

metabolic channelling (Prinz, Toulmay, and Balla 2019; Voeltz et al. 2024).

Non-vesicular lipid transport by lipid transport proteins (LTP) at MCS is one of the most well charac-
terized functions of MCS. Lipid exchange at MCS has been postulated to have at least four different
functions: Lipid mediated signalling, reorganization of membrane lipids, redundant lipid traffic apart
from vesicular traffic and lipid channelling between compartments (Prinz, Toulmay, and Balla 2019;
Prinz 2014). Especially lipid channelling between membranes has been under intense investigation
as it can also mediate lipid signals from one membrane compartment to another. An example of lipid
channelling is well exhibited by OSBP, which exchanges phosphatidyl inositol 4 phosphate (P14P) for
cholesterol against a concentration gradient at ER trans-Golgi (TGN) MCS (Mesmin et al. 2013).
OSBP is tethered to the ER by Vesicle associated membrane protein associated protein A (VAPA),
which binds OSBP’s two phenylalanines in an acidic tract motif to the ER. On the other hand, the
OSBP pleckstrin homology domain binds to TGN PI4P in a concentration depended manner. These
tethers bring the ER and TGN to proximity, and exchange of ER cholesterol for TGN PI4P takes place,
but the membranes do not fuse together even though they are in close contact. ER cholesterol is
bound to the OSBP oxysterol binding pocket, and exchanged for PI4P at the TGN membrane, that is
subsequently transported to the ER membrane. At the ER membrane PI4P is dephosphorylated to Pl
by an enzyme called SAC1, that maintains the concentration gradient between the ER and TGN. Once
a sufficient drop in PI4P levels has been achieved the OSBP pleckstrin homology domain detethers
from the TGN and the exchanges ends. This process is therefore autoregulated by TGN levels of PI4P
and ER cholesterol (Antonny, Bigay, and Mesmin 2018; Mesmin et al. 2017; 2013).

MCS proteins can also act as tethers that bind two membranes into close contact. The aforementioned
VAPA and other VAP protein family members, that include VAPB and the more recently characterized
motile sperm domain containing 1 — 3 (Di Mattia et al. 2018; Cabukusta et al. 2020), are excellent
examples of multifunctional tether proteins. Both VAPA and VAPB facilitate multitude of different MCS
between the ER and other intracellular organelles (Murphy and Levine 2016; Cabukusta et al. 2020).
The interactome of VAPA and VAPB (VAPome) thus far includes 350 interaction partners according
to the IntAct database (Orchard et al. 2014; Murphy and Levine 2016; Cabukusta et al. 2020). A subset
of this diversity of binding partners and membranes is shown in Figure 3, that exhibits ER membrane
pairs as well as VAP MCS protein pairs. As is evident, the variety of MCS is substantial and although

not shown, all organelle limiting membranes as well as other intracellular structures are included.
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In addition to lipid transport and metabolic channelling to specific membrane compartments, MCS are
responsible for regulating calcium fluxes, such as store operated calcium entry. Stromal Interaction
Molecule 1 (STIM1) is an ER membrane bound protein that oligomerises during low ER calcium con-
ditions. STIM1 oligomerization increases its affinity with the PM localized calcium release-activated
calcium modulator that allows the flow of extracellular calcium into the cell. In conjunction with ER
calcium pumps and the close apposition of the ER and PM, this allows for replenishment of ER calcium
levels (S. L. Zhang et al. 2005; Spassova et al. 2006; Liou et al. 2005). MCS proteins can also drive
the release of ER calcium into mitochondria by for example through the tethering ER and mitochondria
to close apposition by HSPA9 (formerly GRP75), that allows the inositol trisphosphate receptor re-
leased calcium to enter mitochondria through voltage-dependent anion channels (Csordas et al. 2010;
Szabadkai et al. 2006; Rizzuto et al. 1993). Lipids can also traffic through metabolic channelling, and

examples of channel proteins involved in these processes include the vps13-like or repeating b-groove
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motif bridge-like family proteins, that have been speculated to facilitate the flow of lipids within a hy-
drophobic channel (Cai et al. 2022; Hanna, Guillén-Samander, and De Camilli 2023). Transport of
lipids at channel MCS can be driven by the synthesis of a lipid at the MCS of the donor membrane
(Kannan et al. 2017; Y. J. Kim, Guzman-Hernandez, and Balla 2011). MCS driven lipid exchange can
also be increased by the translocation of MCS proteins to a MCS, which naturally rises the rate of

traffic.

Cells rely on secondary messengers to exchange signals from the periphery to for example the nu-
cleus. These signals can also be exchanged at MCS, that allows their quick translation. Many of these
secondary messages are delivered by inositol 1,4,5 triphosphate that is a hydrolysis product of
P1(4,5)P at the PM (Berridge and Irvine 1984). Another product of PIP hydrolysis is DAG, that along
with inositol 1,4,5 triphosphate can initiate the release of intracellular calcium and activate protein
kinases (Oh 2023). PI the backbone of PIPs is produced at the ER, but the kinases that produce PIPs
are located at other membrane compartments (Balla 2013). This means that the ER-synthesized PI
must be transported to appropriate membranes for phosphorylation, which can occur at MCS. Exam-
ple of a signalling pathway that utilises PIPs as starting material for signalling is the PI3K pathway and
its multiple downstream effects, have been extensively reviewed (Y. He et al. 2021; J. Yang et al.
2019). The phosphoinositide 3-kinase (PI3K) family consists of three subgroups that catalyse the re-
actions of different PIPs. The PI3K pathway begins with the production of PI(3,4,5)P that recruits 3-
phosphoinositide-dependent kinase 1 to the PM, which subsequently phosphorylates and activates
AKT resulting in the downstream effects of AKT activation, such as cell metabolism, growth, prolifer-
ation, and angiogenesis (Martins et al. 2021; Manning and Toker 2017). Thus, MCSs that transport PI
to PM are vital for the replenishment of Pl levels at the PM, that is used in the modulation of PIP
content of the PM by Pl-kinases, such as phosphatidylinositol 4 kinases and phosphatidylinositol 4
phosphate 5 kinases. Examples of MCS proteins that deliver Pl from the ER to PM are NIR2 and
C2CD2L (Chang and Liou 2015; Lees et al. 2017). PIPs can also be used to deliver cholesterol from
the ER to the PM as is the case with OSBP-mediated delivery between the ER and TGN, and with
ORP2, which delivers cholesterol to the PM (H. Wang et al. 2019; Koponen et al. 2020a).

MCS can generate subdomains within organelle membranes, thereby exerting control over membrane
properties, organelle shapes, and functions. One of the functions of MCSs is to regulate organelle
fission and fusion events. For instance, in mitochondria, MCSs facilitate continuous fission and fusion
processes, crucial for maintaining optimal mitochondrial function. Key proteins involved in this regula-
tion include dynamin-related protein 1 and inner membrane scission proteins. Before mitochondrial
division, the ER wraps around mitochondria, facilitating actin-dependent mitochondrial constriction
(Manor et al. 2015; Korobova, Ramabhadran, and Higgs 2013). Then adaptor proteins are recruited
to the mitochondria that further constrict them and complete the fission (Smirnova et al. 1998; Arasaki
etal. 2015; J. E. Lee et al. 2016; Osellame et al. 2016). Additionally, ER-mitochondria contacts have
been associated with sites of mitochondrial fusion, although their direct role in fusion remains to be
fully elucidated (Yuting Guo et al. 2018).
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MCSs also impact organelle trafficking and positioning. MCSs can influence the transport and posi-
tioning of various organelles simultaneously. For instance, MCSs between the ER and endosomes or
mitochondria are maintained during organelle trafficking along microtubules, allowing for coordinated
movement (Friedman et al. 2010; Salogiannis, Egan, and Reck-Peterson 2016). Furthermore, MCSs
can prevent vesicles from being transported by anchoring them to immobile organelles, such as the
ER tethering endosomes (Jongsma et al. 2016). Moreover, MCSs contribute to autophagosome for-
mation and endosomal cargo sorting (K. Suzuki et al. 2013; Graef et al. 2013; Okumura et al. 1990).
Proteins like VAPA, VAPB, and VMP1 localize to these contacts and are essential for proper autoph-

agosome biogenesis (Nascimbeni et al. 2017).

MCSs can establish functionally distinct subpopulations of organelles. For instance, specialized MCSs
between the mitochondria and LDs create subpopulations with distinct lipid compositions and func-
tions, such as increased ATP synthesis and reduced fatty acid oxidation. These examples underscore
the significance of MCSs in cellular physiology and suggest a mechanism for segregating functional
organelles from non-functional ones (Teixeira et al. 2018; Benador et al. 2018; Eisenberg-Bord et al.
2018). Proteins at MCSs can play crucial roles in determining organelle attachment and trafficking.
For example, ORP1L serves as a cholesterol sensor linking endosomes to dynactin motor complexes
or the ER, depending on cellular cholesterol levels (Rocha et al. 2009). Similarly, protrudin facilitates
the transfer of kinesin 1 from the ER to late endosomes, aiding in endosome transport and neurite
outgrowth (Raiborg et al. 2015).

MCSs are integral in coordinating cellular responses to various stresses, including lipid, mechanical,
nutrient, oxidative, as well as ER stress. MCSs play crucial roles in alleviating lipid stress by facilitating
lipid movement between organelles. For instance, the microtubule-binding nuclear protein is enriched
at ER-LD contacts, preventing the toxic accumulation of lipid intermediates (Hariri et al. 2019). LDs
can make prevalent contacts with the ER, mitochondria, and other organelles, aiding in lipid transport
and storage. These contacts prevent FA stress during conditions like starvation-induced autophagy
(Olzmann and Carvalho 2019b). MCSs are critical for responding to nutrient stress, particularly in
selective autophagy pathways induced by nutritional changes (Bdckler and Westermann 2014). Other
MCSs, like ER—-PM contacts, regulate TORC1 and TORC2 signaling pathways, coordinating stress
responses and sterol homeostasis (Murley et al. 2017). During mechanical stress, cells can encounter
forces like stretching, compression, or shear stress in blood vessels. MCSs contribute to mechanical
stress responses by stabilizing cellular structures and membranes (Schapire et al. 2008; Pérez-San-
cho et al. 2015). ER—mitochondria contacts play significant roles in responding to oxidative stress.
ROS-mediated ER stress at these contacts can trigger apoptosis pathways, impacting cell survival
(Yoboue, Sitia, and Simmen 2018Gilady et al. 2010; Raturi et al. 2016). ER—mitochondria contacts
are also crucial in responding to ER stress by regulating calcium signalling and apoptosis. Additionally,
ER-mitochondria contacts are implicated in coordinating lipid metabolism, essential for mitochondrial

function during oxidative phosphorylation (Mourier et al. 2015; Subramanian et al. 2019).
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2.5.1 VAMP associated proteins A and B

Most functional insights into a VAP-depleted phenotype stem from investigations into a rare form of
dominantly inherited familial amyotrophic lateral sclerosis (ALS8), characterized by a VAPB P56S mu-
tation (Aliaga et al. 2013; Nishimura et al. 2004). This mutation mimics a VAPB knockdown phenotype
by mutant protein binding to the protein encoded by the wild-type allele, thereby impeding its ability to
interact with its protein partners (H. Suzuki et al. 2009; Yamanaka et al. 2020). The depletion of VAPB
and the effects of the P56S mutant have been associated with various cellular dysfunctions, exten-
sively discussed in previous reviews. These changes include ER stress, elevated cholesterol, and TG
levels, impaired UPR and autophagy, as well as neurodegeneration (Kors, Costello, and Schrader
2022; Borgese et al. 2021). Less is understood about the concurrent depletion of both VAPSs, although
most double knock down (DKD) studies demonstrate a significant impact on autophagy. For instance,
Mao et al. observed an accumulation of PI4P at the Golgi following VAP DKD, leading to increased
vesicles in endosomal, lysosomal, and autophagosome compartments (Mao et al. 2019). Similarly,
individual knockdowns of either VAP resulted in increased autophagocytosis (D. Wu et al. 2018). Con-
versely, it has been reported that simultaneous depletion of both VAPs hindered autophagosome for-

mation at the initiation stage (Zhao et al. 2018).

2.5.2 Oxysterol binding protein

The established lipid transport function OSBP was discussed in the previous section, but it does have
other cellular functions (Lin et al. 2023). For example, OSBP overexpression increases cholesterol
synthesis, inhibits CE formation, promotes TG synthesis and increases LDs in liver. Silencing of OSBP
increases cholesterol efflux, lysosomal degradation of insulin granules and proinsulin. It also promotes
cholesterol transport to lysosomes and increases autophagy in NPC1 deficient cells. Cholesterol traffic
by OSBP can also facilitate viral RNA replication and has been shown to be a positive prognostic
marker in cancers. The role of OSBP has not been well characterized in ECs and so far, only two
studies have been done in an EC model. These studies have revealed that OSBP controls the activa-
tion of STAT3 and subsequent expression of profilin-1 and implicated OSBP in elevated CRP levels
in rat ECs (Shmidt, Kazlauskas, and Romeo 2006; Romeo and Kazlauskas 2008).

2.5.3 Oxysterol binding protein like 7

ORP?7 has received relatively little attention compared to its counterparts, notably OSBP, from which
the family derives its name. The specific lipid transport and membrane pairs of ORP7 remain unclear,
along with its other cellular roles. However, studies suggest its localization to the PM and ER, along
with interaction with GABARAPL2 (Zhong et al. 2011; Lehto et al. 2004). Additionally, ORP7 has been
implicated in the human macroautophagy pathway, interacting with unlipidated LC3B (Tu et al. 2022).
Inhibition of ORP7 has been linked to increased ABCA1-dependent cholesterol efflux (Wright et al.
2021), and genetic studies associate certain variants with hypercholesterolemia (Abdul Murad et al.
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2023). In terms of gene expression, ORP7 shows correlations with other ORPs, with implications in
cancer, eczema and amyloid $ accumulation (B. H. Kim et al. 2023; Chou et al. 2021; Grosche et al.
2021).

2.6 Endothelial cells and lipid metabolism

ECs form and maintain the walls of both blood and lymphatic vessels and play a crucial role not only
in regulating vascular permeability, but also participate in the regulation of blood flow, angiogenesis,
tissue inflammation, and response to injury, such as blood coagulation (G. Li et al. 2024; Kriiger-
Genge et al. 2019). ECs also participate in the overall metabolic function of surrounding tissues by
regulating the uptake of lipids, glucose, amino acids, and other metabolites. This barrier function is
extremely important, as it is crucial that only select molecules can pass from the bloodstream to the
adjacent tissues (Rodrigues and Granger 2015). Molecules pass through the endothelium by two
routes, by transcellular or paracellular transport. Transcellular transport happens by, for example, ac-
tive transport of lipids by vesicles as well as carrier, receptor, and transport proteins, through the EC
cytoplasm (Fung, Fairn, and Lee 2018). Paracellular transport on the other hand occurs at the tight
and adherent junctions between EC. This passive transport is driven by a concentration gradient be-
tween the vessel lumen and adjacent tissues, and only small molecules such as water, ions and glu-
cose can pass through junctions into tissues (Yazdani et al. 2019;Claesson-Welsh, Dejana, and
Mcdonald 2021).

ECs are not a single cell type but consist of diverse cell populations and this heterogeneity is driven
by both genetic and epigenetic factors from their microenvironment (Minami, Muramatsu, and Kume
2019). Single cell RNA sequencing studies have implicated multiple EC types that show variability in
their gene expression patterns based on organ specific microenvironments (F. Wang et al. 2022; Jam-
busaria et al. 2020). These studies have shown that ECs adapt to the needs of the organs they are
adjacent to. These adaptations include a high energy phenotype at heart, skeletal muscle and adipose

tissues, which efficiently transcellularly transport FAs from the lumen (Bagchi et al. 2022).

In capillary endothelium, EC lipid uptake primarily occurs as FAs, which are either albumin-bound or
hydrolysed from lipoproteins by lipoprotein lipase (LPL). FA transport in ECs is regulated by paracrine
factors including 3-hydroxyisobutyrate (3-HIB), Vascular endothelial growth factor B (VEGFB), apelin,
and angiopoietin-2 (ANGPT2). 3-HIB, ANGPT2 and VEGFB, secreted by skeletal muscle, heart, white
and brown adipose tissue enhance FA uptake in ECs, whereas Apelin inhibits it. Glycosylphosphati-
dylinositol-anchored high-density lipoprotein-binding protein 1 transports LPL, synthesized in paren-
chymal cells, from the subendothelial to the luminal side of ECs, where it breaks down lipoproteins.
The entry of FAs into ECs is facilitated by cluster of differentiation 36 and fatty acid binding proteins.
These proteins direct FAs to various cellular sites for oxidation, membrane synthesis, and signal trans-

duction. ECs can also internalize lipoproteins directly via endocytosis, followed by hydrolysis in
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lysosomes (B. Kim and Arany 2022). Once internalized, FAs are conjugated to CoA, using ATP pro-
duced by mitochondria, and are utilized for FA oxidation, TG synthesis and formation of LDs, or trans-
ported out of the cell. Acetyl-CoA carboxylase converts acetyl-CoA to malonyl-CoA, which is then
elongated to FAs by fatty acid synthase and other elongases and desaturases. FAs are crucial for
angiogenesis as inhibiting FA synthesis by blocking acetyl-CoA carboxylase or fatty acid synthase

impairs angiogenesis (Bagchi et al. 2022).

Since MCS function as one major traffic route of intracellular molecules from and to the cell surface, it
is important to understand how aberrations in their dysfunction can affect EC barrier function and
transcellular transport. The literature on MCS in ECs is very limited, and focus on OSBP, ORP2 and
protrudin (Koponen et al. 2020b; Arora et al. 2022a; Romeo and Kazlauskas 2008; Shmidt, Kazlaus-
kas, and Romeo 2006). Similarly, a data base on MCS proteins (Pan et al. 2024) which as of summer
2024 has about 7000 annotated entries, includes only FUNDC1, SYTL2, and RAB27 that have been
validated in ECs. Given the heterogenic nature of ECs and the lack of information on MSC in ECs,
studies such as those included in this thesis are crucial for better understanding of ECs with dysfunc-
tional MCSs.

2.6.1 Angiogenesis

Angiogenesis is the formation of new vasculature from pre-existing vessels. Angiogenesis is crucial
for development and growth of new tissues, as they need oxygen and nutrients, as well as for wound
healing as new vessels help repair damaged tissues. Angiogenesis can also be detrimental, as ab-
normal angiogenesis can help tumours grow, as well as make cardiovascular plaques “brittle” by bur-

rowing into the plaque.

Induction of angiogenesis is dependent on the interplay of ECs and chemotactic stimuli from hypoxic
tissues. These signals, VEGF being a major angiogenesis regulator, form a concentration gradient
that activates the underlying EC layer. From these activated ECs few form tip cells, and this selection
depends on their affinity of VEGF, as well as on their expression level of DLL4. Once selected, tip
cells begin a signalling cascade that is driven through VEGF receptor 2, which represses its neigh-
bouring cells from becoming tip cells. This lateral inhibition is mediated by the DLL4/NOTCH signalling
pathway that transforms neighbouring cells into a proliferating stalk cell phenotype. The proliferating
stalk cells form the bulk of the newly formed vessel lumen wall, which either pushes the vessel into
the tissues, or is pulled by the tip cells, which guide the vessel towards the source of the growth
gradient (Muhleder et al. 2020; Geudens and Gerhardt 2011; Eelen et al. 2020). Tip cells move the
vessel into the tissue using actin filament filled PM protrusions called lamelli- and filopodia. These
membrane protrusions probe the surrounding tissues for cues and respond by either polymerizing or
depolymerizing the actin filaments, thus elongating or retracting them. Both protrusions attach to ex-
tracellular matrix (ECM) through focal adhesions that enable tip cells to adhere to ECM, facilitating

their migration within tissues. Cell movement is driven by the contraction of intracellular actin
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microfilaments known as stress fibres, which pull the cell toward focal adhesions. As cells are an-
chored to the ECM, tip cells must degrade it to invade tissues. This degradation is facilitated by matrix

metalloproteinases produced by tip cells.

The formation of a functional blood vessel requires the presence of a lumen, and the mechanism of
lumen formation during sprout elongation remains debated. Several theories have been proposed,
including intracellular vacuole coalescence, intracellular vacuole exocytosis, and luminal repulsion
models. Intracellular vacuole coalescence involves the fusion of intracellular vacuoles, forming a larger
void within the cell that eventually merges with voids in neighbouring cells to create the lumen. Inter-
cellular vacuole exocytosis describes the fusion of exocytotic vacuoles outside the cells, generating
intercellular space that eventually forms the lumen between two cells. Luminal repulsion occurs when
negatively charged CD34-sialomucins repel each other at VE-Cadherin sites between two cells, cre-
ating an intercellular void that fuses with neighbouring cells to form the lumen (Mihleder et al. 2020;
Geudens and Gerhardt 2011; Eelen et al. 2020). Perivascular fibroblasts also contribute to angiogen-
esis by producing growth factors that promote the proliferation and migration of ECs, as well as re-
cruiting pericytes and smooth muscle cells to stabilize the newly formed blood vessels. They also help
to stabilize new blood vessels by producing and aligning ECM components that direct ECs to form
proper vessel networks (L. S. Brown et al. 2019; Newman et al. 2011). ECs can also sense mechanical
forces exerted by blood flow through mechanotransduction. For example, shear stress activates en-
dothelial nitric oxide synthase and promotes the release of nitric oxide, which has vasodilatory effects

and can stimulate angiogenesis (Flournoy, Ashkanani, and Chen 2022).

Angiogenesis also plays a significant role in cardiovascular diseases. Atherosclerotic plaque formation
triggers angiogenesis due to hypoxia resulting from increased oxygen demand from inflammation, and
reduced oxygen supply due to decreased blood flow caused by narrowing of the vessel lumen. These
events can lead to the growth of malformed capillaries within an atherosclerotic plaque, causing intra-
plague hemorrhage rendering the plaque unstable. Angiogenesis also plays a role in the development
of heart failure and cardia ischemia, as both insufficient vessel growth and abnormal vessel regression
can affect both. For example, during cardiomyocyte hypertrophy, insufficient angiogenesis can result
in hypoxia and cardiac malperfusion. This mismatch between cardiomyocyte growth and angiogene-
sis, or simply put oxygen demand and supply, leads to a transition from adaptive to pathological car-
diomyocyte hypertrophy and eventually to hearth failure or other cardiovascular diseases (Hemantha-
kumar and Kivela 2020). The limited literature on MCS proteins in ECs have shown that they have a
significant role in tube formation. Mainly FUNDC1, Protrudin and ORP2 knock out as well as knock
down experiments have confirmed that reducing intracellular levels of these proteins reduces angio-

genesis both in vitro and in vivo (C. Wang et al. 2021; Arora et al. 2022b; Koponen et al. 2020c).
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2.6.2 Inflammatory response in endothelial cells

During early stages of inflammation ECs are activated by chemo- and cytokines secreted by nearby
tissues and immune cells. Upon activation ECs upregulate the expression of adhesion molecules such
as ICAM1 and VCAM1, integrins ITGA4 and ITGA5, as well as selectins such as P- and E-Selectin.
Upregulation and presentation of these molecules at the cell surface help leukocytes adhere to the
EC surface. Activated ECs also produce cytokines such as interleukins, TNF-a, and interferons, which
amplify the inflammatory response, and activate nearby ECs in a positive feedback loop (Theofilis et
al. 2021). Once circulating leukocytes, mostly neutrophils and monocytes have adhered, they migrate
through the endothelium layer and infiltrate to the underlying tissue. This infiltration involves both leu-
kocyte surface integrins and EC junction proteins that allow leukocytes to transverse through junctions.
Leukocytes are attracted to migrate to the tissues by the same chemo- and cytokines that activated
the ECs in the first place (Schimmel, Heemskerk, and van Buul 2017). ECs also facilitate the resolution
of inflammation by modulating the endothelial barrier. They, for example, remove apoptotic cells and
express receptors for anti-inflammatory molecules, thereby downregulating inflammatory gene ex-
pression, and promoting tissue repair. The barrier function also modulates the movement of immune
cells from the tissue back to the vessel and controls excessive leakage of molecules and fluids from
the inflamed tissues (Xue et al. 2023; Kadl and Leitinger 2005).

In conditions like, hypertension and hypercholesterolemia, where inflammation is heightened, MAMs
and its MCSs may play a role in the initiation and progression of cardiovascular diseases by influencing
infammasome formation and elimination (H. Liu et al. 2020). MCS facilitate the assembly of the
NLRP3-inflammasome, a protein complex crucial for the inflammatory response, by bringing together
NLRP3 and apoptosis-associated speck-like protein. This assembly at MCS leads to the activation of
caspase-1, which in turn promotes proinflammatory cytokines like interleukin-18 and -18. MAMs might
also mediate downstream signals from pattern recognition receptors, which recognize molecules
found in pathogens (Misawa, Takahama, and Saitoh 2017). Dysregulation of MCS can also lead to
impaired organelle crosstalk, which has been associated with various neurodegenerative diseases
such as hereditary spastic paraplegia and Parkinson's disease (Benarroch 2022). Therefore, MCS not
only contribute to resolving inflammation, but dysfunctional MAM MCSs might also mediate inflamma-

tory signals.

w

AIMS OF THE STUDY

I.  To study the role of MCS in ECs.
1. Investigate effects of VAPA and VAPB knock down in ECs.
1. Elucidate the role of OSBP in EC function and lipid metabolism.

V. Uncover the functions of ORP7 in ECs.
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4 MATERIALS AND METHODS

A chart with a simplified experimental workflow used in each study included in this thesis is shown in
Figure 4, in order to give the reader a better understanding of the experimental work done for this
thesis.
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Figure 4 Simplified experimental workflow of samples and methods included in this thesis. Each sam-
ple type is depicted in pale blue boxes and each method used with the corresponding study in
roman numerals are shown in dark blue boxes. Analysis types are depicted in beige boxes. Mod-
ified from Taskinen et al. 2023. Created with BioRender.com

Cell culture (I, Il & Ill)

HUVECs were grown in EGCM2 media (PromoCell cat #: C-22111) without antibiotics, supplemented
with endothelial growth mix 2 (PromoCell cat #: C-39216) unless otherwise specified. Cells were used

mostly at passage 6.

Transduction (I, Il & Ill)

HUVECs at passage 6 were transduced using lentiviral particles. Cells were incubated for 48 hours
with an approximate MOI of 30 for each shRNA specific lentiviral particle, encoding VAPA shRNA
(TRC0000380105, Sigma) and VAPB shRNA (TRCN0000152520 Sigma) or non-targeting shRNA
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(SHCO002, Sigma). After lentiviral transduction, cells were selected using media with puromycin
(1:4000 of 10 mg/mL stock, Gibco), for 72 hours. Amaxa Transfections in were done as follows. Pas-
sage 6 HUVECs were transfected with mCherry-OSBP, mCherry-ORP4 and empty eGFP according
to manufacturer’s instructions (Lonza, Amaxa™ HUVEC Nucleofector™ Kit, cat #: VPB-1002, lot #: F-
13812), using 1 ug of each plasmid and 1*10”6 cells per reaction. Each reaction was divided to two
6-well plate wells. HUVECs at passage 2 on 6-well plates were transduced with 200 pL of fresh frozen
lentiviral particles (approx. MOI 15) that had either ORP7-mycBirA (0exORP7) or mycBirA (oexMYC)
construct and incubated for 48h. After incubation cells were selected for 5 days using 1:1000 dilution
of 10 mg /mL blasticidin, after which cells were left to recover for 48h. After recovery cells were ex-
panded from the 6-well plates by splitting for two passages. Selected cells at passage 4 were then
either frozen or further expanded to passage 6 and used for various experiments. All lentiviruses were
produced by the Helsinki Biomedicum Virus Core supported by HILIFE and the Faculty of Medicine,

University of Helsinki, and Biocenter Finland.

MTT assays (1, Il & 1)

Metabolic activity was measured using CellTiter 96® AQueous One Solution Cell Proliferation Assay
(Promega cat #: G358C), according to the manufacturer’s instructions. Absorbance at 490 nm was

measured using a PerkinElmer EnSpire Multimode Plate Reader. Percentage of metabolic activity was

control—-sample

calculated by the following formula: 100 + ( control

* 100), where control is the absorbance of

cells treated with 1:1000 DMSO, transduced with non-targeting shRNA particles or oexMYC construct,
and samples are cells treated with different concentrations of OSW1, SWG or CpdGORP?7 as well as
transduced with VAPA and VAPB lentiviral particles or oexORP7 construct.

Western Blotting (1, Il & Ill)

Transduced or inhibitor treated cells were washed twice with ice cold PBS, then lysed to 200 L lysis
buffer (150 mM NaCl, 0.5 mM MgCI2, 0.5 % Triton X-100, 0.5% sodium deoxycholate (v/v) with 1 X
EDTA free protease inhibitor cocktail (Merck cat #: 04693159001) for 20 min at +4°C. Lysates were
collected to a fresh tube and spun for 15 min at 13 000 x G at +4°C, after which supernatant was
moved to a fresh tube. Sample protein concentrations were measured with Thermo Fisher Pierce™
BCA Protein Assay Kit (cat #: 23225), and the samples were blotted with a BioRad Trans-Blot Turbo
Transfer System. Membranes were blocked for 1 h at room temperature (RT) in 5 % milk TBST or for
5 min in BioRad EveryBlot solution and then probed with different antibodies overnight at +4°C. Mem-
branes were washed thrice for 10 min with 1 X TBST at RT and then incubated with 1:2000 dilutions
of HRP-conjugated secondary antibodies in Milk-TBST or EveryBlot for 1h at RT. Membranes were
washed as before and detected using Thermo Fisher Pierce ECL Western blotting substrate (cat #:

321086, lot #: WJ335099) according to manufacturer’s instructions.
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Table 1. Antibodies used in this thesis.

Protein | Dilution | Manufacturer Catalog number Lot number
ORP7 | 1:1000 | Sigma Aldrich HPA036076 NA

pFAK 1:500 Invitrogen 44-626G NA

FAK 1:1000 | Invitrogen AHO0502 NA

pAKT1 | 1:1000 | Cell Signaling 40518 NA

AKT1 1:1000 | Invitrogen AHO01112 YG373683
ACTB | 1:5000 | Sigma Aldrich A2066-2ml 106m4770V
cMYC | 1:1000 | Santa Cruz Biotechnology | sc-40 NA

OSBP | 1:1000 | Sigma Aldrich HPA039277 A106684
ORP4 | 1:1000 | Sigma Aldrich HPA021514 R09314
VAPA | 1:500 Sigma Aldrich HPA039277 A106684
VAPB | 1:500 Atlas Antibodies HPA013144 NA

YIPF5 | 1:500 Atlas Antibodies HPAQ73622 000005592
TGN46 | 1:1000 | Sigma Aldrich T7576 126K4838

Angiogenesis assay (1, Il & Ill)

Angiogenesis assay (Millipore cat #: ECM625, lot #: 3183813) was performed according to the man-
ufacturer’s instructions with 25 nM OSW1 and SWG OSBP inhibitors, 10 yM CpdG ORP?7 inhibitor or
VAPA/B silenced HUVECs. Cells were imaged using a bright-field set-up of EVOS M5000 (Invitrogen)
microscope after 8 h on the matrix. Angiogenesis metrics were quantified from binary images ImageJ

(Schindelin et al. 2012) Angiogenesis analyzer plugin (Carpentier et al. 2020).

Measurement of cholesterol concentration (I, Il & 111)

Amplex Red™ cholesterol assay (Invitrogen, cat#: A12216, lot #: 2422702) was performed according
to manufacturer's instructions from 1:4 dilutions of cell lysates made as in section “Western Blotting”
with (total cholesterol, TC) or without (free cholesterol, FC) cholesterol esterase treatment, and cho-
lesterol concentrations were normalized to protein concentrations as measured in section Western

blotting.

Cholesterol efflux to ApoA1 and HDL (1ll)

HUVECs treated with DMSO vehicle control, Sandoz 58-035 SOAT1 inhibitor T0901317 or CpdG
ORP?7 inhibitor (CpdG) were plated at 50,000 cells per 12-well plate well and left to adhere for 24
hours, after which cells were washed twice with 1 PBS and then 1 mL of media with 0.2 uCi/mL of 3H-
cholesterol and 5 mg/mL T0901317 was added. After a 24 h incubation media was removed and cells
were washed thrice with 1 X PBS, after which 2 mL of FBS free EGCM (Sigma Aldrich, cat #: 211F-
500) media with 1 mg/mL of BSA was added. To the HUVEC media either 10 yM of T0901317, 10 uM
CpdG or 1:1000 (v/v) DMSO was added and incubated for 24 h. After incubation, a 1 mL aliquot was
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taken from each well and spun at 800 x g for 5 min, and the supernatant was collected to a scintillation
tube. For ApoA1 mediated efflux 100 pL of FBS free media with 50 ug/mL ApoA1 was added and for
HDL mediated efflux 111 yL of 450 ug/mL HDL isolated from human plasma and dialyzed to PBS was
added and incubated for 24 h. Finally, media was collected and spun as before, and supernatant was
collected to scintillation tubes. Cells were lysed to 300 pL of 1% SDS and collected to scintillation
tubes. To each scintillation tube 3 mL of scintillation cocktail was added and tubes were mixed briefly

before they were subject to liquid scintillation counting with a Wallac Winspectral 1414 counter.

Measurement of triacylglycerol concentration (1)

Triacylglycerols were measured using GPO-PAP assay kit (Cobas, Roche/Hitachi Tokyo, Japan) ac-
cording to manufacturer’s instructions; OD510 was measured using PerkinElmer EnSpire Multimode

Plate Reader instrument.

Measurement of PS synthesis (Il)

PS synthesis was measured as [®H]-serine incorporation into PS in the following manner: Cells were
grown for 18 h on 6-well plates in EGCM media with 25 nM of OSW1, SWG or 1:1000 of DMSO, after
which media was removed from half of the wells, and the cells were washed twice with PBS. HBSS
media with 1 X MEM amino acids (Gibco, cat #: 11130-051, lot #: 212135), 1 X MEM vitamins (Gibco),
1 WL/mL of [3H]-serine (Perkin-Elmer, cat #: NET248250UC, lot #: 2662745), and 25 nM inhibitors or
1:1000 of DMSO was added (6 h time point). After 4 h of incubation the other half of wells with EGCM2
media (with inhibitors or DMSO) was removed, cells were washed, and above-mentioned media added
and incubated for 2 h. After incubation, cells were washed and scraped to 2 % NaCl in H20. Lipids
were extracted with a Bligh-Dyer protocol (BLIGH and DYER 1959), separated on Merck Silica TLC
plates by using CHCls:methanol:acetic acid:formic acid:H20 (70:30:6:2:1) as running solution. The PS
and PE spots were identified based on movement of appropriate lipid standards, scraped, and sub-

jected to liquid scintillation counting. Data were normalized to total cell protein.

mRNA quantification by quantitative real-time PCR (I, Il & Ill)

Quantitative real time PCR (qPCR) was performed on cDNA generated in section “cDNA synthesis”
with the Roche Lightcycler™ 480 Il instrument by using Sybr Green chemistry, Roche gPCR Master
mix and primers specified in Table 2. RPLP was used as housekeeping control mRNA. Fold-changes

in gene expression were calculated by employing the -DDCt method.
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Table 2. Primer sequences, their targets included in this thesis.

# Sequence Restriction site Direction Use
or gene

1 TTTT- EcoR | Forward Cloning mycBirA to ORP7 in
GAATTCTTATGGAACAA pEGFP-N1
AAACTCATCTCAG

2 TTTTGAATTC- EcoR | Reverse Cloning mycBirA to ORP7 in
TACTTCTCTGCGCTTCT pEGFP-N1
CAGG

3 TTTTA- Bgl Il Forward Cloning oexmycbirA to
GATCTATGGACTTCCA pENTR2B
AGAGAGGGA

4 TTTT- Not | Reverse Cloning oexmycbirA to
GCGGCCGCGCCCAAC pENTR2B
TTTGTACAAGAAAGC

5 TTTT- Sal | Forward Cloning 0exORP7-mycbirA to
GTCGACATGGACTTCC pENTR2B
AAGA

6 TTTTGCGGCCGC- Not | Reverse Cloning 0exORP7-mycbirA to
TACTTCTCTG pENTR2B

7 ACCCACCCTATGAACA  ABCA1 Forward gPCR
ACATGA

8 GAGTCGGGTAAC- ABCA1 Reverse gPCR
GGAAACAGG

9 CGGCC- OSBPL7 Forward gPCR
TACTCCTCCACATACC

10  ACTGTTCCCACAGGCA OSBPL7 Reverse gPCR
CAATC

5 TGGTCATCCAG- RPLP Forward gPCR
CAGGTGTTCGA

6 ACAGACACTGG- RPLP Reverse gPCR
CAACATTGCGG

Immunofluorescence staining, microscopy, and lipid droplet quantification (I, Il & Ill)

HUVECs were seeded at 10 000 cells/coverslip and left to adhere for 24 h in 50 pyL of EGCM2. Cells
were fixed with 4% PFA in PBS, blocked in 1% BSA in PBS, and probed with antibodies against OSBP
or TGN46. Lipid droplet staining was performed by incubating fixed cells for 1 hour at RT with 1:1000
of BODIPY493/503 stock (50 mM) and mounted with Mowiol:Dabco:DAPI solution. Imaging of the
specimens was carried out on a Zeiss Observer.Z1 fluorescence microscope with a 63 X immersion

oil objective. Lipid droplets were quantified as specified in (Adomshick, Pu, and Veiga-Lopez 2020).

Co-immunoprecipitation (111)

Oex cells or HUVECs were grown on 10 cm plates until 80% confluent, after which cells were washed
twice with 1X cold PBS on ice. Cells were lysed to 1 mL of the lysis buffer described in section 2.3 that
included both protease and phosphatase inhibitors and incubated for 30 min at + 4°C. Lysates were
spun for 15 at 13,000 x g at +4 °C and supernatant was collected to a fresh tube. Magnetic beads

were washed twice with 1 X TBST, after which 25 yL were added to 500 L of cell lysates and mixed
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on a roller for 1h at +4 °C. Either 5 pL of Mouse HRP antibody or 10 pL of AKT1 antibody (see section
2.3) were added to 25 yL of washed beads, and mixed on a roller for 2h at +4 °C. Beads were removed
from each mix by incubating on a magnetic rack for 2 min at +4 °C, after which antibody coupled beads
were added to the pre-cleared lysates and incubated o/n at +4 °C. Lysates were removed to a fresh
tube by incubating on a magnetic rack and beads were washed thrice for 5 min with lysis buffer at +4
°C. To the washed beads 40 pL of 2 X Laemmli buffer (BioRad) was added and incubated for 10 min
at +50 °C. Magnetic beads were removed as described before and to each elution 1 uL of 2-B-mer-
captoethanol was added, and samples were boiled for 5 min at +100 °C. Samples were spun down

for Western Blotting.

Lipidomics (I, Il & Ill)

Lipids were extracted according to Folch et al. (Folch, Less and Sloane Stanley, 1957). Solvents were
evaporated and the lipid extracts immediately dissolved in chloroform/methanol 1:2 (by volume) and
just before mass spectrometry NH4OH was added (to give 2% solution) together with a standard mix
containing representative standards for each lipid class analysed. The samples were infused into the
electrospray source of a triple quadrupole (ESI-QQQ) mass spectrometer (Agilent 6410 TripleQuad,
Agilent Technologies, Santa Clara, CA) and their lipids species were identified and quantified using
lipid class-specific detection modes, as previously described (Ruhanen et al. 2017). Retrieved spectra
were processed by Mass Hunter Workstation qualitative analysis software (Agilent Technologies, Inc.),
and individual lipid species were quantified using the internal standards and LIMSA software (Haimi
et al. 2006).

Determination of 27-hydroxycholesterol. (I & Il)

27-hydroxycholesterol was quantified from cell pellets stored in 2% NaClz by gas chromatography-
mass spectrometry (GC-MS/MS) using stable isotope dilution analysis (Matysik, Klinemann, and
Schmitz 2012). GC-MS/MS was performed on a triple quadrupole MS instrument TQ8050 equipped
with a multifunctional autosampler AOC-6000, and an SH Rxi-5Sil MS column (30 m, 0.25 mm, 0.25
um) (all Shimadzu Deutschland GmbH).

Transcriptomics (I, Il & Ill)

RNA was extracted from cells with the RNAeasy Mini kit (Qiagen cat #: 74104) according to the man-
ufacturer’s instructions, with the following modifications: Samples were homogenized by passing ly-
sate through a 200 pL pipette tip 10 times, on-column DNAse 1 digestion was performed according to
manufacturer’s instructions, and samples were eluted to 30 uL of RNAse free H20. RNA integrity,
library preparation and RNA sequencing were performed according to the following instructions by

GENEWIZ Germany GmbH (Leipzig, Germany). RNA samples were quantified using Qubit 4.0
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Fluorometer (Life Technologies, Carlsbad, CA, USA) and RNA integrity was checked with RNA Kit on
Agilent 5300 Fragment Analyzer (Agilent Technologies, Palo Alto, CA, USA). RNA sequencing librar-
ies were prepared using the NEB Next Ultra RNA Library Prep Kit for lllumina following manufacturer’s
instructions (NEB, Ipswich, MA, USA). Briefly, mRNAs were first enriched with Oligo(dT) beads. En-
riched mRNAs were fragmented for 15 minutes at 94 °C. First strand and second strand cDNAs were
subsequently synthesized. cDNA fragments were end repaired and adenylated at 3’ends, and univer-
sal adapters were ligated to cDNA fragments, followed by index addition and library enrichment by
limited-cycle PCR. Sequencing libraries were validated using NGS Kit on the Agilent 5300 Fragment
Analyzer (Agilent Technologies, Palo Alto, CA, USA), and quantified by using Qubit 4.0 Fluorometer
(Invitrogen, Carlsbad, CA). The sequencing libraries were multiplexed and loaded on the flow cell on
the lllumina NovaSeq 6000 instrument according to manufacturer’s instructions. The samples were
sequenced using a 2x150 Pair-End (PE) configuration v1.5. Image analysis and base calling were
conducted by the NovaSeq Control Software v1.7 on the NovaSeq instrument. Raw sequence data
(.bcl files) generated from lllumina NovaSeq was converted into fastq files and de-multiplexed using

lllumina bcl2fastq program version 2.20. One mismatch was allowed for index sequence identification.

cDNA synthesis (I, Il & I1I)

cDNA was synthesized from RNA extracted as described in section “ Transcriptomics” with the Vilo kit
(Thermo Fisher, cat#: 11754050) by normalizing RNA concentrations to 500 ng or the highest possible
amount by measuring RNA concentrations with the NanoDrop instrument (Thermo Fisher) and then
following the manufacturer's instructions. The following PCR-program was used and produced cDNA

was diluted 1:10 with molecular biology grade H20.

Biotin proximity labeling interactomics (Ill)

Interactomics was performed on HUVECs transfected with a pPENTR2B-0exORP7-mycBirA or control
pENTR2B-oexmycBirA vectors and cloning primers for them are shown in Table 2 (primers 1 — 6).
Transfected cells on 6-well plate were selected for approximately 5 days with 10 ug/mL of blasticidin
until all wild type HUVECs were dead, and then left to grow until confluent, after which cells were
expanded to passage 6. Samples were created as described in (X. Liu et al. 2020). LC-MS/MS was
performed by University of Helsinki, Proteomics Unit, Viikki (Helsinki, Finland) as described in (X. Liu
et al. 2020).

Bioinformatics and statistics (1, Il & I1])

RNA-seq analysis was performed according to the following pipeline using the Chipster suite (Kallio
et al. 2011): Pair ended reads were clipped with Triommatic (phred = 30) (Bolger, Usadel, and Lohse
2014), then aligned to the human genome (GRCh38) with STAR (Dobin et al. 2012) and aligned reads
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were counted using HTSeq (Pyl, Anders, and Huber 2014). Differential expression-analysis was per-
formed using DESeqg2 (Love, Huber, and Anders 2014) and log2 fold change shrinkage was estimated
using apeglm (A. Zhu, Ibrahim, and Love 2019). Overrepresentation analysis (ORA) was performed
using all genes that had an adjusted p-value of less than 0.05, gene set enrichment analysis (GSEA)
was performed using the whole RNAseq data set and ranked according to log2 fold change and ties
were resolved at random. Both ORA and GSEA were performed using the R package ClusterProfiler
(Yu et al. 2012). Lipidomic data analysis was performed using the Bioconductor package LipidR (Mo-
hamed A 2021) with the following caveats: Lipid concentrations were normalized to a normalization
factor calculated by dividing each sample protein concentrations by the median of all sample protein
concentrations. Concentrations were then multiplied by 1000 and log2 transformed for further analysis.
All p-values in omics results were corrected using Benjamini-Hochberg correction. T-test and ANOVA
comparisons between groups were made using R package ggpubr (stat_compare_means function).
Volcano plots were made using the EnhancedVolcano R package, all pseudogenes, long non-coding
RNAs and microRNAs as well as any ENSEMBL IDs that have no defined HGCN symbol were re-
moved from the volcano plot analysis, due to the lack of database information on many of these RNAs
and genes. Interactomics analysis was performed using the Crapome server for SAINT (Mellacheruvu
etal., 2013).

5 RESULTS

5.1 Manipulations of ER MCS are well tolerated by HUVECs (Il & IlI)

Inhibitors are a convenient way to study how the disruption of proteins at physiological levels affect
cellular functions. In this thesis titration of inhibitors, as well as effects of shRNAs and lentiviral trans-
fection were assessed by measuring the metabolic activity of manipulated HUVECs with MTT-assay.
The DKD of VAPA and B (DKD VAPA/B) caused a very modest -20 % reduction in metabolic activity,
even though a corresponding reduction of -50 % and - 67 % in protein levels of VAPA and B was seen
(I, Figure 3). Measuring the metabolic activity of HUVECs at different concentrations of the inhibitors
revealed that HUVECs tolerate high concentrations of OSW1 or SWG (Il, Figure 1 B) and OSW1
reduces metabolic activity by 50% and SWG by 40% at 10 uM concentration. Inhibition of ORP7 with
CpdG (CpdGORP7) demonstrated a similar pattern where a 50% reduction was seen only at 250 yM
concentration (Ill, Figure 3 A). Our chosen concentration of 25 nM for OSW1 and SWG did not display
a large reduction in metabolic activity as only 25% and 10% reductions were seen with OSW1 and
SWG, respectively, whereas the 10 yM concentration chosen for CpdG did not show any alteration in

metabolic activity.
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Inhibitors affect OSBP and ORP4 protein levels and localization (Il & Ill)

In study Il the effects of inhibition of OSBP on its protein levels and intracellular localization were
studied, Furthermore, off target effects of OSW1 and SWG on ORP4, a close homolog of OSBP, were
investigated. Treatment of HUVECs with either OSW1 or SWG lead to the degradation of OSBP and
ORP4 with both inhibitors resulting in an approximate 90% and 50 % reductions in both proteins,
respectively. This coincided with an increase in transcript counts of both proteins (ll, Figure 2). As
OSBP has been demonstrated to disassociate from the TGN upon inhibition in other cell models (Pé-
resse et al. 2020), the intracellular distribution of OSBP upon OSW1 and SWG inhibition was exam-
ined in HUVECs. OSW1 inhibition was shown to scatters OSBP and TGN46 from a perinuclear con-
densed localization much faster compared to SWG, OSW1 showed a clear peri-nuclear co-localisation
of TGN46 and OSBP at 4h after inhibition, whereas OSBP demonstrated more scattered pattern. After
a longer 24h timepoint inhibition OSW1 exhibited a marked lack of OSBP expression, corresponding
to the aforementioned degradation, whereas SWG inhibition scattered the remaining OSBP and
TGN46 to the cytosol (I, Figure 3 B and C). Since the inhibition of OSBP induced drastic reductions
in its protein levels it was considered prudent to also investigate how the levels of ORP7 behave upon

CpdG inhibition. No detectable differences were evident in the protein levels of ORP7 (lll, Figure 15).

5.2 MCS dysfunction leads to altered regulation of diverse cellular functions (I, Il & IlI)

The study designs in this thesis relied heavily on hypothesis free omics methods. Studies | and Il
used a similar workflow to each other, using effect size estimation with apeglm, but in study Il a differ-
ent log2 fold change shrinkage method was used, i.e. default DEseq2 method. As log2 fold change
shrinkage can influence log2 fold change of genes with low transcript counts, a reanalysis of study Il
transcriptomics data using apeglm log2 fold change shrinkage estimation was warranted, to compare
the GSEA results from each study in this thesis result section. To this end dot plots (Figures 5 and 6)
compiling results from Wikipathways and Uniprot subcellular localisation GSEA results from each
study were made, where each pathway was annotated to cellular function as described on top of each
facet. It is important to note that comparing normalized enrichment scores (NES) is not necessarily a
valid method. One can only remark whether or not the majority of genes in each gene set have been
up- or downregulated, but not by how much or how many genes have been regulated using the differ-

ences in NES.
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Figure 5 A dot plot compiling Wikipathways gene enrichment analysis (GSEA) results from each
study. Each facet shows pathways annotated to a broader cellular function, such as cancer or lipid
metabolism. X-axis exhibits each study and color of each dot the normalized enrichment score
(NES) in that study. The Y-axis shows a pathway or a gene set. CodGORP?7 corresponds to a 24
h inhibition with CpdG, DKD VAPA/B the double knock down of VAPA and B and OSBP with 24 h

inhibition with SWG
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Figure 6 A dot plot compiling Wikipathways and Uniprot subcellular localization gene enrichment
analysis (GSEA) results from each study. The left facet shows Wikipathways annotated to broader
cellular functions of inflammation and the right facet a subset of all localization GSEA results. X-
axis exhibits each study and color of each dot the normalized enrichment score (NES) in that
study. The Y-axis shows a pathway or a gene set. Membrane raft gene set has been highlighted
for convenience. CpdGORP?7 corresponds to a 24 h inhibition with CpdG, DKD VAPAB the double
knock down of VAPA and B and OSBP with 24 h inhibition with SWG
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5.2.1 Selected commonly regulated cellular functions in ER MCS dysfunction

Dysfunctional ER MCS led to downregulation in cell cycle and division genes (I, Il & Ill)

Downregulated gene sets in ORP7 inhibited (CpdGORP7) VAPA and B double knock down (DKD
VAPA/B) and OSPB inhibited with SWG (OSBP), were related to cell division, cell cycle, DNA replica-
tion and nucleotide repair. This downregulation was not the result of the manipulation method used in
the thesis, since the effect of was evident with both with inhibitor treatment and silencing used in
studies I-lll. Pathways included in the aforementioned functions are for example: DNA repair path-
ways, Cell Cycle, DNA damage response, that seem to be initiated through the ATM/ATR pathways,

also shown to have negative NES.

Inflammatory response is a common effect of ER MCS disturbance (1, Il & Ill)

A common effect of ER MCS dysfunction was activation of inflammatory signalling. These pathways
included for example, IL-(1,18,26) signalling pathways, and Neuroinflammation. OSBP inhibited cells
showed more variety in the regulation of inflammation related pathways as some sets had a negative
NES, whereas ORP?7 inhibition or DKD VAPA/B data sets had a positive NES such as, Overview of
proinflammatory and profibrotic mediators. OSBP inhibition also exhibited independent positive NES
in IL-3 and -5 pathways, and B cell receptor signalling pathway. ORP7 and DKD VAPA/B data sets
displayed more consistent patterns of regulation as most inflammation related sets had a positive NES
in at least one of the studies. Example gene sets include CCL18 signalling pathway, Cytokines and

inflammatory response, Cells and molecules involved in acute inflammatory response.

Genes localized to junctions, Golgi, inner mitochondrial membrane (IMM) and endosomes show com-
mon regulatory patterns (I, Il & Ill)

In Figure 6 the left facet displays different subcellular localisation gene sets according to the Uniport
database. Commonly negative NES can be seen in location gene sets related to cell junctions, Endo-
somes, Golgi, IMM, and lysosomes. For example, Cell junctions such as, Focal adhesion, Gap and
Tight junctions show negative NES in all studies, whereas cis-Golgi network related sets indicate pos-
itive NES.

5.2.2 Differential regulated cellular functions in ER MCS dysfunction

Cholesterol metabolism shows differential regulation between studies (1, Il & Ill)

As displayed in Figure 5, DKD VAPA/B and OSBP inhibited cells presented a consistent pattern of

negative NES in cholesterol metabolism related gene sets, whereas inhibition of ORP7 displayed
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positive NES in cholesterol metabolism related sets. This pattern was evident in all gene sets that are
related to cholesterol synthesis, and included sets, such as Cholesterol biosynthesis pathway, Meva-

lonate arm of cholesterol biosynthesis pathway and Cholesterol synthesis disorders.

Inhibition of ORP7 leads to an increase in lipid metabolism (1, Il & 1)

In Figure 5 different gene sets and their NES in each experiment related to lipid metabolism are pre-
sented. Remarkably, all gene sets annotated to this cellular function category had a positive NES in
ORP?7 inhibition and common sets between studies converged on Familial hyperlipidemia sets, where
all studies indicated positive NES in at least one of the types. Notably, DKD VAPA/B and OSBP inhi-
bition demonstrated decreases in most of the other sets annotated. A shared gene set between DKD
VAPA/B and OSBP inhibition was Prostaglandin synthesis and regulation, whereas DKD VAP/B pre-
sented negative NES in Fatty acid biosynthesis, Mitochondrial fatty acid oxidation disorders, and
Omega-9 fatty acid synthesis. OSBP inhibition on the other hand had a negative NES in Metabolism

of sphingolipids in ER and Golgi apparatus as well as Estrogen metabolism.

Diverse locations and membrane contact sites show differential regulation (I, Il & Ill)

Figure 6 left facet displays a variety of subcellular proteins that are differentially regulated between
the studies. For example, cell projection, ER, membrane raft, OMM (outer mitochondrial membrane)
and mitochondria, peroxisomes, secreted and vesicle related sets demonstrate differential regulation
across studies. Further analysis was done on a novel database on MCS proteins, which was recently

released (Pan et al. 2024), and these GSEA results have been compiled to Table 3.

Table 3. A table showing gene enrichment analysis results using membrane contact site protein data-
base, where significant results have been marked with an asterisk and each column shows the
normalized enrichment score in each study. CpdGORP7 corresponds to a 24 h inhibition with
CpdG, DKD VAPA/B the double knock down of VAPA and B and OSBP with 24 h inhibition with
SWG

Description ORP7 CpdG (lll) DKD VAPA/B (I) OSBP SWG (Il)
ER-Golgi -0,8 -1,2 1,4
ER-Endosome 0,9 -1,2 NA
ER-Lysosome 1,1 -1,8* NA
ER-Lipid droplet 1,0 -1,8* NA
ER-Peroxisome -1,4 -0,9 NA
ER-PM -1,2 -1,2 NA

Although only a few MCS sets showed statistical significance, in DKD VAPA/B cells the ER-Lipid
droplet and ER-Lysosome sets were statistically significant with the largest absolute NES as well.

Other notably large NES can be seen in ORP7 and OSBP inhibited cells, in the ER-Peroxisome and
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in ER-Golgi sets, respectively. Only the ER-Golgi set had values for all studies, it had a positive NES
in OSBP inhibited cells and negative in other studies. MCS localized to small membrane organelles
demonstrated a positive NES in ORP7 inhibited and a negative NES in DKD VAPA/B cells apart from
the ER-peroxisome and ER-PM contacts, that had negative NES in both.

Inhibition of ORP7 increases the expression of prostanoid synthesis genes (lll)

Prostanoids are lipid hormones that work as para- and autocrine signals for inflammation and are
produced from membrane phospholipids. Hydrolysis of these phospholipids produces a lyso-species
and a free fatty acid in the form of arachidonic acid (AA), that is in turn used as a substrate to produce
prostanoids. Changes in ORP?7 inhibited cells clearly upregulated the synthesis of prostanoids as the
mRNA levels of key enzymes such as CYP1A1, SLOC2A1, and PTGS1/2 (Chan et al. 2002; Lu et al.
1996; Mesaros, Lee, and Blair 2010) increased significantly. This is also true at the gene set levels,
as Wikipathways gene sets such as: Eicosanoid metabolism via cyclooxygenases (COX) and Omega-
3/ omega-6 fatty acid synthesis had a positive NES (Figure 6, Ill). Omega-3 and -6 fatty acids are
also used as precursors for eicosanoids such as EHA and DHA, that also mediate inflammation in a

similar manner to prostaglandins produced by PTGS1/2, or its resolution (Wall et al. 2010).

Inhibition of ORP7 showed activation of oxidative stress (Ill)

Oxidative stress can have both beneficial and detrimental effects and thus, activation of oxidative
stress can have multiple outcomes. In the transcriptomics data pathways such as Oxidative damage
response, Oxidative phosphorylation, Oxidative stress response and pathways related to mitochon-
drial functions including Mitochondrial complex | assembly model OXPHOS system, or Mitochondrial
complex 1V assembly, demonstrated positive NES in ORP7 inhibited cells, whereas other treatments

showed no enrichment.

DKD of VAPA/B upregulates endosomal and vesicular genes (I)

Vesicles and endosome play distinct roles in intracellular transport. COPI and |l coated vesicles have
been shown to mostly traffic between ER and the Golgi, whereas the endosomal compartment is
mostly specialized in traffic between Golgi and the cellular periphery. Transcriptomics data on the DKD
VAPA/B HUVECSs indicated that the mRNA levels of numerous COPI and -1l associated proteins had
increased. The same data also demonstrated significant increases in genes, whose products localize
to the ER, Golgi and Endosomal compartments such as lysosomes, late endosomes and preautoph-
agosomes (1, Figure 10). Although mRNA levels can be an indicator of how protein synthesis will be
regulated, they do not necessarily correlate with current levels of the protein they code, as the turnover
of proteins can range from a few minutes to the lifetime of the cell. We investigated the protein levels

of certain COPI and -ll components shown to be upregulated based on transcriptomics (I, Table 2).
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Although most of the COPI and -Il components displayed no increases in their protein levels based
on Western blotting (I, Figure S1), a decrease in YIPF5, a protein which recycles between ER and the

Golgi, was clearly shown (I, Figure 12)

OSBP inhibition leads to an upregulation in UPR (Il)

Stability of the ER is vital for cellular homeostasis, as it produces major macromolecules, such as
lipids, as well as proteins for other cell compartments. UPR is one of the known mechanisms, by which
cells deal with aberrations in ER functions and try to prevent damage to the cells from accumulating
substrates or misfolded proteins. RNA sequencing data on the SWG inhibited HUVECs showed a
marked overrepresentation in gene sets that are related to ER stress (ll, Figure 10). Almost half of the
top 30 overrepresented KEGG pathways could be linked to ER stress. This is also evident in Figure
5, where the Unfolded protein response had the largest positive NES of the Wikipathways gene sets

shown in the metabolism function.

5.3 Cholesterol concentration is modulated from cholesteryl esters (1, Il & liI)

Cholesterol is a common lipid found in all intracellular membranes, but its concentration varies be-
tween organelles. Plasma membrane and the endosomal compartments harbour most of the intracel-
lular FC, whereas the ER where FC is synthesized has only about 3 — 5 % of total cellular FC (van
Meer, Voelker, and Feigenson 2008). Accumulation of FC at the ER has been shown to be toxic to
cells and it can lead to a plethora of adverse outcomes, such as ER stress (Bashiri et al. 2016; Feng
et al. 2003). The total intracellular cholesterol pool also includes stored cholesterol in lipid droplets in
the form of CEs, that make up the core of these droplets along with TGs. Our studies uncovered that
TC levels, i.e. the sum of FC and CEs, in HUVECSs are kept at a constant when only one ER MCS is
disturbed (ll, Figure 7 & 111, Figure 9), but when multiple ER and other MCS were disrupted simultane-
ously, HUVECs accumulate cholesterol in the form of FC (I, Figure 6). In either case HUVECs com-
pensated for the change in TC or FC concentrations by modulating stored CEs. DKD VAPA/B led to
a marked increase in intracellular levels of both TC and FC, that coincided with a decrease in CE
levels but did not affect lipid droplet counts, suggesting no change in total TGs (I, Figures 6,7,8). OSBP
inhibition led to a decrease in FC, but total cholesterol levels were kept constant by increasing CEs
stored in lipid droplets as is evident from the concomitant increase in TGs and lipid droplets (Il, Figures
5,7,9). Inhibition of ORP7 led to a decrease in CEs and a decrease in lipid droplet mean area but lipid
droplet counts remained constant, which could be related to the increase in saturated and monoun-
saturated TGs (lll, Figures 11 & 13). Interestingly, increases in 27-hydroxy cholesterol levels were
seen in DKD VAPA/B and OSBP inhibited HUVECs (I, Figure 6. Il, Figure 7), suggesting that ER

cholesterol might be converted into oxysterols.
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5.3.1 ER MCS disturbance differentially regulates cholesterol synthesis (I, Il & IlI)

Cholesterol synthesis takes place at the ER by a chain of multiple reactions and enzymes. The rate
limiting enzyme in cholesterol synthesis is HMGCR, but other vital enzymes, such DHCR24 are also
important in this synthesis pathway. The timely synthesis and exit of cholesterol from the ER are vital
to avoid the toxic effects of cholesterol, which can lead to ER stress and other detrimental effects.
Data in this thesis revealed that cholesterol biosynthesis was affected by the manipulation of ER MCS,
especially OSBP and VAPA/B, whose manipulations displayed marked decreases in almost all steroid
biosynthesis genes, as well as the enzyme SOAT 1 that esterifies cholesterol to CEs (Qian et al. 2020).
Commonly downregulated genes between all transcriptomic datasets included EBP and DHCR24,
which act at the last steps in the synthesis of cholesterol. EBP converts Delta8-sterols to their corre-
sponding Delta7-isomers that are subsequently transformed into cholesterol by SC5D, DHCR7 and
finally by DHCR24 (Shi et al. 2022). SOAT1 showed downregulation in all but ORP7 inhibited cells,
where a slight increase was present. Log2 fold change and adjusted p-values for the aforementioned

genes, as well as those mentioned in the next subsection, have been added to Table 4.

Table 4. Table of metrics for genes related to cholesterol synthesis and efflux in all three studies.
Increases compared to control are highlighted in red, reductions in blue.

SYM- VAPAB VAPAB | OSBP Log2FC ORP7 Log2FC

BOL log2FC (1) padj (1 OSBP padj (1 ORP7 padj
ABCA1 1,31 4,11E-34 -0,46 1,80E-01 0,16 5,13E-03
ABCG1 -0,23 5,21E-04 2,55 2,05E-37 1,17 8,64E-59
DHCR24 6,39E-62 6,97E-08 1,11E-05

EBP 2,24E-06 -1,03 1,47E-07 0,11 2,87E-01
HMGCR -0,03 6,94E-01 -0,37 2,48E-03 -0,03 6,64E-01

SC5D 0,04 6,23E-01 -0,79 3,78E-03 0,14 2,58E-02
SOAT1 3,25E-13 3,88E-03 0,06 4,15E-01

The results discussed so far and some of those to come, have been compiled to Figure 7 shown

below.
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Figure 7 Image compiling the results from sections 5.1. Manipulations of ER MCS are well tolerated
by HUVECS, 5.2. MCS dysfunction leads to altered regulation of diverse cellular functions to 5.3.
Cholesterol concentration is modulated from cholesteryl esters and 5.7. Angiogenesis is reduced
by the manipulations of ER MCS.. The table above shows the metric for each metric on the left
most column of the table, whereas the legend for the table has been added to its right-hand bottom
corner. Below the table is a simplified plot similar to Figures 5 and 6, the legend for it has been
added below it. Blue symbolizing a negative normalized enrichment score (NES), purple, a mixed
NES between gene sets, gray no NES available and red a positive NES.
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5.4 ORP7 disruption leads to a decrease in cholesterol efflux (lll)

Reverse transport is one way for cells to remove excess cholesterol. The cholesterol transporting ABC
proteins move cholesterol to different types of lipoproteins. ABCA1-mediated cholesterol efflux moves
cholesterol to ApoA1 whereas ABCG1 facilitates the movement of cholesterol to HDL particles. Of
these two, ABCG1 is more highly expressed in ECs and is suspected to be the main route of choles-
terol efflux (D. Li et al. 2010; Kennedy et al. 2005; Miinch et al. 2014a). Since the inhibition of ORP7
was shown to increase ABCA1 dependent cholesterol efflux in THP1 cells (Wright et al. 2021), study
Il set out to confirm this result in ECs by investigating how ORP?7 inhibition affects ABCA1 and -G1
dependent cholesterol efflux. A known LXR agonist T091317 (Dai et al. 2008) was used to induce
ABCA1 mediated cholesterol efflux as a positive control for ApoA1 acceptor experiments. Study Il
uncovered that inhibition of ORP7 does not change ABCA1 mediated cholesterol efflux to ApoA1 but
decreases ABCG1 dependent cholesterol efflux to HDL (lll, Figure 10). This decrease also coincides
with an increase in ABCG1 mRNA levels, whereas ABCA1 showed a more muted increase (lll, Table
3). ABC proteins showed differential expression in other manipulations as well. In DKD VAPA/B cells
the mRNA levels of ABCA1 had increased and ABCG1 decreased, whereas the OSBP inhibited cells
showed increases in ABCG1 and a slight decrease in ABCA1. These results indicate that cholesterol

efflux is affected by the manipulation of ER MCS.

5.5 Contact sites affect lipid homeostasis in a differential manner (1, Il & Iil)

Lipid traffic is a major function of multiple ER MCS, and how their dysfunction affects intracellular lipid
pools has been left with little attention by researchers. Membrane lipid homeostasis is vital for cells,
and any disturbance can lead to complex outcomes. Especially in ECs the lipid composition of the
plasma membrane is not only vital for angiogenesis but also for endothelial barrier functions. There-
fore, we investigated with lipidomics how the manipulation of ER MCS affects the cellular lipid pools.
Disrupting multiple ER MCS through VAPA/B DKD did not show significant changes in many lipid
classes expect for the aforementioned decrease in CEs and an increase in PEs (I, Figure 8), whereas
inhibition of OSBP led to a decrease in almost all lipid classes except for CEs and Cers (ll, Figure 3).
The inhibition of ORP7 led to an increase in Cers, LPCs and TGs as well as a decrease in CEs (lll,
Figure 11). At individual lipid species level, the DKD VAPA/B led to a decrease in very long chain
highly unsaturated and saturated lipid species, where as an increase in relatively shorter chain un-
saturated species were evident (I, Figure 9). Since the inhibition of OSBP showed such drastic reduc-
tions in all lipid levels, a clear patter did not emerge except in CEs where an increase in saturated,
monounsaturated, and di-unsaturated species was seen and a decrease in longer tri- or more unsatu-
rated species was observed, alongside with the reduction of all lipid species in other lipid classes (ll)
as also shown in Figure 8. Inhibition of ORP7 displayed increases in saturated and monounsaturated
TGs and almost all LPCs and Cers. Decreases were shown in PCs 34:3 and 32:3 and shorter, highly

unsaturated TGs such as 48:3 and 50:4. The rest of the changes in individual lipids were not
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statistically significant (Ill, Figure 12). All the results from each study have been assembled to Figure
8, and notably there was a nomenclature change in SMs between studies | and lll, which is reflected
in Figure 8. For example, SM 16:0 corresponds to 34:1 species in the new Lipid Maps nomenclature.
Cers were also represented in a differential manner between studies | and Ill, as in study Il the total
chain length was calculated for each species, i.e. study Ill Cer 32:1 corresponds to study | & Il Cer

d16:1/16:0, and this change was also considered when Figure 8 was compiled.
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Figure 8 Dot plot exhibiting log2 fold changes of lipid species in each study. The Y-axis represents a
lipid species, and each facet is a different lipid class. X-axis shows the log2 fold change of each
lipid species as a colored dot in each experiment. A red colored dot represents an increase, and
blue a decrease. Of note, Log2 fold change was capped at an absolute change of 2.5, to keep
smaller changes still easily visible, which means that absolute fold changes larger than 2.5 were
set to plus or minus 2.5.

40



From Figure 8 we can see that SMs have decreased in all manipulations except for the ORP7 inhibited
cells, where almost all species show an increase. A similar pattern is also seen in Cers where ORP7
inhibition led to an increase in all species, whereas OSBP inhibition showed increases and DKD
VAPA/B cells a decrease in 16:0 species. The relative lipid compositions of different lipid classes from

each study are shown in Table 5.

Table 5. Relative lipid compositions of the manipulated HUVECs in each study and sample type, in
percentages. Increases compared to control are highlighted in red, reductions in blue.

';Ii;’;‘; SWG | OSW1 | DMSO | DKDVAPA/B | shNT | CpdGORP7 | DMSO
PC 44,41 49,40 53,38 63,66
PE 23,11 18,68 14,51
PS 6,87 6,40 6,31
SM 6,28 4,85 10,98 9,66} 16,02 9,96 9,20
CE 21,3808 63 7,37 4,80 5,94
Cer 4,27 4,90) 2,25 0,46 0,71 0,60} 0,38

5.6 Inhibition of OSBP leads to a decrease in PS but not PE synthesis (ll)

The lipidomics results for OSBP inhibition demonstrated decreases in all major glycerophospholipid
classes, such as PC, PE, and PS, where the largest decrease was seen in PS corresponding to a
mean log2 fold change of about 2.2. As glycerophospholipids are an essential part of all membranes,
we suspected that a corresponding increase in PS or PE synthesis would be warranted to restore
homeostasis. Our results indicated that PE synthesis did not change in either OSW1 or SWG treated
cells, but a decrease in PS synthesis was evident contrary to our initial hypothesis of increased PS

synthesis (Figure 8. I1).

5.7 Angiogenesis is reduced by the manipulations of ER MCS (I, Il & IlI)

Knowledge on how the manipulation of ER MCS affect angiogenesis is sparse, as very few studies
have examined the role of MCS in ECs and their role angiogenesis. An angiogenesis inducing matrix
was used to examine how the manipulations of ER MCS affect angiogenesis in vitro. This functional
study was performed using all manipulations i.e. both VAPA/B silenced (I) and OSBP/ORP?7 inhibitor
treated (Il & 1ll) HUVECs. OSBP inhibition and DKD VAPA/B drastically reduced angiogenesis, as
junction counts reduced to two digit counts with these manipulations. ORP7 inhibition depicted a
smaller effect on angiogenesis as mean junction counts dropped by half compared to the DMSO con-
trol, and similar effect was uncovered on other angiogenic metrics such as branching and segment

length. Our data also indicated that manipulation of multiple ER MCS (l) reduces angiogenesis more
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than individual MCS as VAPA/B silenced and OSW1 treated cells (Il) displayed a larger decrease
compared to the more specific inhibitor of OSBP (SWG, IlI) and ORP7 (CpdG, lll), that had similar

reductions in junction counts.

5.8 ORPY7 interaction with extracellular matrix components is mediated by AKT1 (lll)

Since the interactome of ORP7 along with its other functions are poorly understood, proximity biotin
labeling interactomics was performed with an 0exORP7-mycBirA construct to uncover the ORP7 in-
teractome in HUVECs. Our results revealed that ORP7 interacts with extracellular matrix components
such as Collagens, Fibronectin, Perlecan and Multimerin as well as AKT1 (lll, Table 4). We suspected
that this interaction with the ECM components is not a direct interaction with ORP7, but is instead
facilitated by AKT1, as ORP7 has not been shown to be secreted outside the cell where the ECM is
located. We confirmed the AKT1 interaction with a conventional Co-immunoprecipitation assay, show-
ing that AKT1 binds with ORP7 in both wild type and oexORP7-mycBirA expressing cells and showed
no binding with a negative control (Ill, Figure 14) thus implicating that ORP7 might also have a role in

regulating the cytoskeletal components.

6 DISCUSSION

This thesis used high dimensional omics data to examine how the manipulation of ER MCS affects
the macromolecule pools and cellular functions of HUVECs. The studies demonstrated that each ma-
nipulation was well tolerated by HUVECs and there were no major reductions in metabolic activity,
even though DKD VAPA/B and OSBP inhibition reduced their respective protein levels significantly.
The transcriptomics data revealed that commonly regulated gene sets clustered to functions, such as
inflammation, cell cycle and division. More diverse regulation was evident in lipid metabolism, including
sterol and oxysterol synthesis. Other differences included the upregulation of endosomal and vesicular
compartment genes in DKD VAPA/B HUVECSs, upregulation of UPR in OSBP inhibited cells as well

as lipid synthesis and oxidative stress in ORP7 inhibited cells.

6.1 Endothelial cells modulate cholesterol concentrations from lipid droplets

Cholesterol concentrations exhibited differential modulation between manipulation as increases in TC
levels were seen in DKD VAPA/B HUVECSs, but TC remained constant when inhibitors were used. FC
concentrations were modulated from stored CEs in lipid droplets, the counts and mean areas of which
changed in conjunction to TGs and CEs. Differential regulation of the ABC-proteins, shown to be vital
for cholesterol efflux from the PM (Miinch et al. 2014b; 2014a; Kennedy et al. 2005; Wright et al. 2021),

suggested that manipulations used in this thesis result in differential efflux routes.
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In DKD VAPA/B cells an increase in FC and a decrease in CEs were shown. This would suggest that
cholesterol is trapped at the ER since cholesterol biosynthesis was downregulated. Cells also appar-
ently modulated FC levels from CEs, hence the increased ER FC was not available for cells. Decrease
in ABCA1-mediated cholesterol efflux may also have been taken place, as ABCA1 mRNA level was
increased in DKD VAPA/B cells. Therefore, DKD VAPA/B cells not only show decreased cholesterol
transport from the ER to other membranes but also a decreased CE transport from the ER to lipid
droplets. The aforementioned increases cholesterol levels are in line with previously published reports,
but our indirect measurements of lipid droplet amounts, and mean area in DKD VAPA/B cells (I) sug-
gested no change in TGs, which conflicts with previous studies demonstrating that the VAPB P56S

mutation increase TGs levels (Marques et al. 2006).

Data from study Ill would suggest that FC could be accumulating in membrane domains where it is
inaccessible for other cellular functions. This is evident by the reduced ABCG1 cholesterol efflux as a
possible increase in PM FC levels would rather suggest an increase in efflux (Juhl and Wistner 2022).
Other data pointing towards this conclusion is the increase in LPC, ceramides and FC that make up a
significant portion of lipids in lipid rafts and raft like domains of MAM, and therefore could be accom-
modating an increase in FC-rich MAM raft-like domains (Grassi et al. 2020; Van Der Luit et al. 2002).
The reduction of lipid droplet mean area and CEs in ORP7 inhibited cells, could be an indicator for a
decrease in ER FC transport and thus the cells could be scavenging cholesterol to other membranes
from lipid droplet CE stores. The unchanged ABCA1 efflux as well as TC levels had not change sig-
nificantly, which are contrary results to the literature showing that ORP7 inhibition increases ABCA1
mediated efflux (Wright et al. 2021) and would suggest that ORP7 might not have a direct role in
hypercholesterolemia (Abdul Murad et al. 2023).

Data suggesting an ER accumulation and reduced transport of FC in OSBP inhibited cells included
the increase in CEs and lipid droplets. These data could imply that OSBP inhibited cells are removing
excess FC from the ER to lipid droplets instead of TGN, which was proven to be scattered to the
cytosol. Transcriptomics data suggested a reduction in ABCG1 efflux in OSBP inhibited cells as
ABGC1 was shown to be highly upregulated similar to study lll. Increases in LDs and CEs as well as
the decrease in cholesterol biosynthesis and increase in ER-stress related genes are in-line with data

shown in previous studies (Oh-hashi et al. 2023; Mesmin et al. 2017).

6.2 Lipid homeostasis regulates membrane viscosity

Overall lipid homeostasis was also disrupted due to the manipulations used, and largest changes were
seen in OSBP-inhibited cells where the concentrations of all lipids, apart from CEs and Cer were
reduced. DKD VAPA/B cells demonstrated less changes in lipid classes but at lipid species level,
increases in very-long-chain and saturated species were observed, whereas the intermediates be-

tween them decreased. ORP?7 inhibited cells exhibited increases in saturated and mono-unsaturated
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species whereas a decrease was detected in highly unsaturated species and intermediates between

them showed very small or no changes at all.

As is evident in Figure 8, not all lipid species were present in each lipidomic experiment included in
this thesis. There could be multiple reasons, of which variations in extraction procedure could be a
possible explanatory factor. Even though the starting material for each experiment was the same,
technical variation in extraction is possible, which could have led to the reduction in concentration of
some lipid species, and therefore they could have been under the detection limit of the lipidomics
platform. The lipid composition of growth media is obviously another variable that can affect the con-

centration of lipids in the final samples and, thus, which lipids can be detected.

OSBP-inhibited cells showed such drastic reduction in all lipid species that it is difficult to ascertain
what types of modulations were taking place. What is very likely is that OSBP inhibited cells were
reducing their membranes across all membrane compartments. One cause of these reductions might
be the disassembly of the TGN, which is common in stress (Machamer 2015; J. Chen and Chen 2018).
The relative lipid compositions in the inhibitor-treated and transfected cells are shown in Table 5, and
interestingly, a larger decrease in PC, PE and PS was seen in the OSW1 treated HUVECs. OSW1
treated HUVECs also showed a larger degree of TGN scattering, which would suggest that the in-
creased reductions in PC, PE and PS could indeed be due to a higher degree of TGN disassembly.
The lipid class wide drop in PC, PE and PS is likely also due to increased ER FC levels, as reduction
of these lipid classes would potentially make the ER membrane more hospitable for FC, similarly to
an increase in ceramides (Garofalo et al. 2016). Similar reductions in PC, PE and PS can also be seen
in ER stress induced yeasts, but it is questionable how well these results translate to mammals (Rein-
hard et al. 2020). Both OSW1 and SWG treated cells indicated a reduced PE to PC ratio (Table 5),
which is puzzling as increased PE to PC ratios have been associated with decrease in membrane
viscosity (Dawaliby et al. 2016). However, it cannot be ruled out whether ER membrane lipid ratios
have decreased due to ER stress or TGN disassembly, as ER and Golgi have been shown to have
somewhat similar lipid composition (Vance, 2015, Table 2). DKD VAPA/B HUVECs seem to be mod-
ulating membrane fluidity by removing saturated or longer more highly unsaturated species and re-
placing them with intermediates between these species. This could also represent a response to in-
creased FC levels at the ER, especially the decrease in longer more unsaturated PCs species and
the increase in almost all PE species. This would suggest an increased PE to PC ratio that might be

used to offset the viscosity gain from excess FC similar to OSBP inhibited cells.

Lipidome changes in ORP7 inhibited HUVECSs also suggest that membranes are being turned into a
less fluid form, i.e. more saturated and monounsaturated species are being added to membranes
whereas highly unsaturated species are being removed from them. Moreover, especially the increases
in Cers would suggest that membrane composition has turned to a more rigid form. Where these lipids
are being added or removed from remains a mystery, but some speculations can be made. Lipid rafts

and raft-like domains harbour considerable amounts of both FC and Cers, which would offer an
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explanation to the increase in Cers across all species (Fernandes et al. 2024; Garofalo et al. 2016).
In study Ill an increase in all lysoPC species was demonstrated, which would also hint to an accumu-
lation or rather the expansion of lipid rafts and raft-like domains, as lysoPCs can make the membrane
environment more stable for increased Cers and FC (Van Der Luit et al. 2002). Raft accumulation of
FC would make it inaccessible to other cellular functions and therefore lead to the scavenging of FC

from lipid droplet CE stores.

6.3 Common regulatory patterns hint at an anti-proliferative mechanism

The results in section 5.2.1 exhibited clustering of downregulated genes in functions that are involved
in cell cycle and division. This is likely due to induction of intracellular stress responses as, for example,
ER-stress is known to cause G2/M cell cycle arrest, which would cause a decrease in cell cycle and
cell division related genes (D. Lee et al. 2019a; 2019b). Activation of oxidative stress and subsequent
release of cytochrome C is quite possible in ORP7 inhibited cell. Omics data from study Ill demon-
strated a clear pattern of upregulation in oxidative stress pathways as well as an increase in C-18
ceramide, which has been shown be a crucial initiator of apoptosis and is needed for mitophagy (Sen-
telle et al. 2012; W. Jiang and Ogretmen 2013).

In OSBP inhibited cells the downregulation in cell division related sets could be the result of increased
ER stress, which was also evident from the omics data from study Il. Inhibition of OSBP likely induced
ER stress by accumulation of cholesterol to the ER, since we saw the dispersion of TGN to the cytosol,
which might reduce cholesterol uptake by the Golgi through OSBP mediated transport. The possible
markers of excess ER cholesterol in study Il were postulated to be the downregulation of cholesterol
synthesis pathways and genes, as well as the increase in lipid droplet stored CEs. ORA results in
study Il also exhibited overrepresentation in ER stress related gene sets such as those related to
neurodegeneration. Figure 3 also displayed an increase in UPR related genes in the OSBP inhibited
HUVECs.

Study | demonstrated increases in ER/Golgi localized genes, which would suggest that DKD VAPA/B
cells might also be suffering from ER stress. ER localized gene such as those coding for chaperone
and proteasomal genes could be used to alleviate excess mis- and unfolded proteins, and therefore
an increase in ER localized genes are visible. Lipidomics in study | also displayed increases in shorter
and less saturated lipid species, which would suggest that DKD VAPA/B HUVECs are compensating
for the increase in ER cholesterol by producing ER membranes that are less fluid and therefore more

compatible with excess cholesterol.
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6.4 Inflammation is a ubiquitous response to dysfunctional ER MCS

Manipulations of ER MCS showed clustering of upregulated genes in multiple different inflammatory
functions, of which Interleukin signalling pathways showed the most consistent regulatory pattern.
Considering that MCS are involved lipid trafficking, it is likely that the upregulation in inflammatory
genes is the result of increase in inflammatory lipids, and the unfavourable lipid composition of mem-
brane compartments. This is quite evident from the individual lipid species data, for example in ORP7
inhibition a considerable increase was seen in TGs, Cers and LPCs that can have inflammatory out-
comes (Meade et al. 2023; Field, Gordillo, and Scherer 2020; Takaeko et al. 2021; Kajikawa et al.
2016; Law et al. 2019). Accumulation of ER cholesterol can also be another trigger for inflammation
(Bashiri et al. 2016). Since the manipulated cells have likely increased ER or oxidative stress, it is
difficult to ascertain whether or not the manipulation of ER MCS independently results in inflammation
in ECs, i.e. if OSBP, VAPA, VAPB or ORP7 are directly involved in the inflammatory process. Most
likely the increase in inflammation is the result of second order effects that are downstream from ER

or oxidative stress pathways.

6.5 Angiogenesis requires functional ER MCS in ECs

Angiogenesis was reduced across all manipulations, of which OSBP inhibition showed the largest
effect, while DKD VAPA/B and inhibition of ORP7 presented similar reductions in angiogenic metrics.
This ubiquitous reduction in angiogenesis can be the result of multiple issues stemming from dysfunc-
tional ER contact sites. The most likely explanation is the drastic reduction in proliferative potential of
HUVECs as is evident from the reduction in cell cycle and division genes. Intracellular stress, be it ER,
oxidative or lipid stress, can affect angiogenesis by reducing the potential for protein synthesis induc-
ing more rigid PM membrane reducing expansion potential or mitochondrial dysfunction (T. Wu et al.
2023; Zechariah et al. 2013; J. Zhang et al. 2017; De La Haba et al. 2013). MCS involvement in
shuttling ER synthesized lipid to the PM is also another likely explanation. This could be especially the
case for DKD VAPA/B cells, since VAPA and VAPB form such a wide range of MCS. The defect of
ER-PM MCS would reduce the traffic of cholesterol and GPLs to the PM, thus reducing the capacity
for membrane expansion during the formation of lamelli- and filopodia protrusions. Another means by
which DKD VAPA/B cells could have reduced lipid traffic from the ER to PM is a reduction of COPI
and -1l mediated transport, the compensatory upregulation in vesicle and COP related genes. Reduced
vesicle budding from the ER to the Golgi could reduce the number of GPLs that are further added to
the secretory and endosomal pathways and, thus, reduce the amount of GPLs that are trafficked to
the PM. In a similar manner, the dysfunctional Golgi, i.e., scattering of TGN to the cytosol upon OSBP
inhibition could lead to reduced GPL transport to the PM. Why ORP?7 inhibition would reduce angio-
genesis is somewhat puzzling. The inhibition of ORP7 could lead to the accumulation of FC at raft-like

domains, which would make it inaccessible for other cellular functions.
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The interaction between AKT1 and ORP7 was a novel finding but by no means unique in the ORP
family, as also ORP2 and ORP9 have been demonstrated to bind to AKT1 (Lessmann et al. 2006;
Ngo, Huber, and Ridgway 2006; Kentala, Koponen, Vihinen, et al. 2018). ORP2 in conjunction with
AKT1 has been shown to regulate the actin cytoskeleton (Kentala, Koponen, Kiveld, et al. 2018).
Whether or not ORP7 interacts with the ECM through AKT1 remains to be elucidated, but ORP7 could
have similar effects to actin cytoskeleton as ORP7. Thus AKT1-ORP?7 interaction could impact angio-
genesis through stress fiber dynamics or through reduced focal adhesions binding to ECM. Although
not measured in any of the studies included in this thesis, there is also a possibility that ER MCS
dysfunction could influence EC permeability, as the subcellular localisation gene sets in Figure 6

showed a ubiquitous decrease in both gap and tight junction genes.

6.6 Limitations of single time point measurements in dynamic systems

Cells are by nature dynamic systems, where changes in, for example the transcriptome, result in
changes in the proteome in a delayed manner. Transcript-level changes often occur at shorter time
scales than protein level changes, ranging from a few minutes to the extreme of a few hours (C. Y. A.
Chen, Ezzeddine, and Shyu 2008). Whereas changes at protein levels can take much longer as the
halving time of proteins can range from the low of mere minutes to the mean of about 40 minutes all
the way to the lifetime of a cell (Fornasiero and Savas 2023). Thus, transcriptomic data can reflect
changes that are about to occur and not just those that are currently ensuing. This fact represents a
problem of single time point measurements, as it can miss the dynamic mechanisms that are occurring
as a response to any stimuli. Therefore, when interpreting the results of single time point transcriptom-
ics results one must consider the possibility that the system might be still changing or has reached an
equilibrium point where cells oscillate between two or more states. Since ER, lipid and oxidative stress
are often intermediate step between recovery or apoptosis and necrosis, they can become catch of all
terms that may be used as an explanation for all cellular dysfunctions. For example, one might con-
clude from the result shown that inhibition of OSBP causes ER stress, but the mechanism of ER stress
initiation is left unanswered. Given that all manipulations used in this thesis employed relatively long
incubation periods, namely at least 24 hours, the manipulated cells might have reached a point where
intracellular stressors are the dominant feature at the time of mRNA extraction. In other words, cells
might have reached an equilibrium where, for example, OSBP inhibition causes chronic ER stress and
thus changes in ER stress related genes are the dominant result in transcriptomic data. Therefore, the
direct changes caused by OSBP inhibition could be “drowned out” by the dominant changes due to
ER stress. This problem is further exacerbated by GSEA, which gives more emphasis to pathways
that have genes with large log2 fold changes, i.e. bigger NES values, and can obfuscate pathways
with genes that have smaller log2 fold changes, in other words smaller NES values. Large log2 fold
changes are of course very meaningful in biological sense, but so too are smaller log2 fold changes,

as for example, small increases in the protein levels of enzymes can have large downstream effects.
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In a similar manner small changes in MCS lipid transport proteins can have large downstream effects

in the amount of lipid exchanged.

7 CONCLUSIONS

This thesis represents a first of its kind to characterize ER MCS in ECs to use transcriptomics and
lipidomics in VAPA/B, OSBP or ORP7 manipulated HUVECs to this extent. This thesis also describes
the first interactome on ORP7. These studies demonstrated that MCS could be vital for the transport
of ER synthesised cholesterol and reductions in MCS proteins seem to induce ER and oxidative stress
in HUVECs. ER MCS also have an integral role in modulating the levels of FC from lipid droplet stored
CEs, and reduction in ER MCS could also hamper CE production from ER FC. MCS dysfunction was
also linked to an increase in inflammatory signalling in ECs that was speculated to be a result of either
cellular stress responses or an unfavourable lipid membrane composition due to defects in FC and
GLP transport. Angiogenesis was also exhibited to be affected by the dysfunction of ER MCS as all
studies demonstrated marked decreases in angiogenic processes that were hypothesized to be the
result of ER and other stressors. These stressors reduced the proliferative capacity of HUVECs, in-

creased inflammation and likely resulted in a disturbance of PM lipids for proper membrane expansion.

Even though this thesis extensively exhibited the changes in the macromolecule pools of HUVECs
with multiple or single ER MCS dysfunction, numerous questions are still left unanswered. For exam-
ple, how does the dysfunction of concurrent ER MCS and OSBP- or ORP7-facilitated MCS affect the
cholesterol distribution in membrane compartments? Or which lipids ORP?7 traffics, although choles-
terol seems to be a likely candidate, and between which membranes? It remains also unknown
whether these results translate to other EC types, given their heterogeneity and adaptations to specific
microenvironments. The works included in this thesis serve as the foundation for further studies of
MCS in ECs and hopefully the extensive omics data collected can be used make further hypotheses,
help design robust and comprehensive experiments in this cell type. The results presented in this
thesis give indications to the involvement of MCS dysfunction in cardiovascular diseases, metabolic

disorders, and integrated stress related diseases such as neurodegeneration.

ACKNOWLEDGEMENTS

This thesis was assembled during the years 2019 — 2024 at Minerva Foundation Institute for Medical
Research, that provided an excellent research environment, with the necessary facilities, tools, and
materials to perform this research. The Minerva Foundation and all the personnel at the institute are
thanked for their support, especially Riikka Kosonen. Her technical expertise has been invaluable for
completing this thesis. In addition, this thesis was also supported by funding from numerous funding

bodies. These include the academy of Finland, Sigrid Juselius Foundation, the Finnish Foundation for

48



Cardiovascular Research, the Magnus Ehrnrooth Foundation as well as Emil Aaltonen Foundation.
The Doctoral Programme in Integrative Life Science is also thanked for arranging courses that have

allowed to further deepen my skills as an independent researcher.

| have had the extreme pleasure to work with an amazing supervisor during this thesis project and
quite frankly without Professor Vesa Olkkonen | would have given up ages ago. His positive and en-
couraging mind set has been instrumental and | would like to extend my deepest gratitude for guiding

me during this thesis project.

Professor Varpu Marjoméki is thanked for accepting the role of my opponent and Professor Pekka
Lappalainen for their role as the custos and for serving as the faculty representative in the public
examination of this thesis. The pre-examiners Professor Petteri Nieminen and Associate Professor
Johanna Laakkonen for their time and effort in reviewing this thesis and for their astute suggestions
and comments. | would also like to extend my gratitude towards the members of my thesis committee,
Professor Pipsa Saharinen and Associate Professor Maciej M. Lalowski, who gave me excellent ad-
vice and encouragement during our thesis committee meetings as well as helped to review of the first
draft of this thesis.

This thesis included a plethora of omics data and without them this thesis would not have been made.
Therefore | would like to extend my deepest gratitude to the members of the Viikki Lipidomics unit
Docent Reijo Kékeld, Ph.D Hanna Ruhanen and Ph.D Minna Holopainen, their analysis and interpre-
tation of the lipidomics data as well as their comments and suggestions on manuscripts were an in-
valuable contribution towards this thesis. Ph.D Silke Matysik and Ms. Doreen Mueller are thanked for
their kind help analysing 27-hydroxycholesterol samples used in studies | and Il. Antti Tuhkala from
Viikki Proteomics Lab is also thanked for his technical expertise on providing the interactomics data

for study Il1.

During the early days of this thesis, | had an opportunity to participate in multiple collaborations with
other researchers and groups at Minerva, where | had the chance to use and further develop my
bioinformatics and coding skills. | would like to thank all these researchers for giving me the opportunity
and time to analyse their data and learn new skills. Especially Ph.D Maria Ahonen Mehmeti with whom
| had the pleasure to collaborate with on three articles as well as Docent Chunguang Wang and Docent
Paivi Lakkisto who trusted me with patient cohort data. Other collaborators | would like to thank are
Ph.D Annika Koponen and Ph.D Amita Arora, both of whom also guided me during my Master’s Thesis

work at Minerva.

Over the years | have amassed a great group of friends that are unfortunately too numerous to name,
but | would still like to thank them all for their support and encouragement during this thesis work. I will
always cherish the relaxing moments playing board games and eating pizza, summer cottage week-

ends destroying zombie hoards and dark winter nights playing video games together, my life would be

49



a much duller and darker one without all of you. | have also had the great privilege to have had such
wonderful parents, both of whom have added bonus parents to my life. | greatly appreciate their en-

couraging, kind, and compassionate outlook on life, as well as their never-ending support.

I'd like to also thank Rosanna Kuivalainen for her compassionate, encouraging, and caring compan-
ionship during the difficult early stages of this thesis, she gave me much needed motivation to continue
with the work. And last but certainly not least I'd like to extend my gratitude to Silja Lund for her loving,
kind, and inspiring support during the last stages of this thesis, that have helped me immensely. Of

course, one should not forget Akita Inu Kappa who motivated me to get up in the morning.

REFERENCES

Abdul Murad, Nor Azian, Yusuf Mohammad Noor, Zam Zureena Zam, Siti Aishah Sulaiman, Yock
Ping Chow, Noraidatulakma Abdullah, Norfazilah Ahmad, et al. 2023. ‘Hypercholesterolemia in
the Malaysian Cohort Participants: Genetic and Non-Genetic Risk Factors’. Genes 14 (3): 721.
https://doi.org/10.3390/GENES14030721/S1.

Adomshick, Victoria, Yong Pu, and Almudena Veiga-Lopez. 2020. ‘Automated Lipid Droplet Quantifi-
cation System for Phenotypic Analysis of Adipocytes Using CellProfiler.” Toxicology Mecha-
nisms and Methods 30 (5): 378-87. https://doi.org/10.1080/15376516.2020.1747124.

Aliaga, Leonardo, Chen Lai, Jia Yu, Nikolai Chub, Hoon Shim, Lixin Sun, Chengsong Xie, et al.
2013. ‘Amyotrophic Lateral Sclerosis-Related VAPB P56S Mutation Differentially Affects the
Function and Survival of Corticospinal and Spinal Motor Neurons’. Human Molecular Genetics
22 (21): 4293-4305. https://doi.org/10.1093/HMG/DDT279.

Antonny, Bruno, Joélle Bigay, and Bruno Mesmin. 2018. ‘The Oxysterol-Binding Protein Cycle: Burn-
ing off PI(4)P to Transport Cholesterol’. Annual Review of Biochemistry 87 (4): 809-37.
https://doi.org/10.1146/annurev-biochem-061516-044924.

Arasaki, Kohei, Hiroaki Shimizu, Hirofumi Mogari, Naoki Nishida, Naohiko Hirota, Akiko Furuno, Yo-
shihisa Kudo, et al. 2015. ‘A Role for the Ancient SNARE Syntaxin 17 in Regulating Mitochon-
drial Division’. Developmental Cell 32 (3): 304-17.
https://doi.org/10.1016/J.DEVCEL.2014.12.011.

Arora, Amita, Annukka M. Kiveld, Ling Wang, Rimante Minkeviciene, Juuso H. Taskinen, Birong
Zhang, Annika Koponen, et al. 2022a. ‘Protrudin Regulates FAK Activation, Endothelial Cell Mi-
gration and Angiogenesis’. Cellular and Molecular Life Sciences 79 (4): 1-20.
https://doi.org/10.1007/S00018-022-04251-Z/FIGURES/8.

Bagchi, P, Xi Fang, Bin Liu, and Zhiyu Dai. 2022. ‘Fatty Acid Metabolism in Endothelial Cell’. Genes
2022, Vol. 13, Page 2301 13 (12): 2301. https://doi.org/10.3390/GENES13122301.

Balla, Tamas. 2013. ‘Phosphoinositides: Tiny Lipids With Giant Impact on Cell Regulation’. Physiol
Rev 93:1019-1137. https://doi.org/10.1152/physrev.00028.2012.-Phosphoinositides.

50



Bardaweel, Sanaa K., Mustafa Gul, Muhammad Alzweiri, Aman Ishaqgat, Husam A. Alsalamat, and
Rasha M. Bashatwah. 2018. ‘Reactive Oxygen Species: The Dual Role in Physiological and
Pathological Conditions of the Human Body’. The Eurasian Journal of Medicine 50 (3): 193.
https://doi.org/10.5152/EURASIANJMED.2018.17397.

Bashiri, Amir, Dinushan Nesan, Ghazaleh Tavallaee, lan Sue-Chue-Lam, Kevin Chien, Graham F
Maguire, Mark Naples, et al. 2016. ‘Cellular Cholesterol Accumulation Modulates High Fat High
Sucrose (HFHS) Diet-Induced ER Stress and Hepatic Inflammasome Activation in the Develop-
ment of Non-Alcoholic Steatohepatitis’. Biochimica et Biophysica Acta (BBA) - Molecular and
Cell Biology of Lipids 1861 (7): 594—605. https://doi.org/https://doi.org/10.1016/j.bba-
lip.2016.04.005.

Benador, llan Y., Michaela Veliova, Kiana Mahdaviani, Anton Petcherski, Jakob D. Wikstrom, Essam
A. Assali, Rebeca Acin-Pérez, et al. 2018. ‘Mitochondria Bound to Lipid Droplets Have Unique
Bioenergetics, Composition, and Dynamics That Support Lipid Droplet Expansion’. Cell Metabo-
lism 27 (4): 869. https://doi.org/10.1016/J.CMET.2018.03.003.

Benarroch, Eduardo. 2022. ‘What Is the Role of Organelle Membrane Contact Sites in Neurodegen-
erative Diseases?’ Neurology 99 (16): 703-10.
https://doi.org/10.1212/WNL.0000000000201354.

Berridge, Michael J., and Robin F. Irvine. 1984. ‘Inositol Trisphosphate, a Novel Second Messenger
in Cellular Signal Transduction’. Nature 312 (5992): 315-21. https://doi.org/10.1038/312315A0.

Bettigole, Sarah E., and Laurie H. Glimcher. 2015. ‘Endoplasmic Reticulum Stress in Immunity’. An-
nual Review of Immunology (April):107-38. https://doi.org/10.1146/ANNUREV-IMMUNOL-
032414-112116.

Bilotta, Maria Teresa, Sara Petillo, Angela Santoni, and Marco Cippitelli. 2020. ‘Liver X Receptors:
Regulators of Cholesterol Metabolism, Inflammation, Autoimmunity, and Cancer’. Frontiers in
Immunology 11 (November):584303. https://doi.org/10.3389/FIMMU.2020.584303/BIBTEX.

BLIGH, E G, and W J DYER. 1959. ‘A Rapid Method of Total Lipid Extraction and Purification.” Cana-
dian Journal of Biochemistry and Physiology 37 (8): 911-17. https://doi.org/10.1139/059-099.

Bockler, Stefan, and Benedikt Westermann. 2014. ‘Mitochondrial ER Contacts Are Crucial for Mi-
tophagy in Yeast'. Developmental Cell 28 (4): 450-58.
https://doi.org/10.1016/J.DEVCEL.2014.01.012.

Bolger, Anthony M, Bjoern Usadel, and Marc Lohse. 2014. ‘Trimmomatic: A Flexible Trimmer for Illu-
mina Sequence Data’. Bioinformatics 30 (15): 2114—20. https://doi.org/10.1093/bioinformat-
ics/btu170.

Borgese, Nica, Nicola lacomino, Sara F Colombo, and Francesca Navone. 2021. ‘The Link between
VAPB Loss of Function and Amyotrophic Lateral Sclerosis’. Cells.
https://doi.org/10.3390/cells10081865.

Brown, Andrew J., Laura J. Sharpe, and Michael J. Rogers. 2021. ‘Oxysterols: From Physiological
Tuners to Pharmacological Opportunities’. British Journal of Pharmacology 178 (16): 3089—
3103. https://doi.org/10.1111/BPH.15073.

51



Brown, Lachlan S., Catherine G. Foster, Jo Maree Courtney, Natalie E. King, David W. Howells, and
Brad A. Sutherland. 2019. ‘Pericytes and Neurovascular Function in the Healthy and Diseased
Brain’. Frontiers in Cellular Neuroscience 13 (May):457589.
https://doi.org/10.3389/FNCEL.2019.00282/BIBTEX.

Burgos-Morén, Estefania, Zaida Abad-Jiménez, Aranzazu Martinez de Marafén, Francesca lannan-
tuoni, Irene Escribano-Lopez, Sandra Lopez-Domenech, Christian Salom, et al. 2019. ‘Relation-
ship between Oxidative Stress, ER Stress, and Inflammation in Type 2 Diabetes: The Battle
Continues’. Journal of Clinical Medicine 8 (9). https://doi.org/10.3390/JCM8091385.

Cabukusta, Birol, llana Berlin, Daphne M van Elsland, Iris Forkink, Menno Spits, Anja W M de Jong,
Jimmy J L L Akkermans, et al. 2020. ‘Human VAPome Analysis Reveals MOSPD1 and
MOSPD3 as Membrane Contact Site Proteins Interacting with FFAT-Related FFNT Motifs’. Cell
Reports 33 (10): 108475. https://doi.org/https://doi.org/10.1016/j.celrep.2020.108475.

Cai, Shujun, Yumei Wu, Andres Guillen-Samande, William Hancock-Cerutt, Jun Liu, and Pietro De
Camilli. 2022. ‘In Situ Architecture of the Lipid Transport Protein VPS13C at ER-Lysosome
Membrane Contacts’. Proceedings of the National Academy of Sciences of the United States of
America 119 (29): e2203769119.
https://doi.org/10.1073/PNAS.2203769119/SUPPL_FILE/PNAS.2203769119.SM06.MP4.

Cao, Qin, Zhongzhong Liu, Yan Xiong, Zibiao Zhong, and Qifa Ye. 2020. ‘Review Atrticle Multiple
Roles of 25-Hydroxycholesterol in Lipid Metabolism, Antivirus Process, Inflammatory Response,
and Cell Survival’. Oxidative Medicine and Cellular Longevity, 2020, 8893305, 11 pages, 2020.
https://doi.org/10.1155/2020/8893305.

Carneiro, Benedito A., and Wafik S. El-Deiry. 2020. ‘Targeting Apoptosis in Cancer Therapy’. Nature
Reviews Clinical Oncology 2020 17:7 17 (7): 395—-417. https://doi.org/10.1038/S41571-020-
0341-Y.

Carpentier, Gilles, Sarah Berndt, Ségoléne Ferratge, Wayne Rasband, Muriel Cuendet, Georges
Uzan, and Patricia Albanese. 2020. ‘Angiogenesis Analyzer for ImageJ — A Comparative Mor-

phometric Analysis of “Endothelial Tube Formation Assay” and “Fibrin Bead Assay”. Scientific
Reports 10 (1): 11568. https://doi.org/10.1038/s41598-020-67289-8.

Chan, Brenda S., Shinichi Endo, Naoaki Kanai, and Victor L. Schuster. 2002. ‘Identification of Lac-
tate as a Driving Force for Prostanoid Transport by Prostaglandin Transporter PGT’. American
Journal of Physiology - Renal Physiology 282 (6 51-6). https://doi.org/10.1152/AJ-
PRENAL.00151.2001/ASSET/IMAGES/LARGE/H20620739004.JPEG.

Chang, Chi Lun, and Jen Liou. 2015. ‘Phosphatidylinositol 4,5-Bisphosphate Homeostasis Regulated
by Nir2 and Nir3 Proteins at Endoplasmic Reticulum-Plasma Membrane Junctions’. The Journal
of Biological Chemistry 290 (23): 14289-301. https://doi.org/10.1074/JBC.M114.621375.

Chen, Chyi Ying A., Nader Ezzeddine, and Ann Bin Shyu. 2008. ‘Messenger RNA Half-Life Measure-
ments in Mammalian Cells’. Methods in Enzymology 448:335. https://doi.org/10.1016/S0076-
6879(08)02617-7.

52



Chen, Guofang, Tingyi Wei, Furong Ju, and Haisen Li. 2023. ‘Protein Quality Control and Aggrega-
tion in the Endoplasmic Reticulum: From Basic to Bedside'. Frontiers in Cell and Developmental
Biology 11 (April):1156152. https://doi.org/10.3389/FCELL.2023.1156152/BIBTEX.

Chen, Jueqi, and Zhijian J. Chen. 2018. ‘PtdIns4P on Dispersed Trans-Golgi Network Mediates
NLRP3 Inflammasome Activation’. Nature 2018 564:7734 564 (7734). 71-76.
https://doi.org/10.1038/s41586-018-0761-3.

Chen, Xingyi, Chaoran Shi, Meihui He, Siqi Xiong, and Xiaobo Xia. 2023. ‘Endoplasmic Reticulum
Stress: Molecular Mechanism and Therapeutic Targets’. Signal Transduction and Targeted
Therapy 2023 8:1 8 (1): 1-40. https://doi.org/10.1038/s41392-023-01570-w.

Choi, Ji Ae, and Chang Hwa Song. 2019. ‘Insights Into the Role of Endoplasmic Reticulum Stress in
Infectious Diseases’. Frontiers in Immunology 10 (January):3147.
https://doi.org/10.3389/FIMMU.2019.03147.

Chou, Cheng Wei, Yu Hsiu Hsieh, Su Chi Ku, Wan Jou Shen, Gangga Anuraga, Hoang Dang Khoa
Ta, Kuen Haur Lee, et al. 2021. ‘Potential Prognostic Biomarkers of OSBPL Family Genes in
Patients with Pancreatic Ductal Adenocarcinoma’. Biomedicines 9 (11).
https://doi.org/10.3390/BIOMEDICINES9111601.

Claesson-Welsh, Lena, Elisabetta Dejana, and Donald M Mcdonald. 2021. ‘Permeability of the Endo-
thelial Barrier: Identifying and Reconciling Controversies’. Trends in Molecular Medicine, Vol-
ume 27, Issue 4, 314 — 331. https://doi.org/10.1016/j.molmed.2020.11.006.

Copeland, D. E. 1959. ‘An Association between Mitochondria and the Endoplasmic Reticulum in
Cells of the Pseudobranch Gland of a Teleost’. The Journal of Cell Biology 5 (3): 393—96.
https://doi.org/10.1083/jcb.5.3.393.

Crib, Alastair E., Mathieu Peyrou, Shanmugam Muruganandan, and Laetitia Schneider. 2005. ‘The
Endoplasmic Reticulum in Xenobiotic Toxicity’. Drug Metabolism Reviews 37 (3): 405—42.
https://doi.org/10.1080/03602530500205135.

Csordas, Gyorgy, Péter Varnai, Tinde Golenar, Swati Roy, George Purkins, Timothy G. Schneider,
Tamas Balla, and Gyorgy Hajndczky. 2010. ‘Imaging Interorganelle Contacts and Local Calcium
Dynamics at the ER-Mitochondrial Interface’. Molecular Cell 39 (1): 121-32.
https://doi.org/10.1016/J.MOLCEL.2010.06.029.

Dai, Xiao Yan, Xiang Ou, Xin Rui Hao, Dong Li Cao, Ya Ling Tang, Yan Wei Hu, Xiao Xu Li, and
Chao Ke Tang. 2008. ‘The Effect of T0901317 on ATP-Binding Cassette Transporter A1 and
Niemann-Pick Type C1 in ApoE-/-Mice’. Journal of Cardiovascular Pharmacology 51 (5): 467—
75. https://doi.org/10.1097/FJC.0B013E31816A5BE3.

Dashti, Monireh, Willem Kulik, Frans Hoek, Enno C Veerman, Maikel P Peppelenbosch, and Farhad
Rezaee. n.d. ‘A Phospholipidomic Analysis of All Defined Human Plasma Lipoproteins’. Sci Rep
1, 139 (2011). https://doi.org/10.1038/srep00139.

Dawaliby, Rosie, Cataldo Trubbia, Cédric Delporte, Caroline Noyon, Jean Marie Ruysschaert, Pierre
Van Antwerpen, and Cédric Govaerts. 2016. ‘Phosphatidylethanolamine Is a Key Regulator of
Membrane Fluidity in Eukaryotic Cells’. The Journal of Biological Chemistry 291 (7): 3658—67.
https://doi.org/10.1074/JBC.M115.706523.

53



Dobin, Alexander, Carrie A Davis, Chris Zaleski, Felix Schlesinger, Jorg Drenkow, Mark Chaisson,
Philippe Batut, Sonali Jha, and Thomas R Gingeras. 2012. ‘'STAR: Ultrafast Universal RNA-Seq
Aligner’. Bioinformatics 29 (1): 15-21. https://doi.org/10.1093/bioinformatics/bts635.

Eelen, Guy, Lucas Treps, Xuri Li, and Peter Carmeliet. 2020. ‘Basic and Therapeutic Aspects of An-
giogenesis Updated’. Circulation Research 127 (2): 310-29.
https://doi.org/10.1161/CIRCRESAHA.120.316851.

Eisenberg-Bord, Michal, Muriel Mari, Uri Weill, Eden Rosenfeld-Gur, Ofer Moldavski, Inés G. Castro,
Krishnakant G. Soni, et al. 2018. ‘Identification of Seipin-Linked Factors That Act as Determi-
nants of a Lipid Droplet Subpopulation’. Journal of Cell Biology 217 (1): 269-82.
https://doi.org/10.1083/JCB.201704122.

El-Sayed, Ayman, and Hideyoshi Harashima. 2013. ‘Endocytosis of Gene Delivery Vectors: From
Clathrin-Dependent to Lipid Raft-Mediated Endocytosis’. Molecular Therapy 21 (6): 1118-30.
https://doi.org/10.1038/MT.2013.54.

Feng, Bo, Pin Mei Yaol, Yankun Li, Cecilia M. Devlin, Dajun Zhang, Heather P. Harding, Michele
Sweeney, et al. 2003. ‘The Endoplasmic Reticulum Is the Site of Cholesterol-Induced Cytotoxi-
city in Macrophages’. Nature Cell Biology 5 (9): 781-92. https://doi.org/10.1038/ncb1035.

Fernandes, Tania, Tania Melo, Tiago Conde, Bruna Neves, Pedro Domingues, Rosa Resende,
Claudia F. Pereira, Paula |. Moreira, and Maria Rosario Domingues. 2024. ‘Mapping the Lip-
idome in Mitochondria-Associated Membranes (MAMSs) in an in Vitro Model of Alzheimer’s Dis-
ease’. Journal of Neurochemistry 00:1-17. https://doi.org/10.1111/JNC.16072.

Field, Bianca C., Ruth Gordillo, and Philipp E. Scherer. 2020. ‘The Role of Ceramides in Diabetes
and Cardiovascular Disease Regulation of Ceramides by Adipokines’. Frontiers in Endocrinol-
ogy 11 (October):569250. https://doi.org/10.3389/FENDO.2020.569250/BIBTEX.

Flournoy, Jennifer, Shahad Ashkanani, and Yun Chen. 2022. ‘Mechanical Regulation of Signal
Transduction in Angiogenesis’. Frontiers in Cell and Developmental Biology 10 (Au-
gust):933474. https://doi.org/10.3389/FCELL.2022.933474/BIBTEX.

FOLCH, J, M LEES, and G H SLOANE STANLEY. 1957. ‘A Simple Method for the Isolation and Pu-
rification of Total Lipides from Animal Tissues.” The Journal of Biological Chemistry 226 (1):
497-509.

Fornasiero, Eugenio F., and Jeffrey N. Savas. 2023. ‘Determining and Interpreting Protein Lifetimes
in Mammalian Tissues’. Trends in Biochemical Sciences 48 (2): 106—18.
https://doi.org/10.1016/j.tibs.2022.08.011.

Friedman, Jonathan R., Brant M. Webster, David N. Mastronarde, Kristen J. Verhey, and Gia K.
Voeltz. 2010. ‘ER Sliding Dynamics and ER-Mitochondrial Contacts Occur on Acetylated Micro-
tubules’. The Journal of Cell Biology 190 (3): 363-75. https://doi.org/10.1083/JCB.200911024.

Fung, Karen Y.Y., Gregory D. Fairn, and Warren L. Lee. 2018. ‘Transcellular Vesicular Transport in
Epithelial and Endothelial Cells: Challenges and Opportunities’. Traffic 19 (1): 5-18.
https://doi.org/10.1111/TRA.12533.

Gariballa, Nesrin, and Bassam R. Ali. 2020. ‘Endoplasmic Reticulum Associated Protein Degradation

(ERAD) in the Pathology of Diseases Related to TGF Signaling Pathway: Future Therapeutic

54



Perspectives’. Frontiers in Molecular Biosciences 7 (October):575608.
https://doi.org/10.3389/FMOLB.2020.575608/BIBTEX.

Garofalo, Tina, Paola Matarrese, Valeria Manganelli, Matteo Marconi, Antonella Tinari, Lucrezia
Gambardella, Alberto Faggioni, Roberta Misasi, Maurizio Sorice, and Walter Malorni. 2016. ‘Evi-
dence for the Involvement of Lipid Rafts Localized at the ER-Mitochondria Associated Mem-
branes in Autophagosome Formation’. Autophagy 12 (6): 917-35.
https://doi.org/10.1080/15548627.2016.1160971.

Geudens, llse, and Orgnameholger Gerhardt. 2011. ‘Coordinating Cell Behaviour during Blood Ves-
sel Formation’. Development 138 (21): 4569-83. https://doi.org/10.1242/DEV.062323.

Ghadami, Samaneh, and Kristen Dellinger. 2023. ‘The Lipid Composition of Extracellular Vesicles:
Applications in Diagnostics and Therapeutic Delivery’. Frontiers in Molecular Biosciences 10
(July):1198044. https://doi.org/10.3389/FMOLB.2023.1198044/BIBTEX.

Ghemrawi, Rose, and Mostafa Khair. 2020. ‘Endoplasmic Reticulum Stress and Unfolded Protein
Response in Neurodegenerative Diseases’. International Journal of Molecular Sciences 21 (17):
1-25. https://doi.org/10.3390/IJMS21176127.

Ghzaiel, Imen, Amira Zarrouk, Vivien Pires, Jean Paul Pais de Barros, Sonia Hammami, Mohamed
Ksila, Mohamed Hammami, et al. 2023. ‘73-Hydroxycholesterol and 7-Ketocholesterol: New Ox-
idative Stress Biomarkers of Sarcopenia Inducing Cytotoxic Effects on Myoblasts and Myo-
tubes’. The Journal of Steroid Biochemistry and Molecular Biology 232 (September):106345.
https://doi.org/10.1016/J.JSBMB.2023.106345.

Gilady, Susanna Y., Michael Bui, Emily M. Lynes, Matthew D. Benson, Russell Watts, Jean E.
Vance, and Thomas Simmen. 2010. ‘Ero1a Requires Oxidizing and Normoxic Conditions to Lo-
calize to the Mitochondria-Associated Membrane (MAM)'. Cell Stress & Chaperones 15 (5): 619.
https://doi.org/10.1007/S12192-010-0174-1.

Gomez-Navarro, Natalia, and Elizabeth A. Miller. 2016. ‘COP-Coated Vesicles'. Current Biology 26
(2): R54-57. https://doi.org/10.1016/J.CUB.2015.12.017.

Graef, Martin, Jonathan R. Friedman, Christopher Graham, Mohan Babu, and Jodi Nunnari. 2013. ‘A
Highlights from MBoC Selection: ER Exit Sites Are Physical and Functional Core Autophago-
some Biogenesis Components’. Molecular Biology of the Cell 24 (18): 2918.
https://doi.org/10.1091/MBC.E13-07-0381.

Grassi, Sara, Paola Giussani, Laura Mauri, Simona Prioni, Sandro Sonnino, and Alessandro Prinetti.
2020. ‘Lipid Rafts and Neurodegeneration: Structural and Functional Roles in Physiologic Aging
and Neurodegenerative Diseases: Thematic Review Series: Biology of Lipid Rafts’. Journal of
Lipid Research 61 (5): 636—54. https://doi.org/10.1194/JLR.TR119000427.

Grosche, Sarah, Ingo Marenholz, Jorge Esparza-Gordillo, Aleix Arnau-Soler, Erola Pairo-Castineira,
Franz Ruschendorf, Tarunveer S. Ahluwalia, et al. 2021. ‘Rare Variant Analysis in Eczema Iden-
tifies Exonic Variants in DUSP1, NOTCH4 and SLC9A4’. Nature Communications 12 (1).
https://doi.org/10.1038/S41467-021-26783-X.

Guo, Yuanhao, Di Shen, Yanfeng Zhou, Yutong Yang, Jinzhao Liang, Yating Zhou, Ningning Li, Yu
Liu, Ge Yang, and Wenjing Li. 2022. ‘Deep Learning-Based Morphological Classification of

55



Endoplasmic Reticulum Under Stress’. Frontiers in Cell and Developmental Biology 9 (Janu-
ary):767866. https://doi.org/10.3389/FCELL.2021.767866/BIBTEX.

Guo, Yuting, Di Li, Siwei Zhang, Yanrui Yang, Jia Jia Liu, Xinyu Wang, Chong Liu, et al. 2018. ‘Visu-
alizing Intracellular Organelle and Cytoskeletal Interactions at Nanoscale Resolution on Millisec-
ond Timescales’. Cell 175 (5): 1430-1442.e17. https://doi.org/10.1016/J.CELL.2018.09.057.

Haimi, Perttu, Andreas Uphoff, Martin Hermansson, and Pentti Somerharju. 2006. ‘Software Tools
for Analysis of Mass Spectrometric Lipidome Data.” Analytical Chemistry 78 (24): 8324-31.
https://doi.org/10.1021/ac061390w.

Hanna, Michael, Andrés Guillén-Samander, and Pietro De Camilli. 2023. ‘RBG Motif Bridge-Like Li-
pid Transport Proteins: Structure, Functions, and Open Questions’. Annual Review of Cell and
Developmental Biology, Volume 39, 2023 (October):409-34. https://doi.org/10.1146/ANNUREV-
CELLBIO-120420-014634.

Hardy, Lise M., Eric Frisdal, and Wilfried Le Goff. 2017. ‘Critical Role of the Human ATP-Binding
Cassette G1 Transporter in Cardiometabolic Diseases’. International Journal of Molecular Sci-
ences 18 (9). https://doi.org/10.3390/IJMS18091892.

Hariri, Hanaa, Natalie Speer, Jade Bowerman, Sean Rogers, Gang Fu, Evan Reetz, Sanchari Datta,
et al. 2019. ‘Mdm1 Maintains Endoplasmic Reticulum Homeostasis by Spatially Regulating Lipid
Droplet Biogenesis’. The Journal of Cell Biology 218 (4): 1319.
https://doi.org/10.1083/JCB.201808119.

He, Daxue, Shengquan Wang, Gaofeng Fang, Qian Zhu, Jingjing Wu, Jianling Li, Dan Shi, and Xue-
mei Lian. 2022. ‘LXRs/ABCA1 Activation Contribute to the Anti-Inflammatory Role of Phytoster-
ols on LPS-Induced Acute Lung Injury’. Journal of Functional Foods 89 (February):104966.
https://doi.org/10.1016/J.JFF.2022.104966.

He, Yan, Miao Miao Sun, Guo Geng Zhang, Jing Yang, Kui Sheng Chen, Wen Wen Xu, and Bin Li.
2021. ‘Targeting PI3K/Akt Signal Transduction for Cancer Therapy’. Signal Transduction and
Targeted Therapy 2021 6:1 6 (1): 1-17. https://doi.org/10.1038/s41392-021-00828-5.

Hemanthakumar, Karthik Amudhala, and Riikka Kivela. 2020. ‘Angiogenesis and Angiocrines Regu-
lating Heart Growth’. Vascular Biology 2 (1): R93. https://doi.org/10.1530/VB-20-0006.

Hillary, Robert F., and Una Fitzgerald. 2018. ‘A Lifetime of Stress: ATF6 in Development and Home-
ostasis’. Journal of Biomedical Science 25 (1): 1-10. https://doi.org/10.1186/S12929-018-0453-
1/FIGURES/.

Hishikawa, Daisuke, Tomomi Hashidate, Takao Shimizu, and Hideo Shindou. 2014. ‘Diversity and
Function of Membrane Glycerophospholipids Generated by the Remodeling Pathway in Mam-
malian Cells’. Journal of Lipid Research, Volume 55, Issue 5, 799 - 807.
https://doi.org/10.1194/jir.R046094.

Hu, Hai, Mingxing Tian, Chan Ding, and Shengging Yu. 2019. ‘The C/EBP Homologous Protein
(CHOP) Transcription Factor Functions in Endoplasmic Reticulum Stress-Induced Apoptosis
and Microbial Infection’. Frontiers in Immunology 10 (JAN): 423124.
https://doi.org/10.3389/FIMMU.2018.03083/BIBTEX.

56



Hu, Kexin, Qing Zhang, Yang Chen, Jintong Yang, Ying Xia, Bing Rao, Shaobai Li, et al. 2024.
‘Cryo-EM Structure of Human Sphingomyelin Synthase and Its Mechanistic Implications for
Sphingomyelin Synthesis’. Nature Structural & Molecular Biology 2024, February, 1-12.
https://doi.org/10.1038/s41594-024-01237-2.

Jambusaria, Ankit, Zhigang Hong, Lianghui Zhang, Shubhi Srivastava, Arundhati Jana, Peter T.
Toth, Yang Dai, Asrar B. Malik, and Jalees Rehman. 2020. ‘Endothelial Heterogeneity across
Distinct Vascular Beds during Homeostasis and Inflammation’. ELife 9 (January).
https://doi.org/10.7554/ELIFE.51413.

Janowski, Bethany A., Michael J. Grogan, Stagey A. Jones, G. Bruce Wisely, Steven A. Kliewer,
Elias J. Corey, and David J. Mangelsdorf. 1999. ‘Structural Requirements of Ligands for the
Oxysterol Liver X Receptors LXRa and LXRP'. Proceedings of the National Academy of Sci-
ences of the United States of America 96 (1): 266. https://doi.org/10.1073/PNAS.96.1.266.

Jiang, Wenhui, and Besim Ogretmen. 2013. ‘Ceramide Stress in Survival versus Lethal Autophagy
Paradox: Ceramide Targets Autophagosomes to Mitochondria and Induces Lethal Mitophagy’.
Autophagy 9 (2): 258-59. https://doi.org/10.4161/AUTO.22739.

Jiang, Xian Cheng. 2018. ‘Thematic Review Series: Lipid Transfer Proteins: Phospholipid Transfer
Protein: Its Impact on Lipoprotein Homeostasis and Atherosclerosis’. Journal of Lipid Research
59 (5): 764. https://doi.org/10.1194/JLR.R082503.

Jongsma, Marlieke L L.M., llana Berlin, Ruud H H.M. Wijdeven, Lennert Janssen, George M M.C.
Janssen, Malgorzata A A. Garstka, Hans Janssen, et al. 2016. ‘An ER-Associated Pathway De-
fines Endosomal Architecture for Controlled Cargo Transport’. Cell 166 (1): 152—66.
https://doi.org/10.1016/J.CELL.2016.05.078.

Juan, Celia Andrés, José Manuel Pérez de la Lastra, Francisco J. Plou, and Eduardo Pérez-Lebefa.
2021. ‘The Chemistry of Reactive Oxygen Species (ROS) Revisited: Outlining Their Role in Bio-
logical Macromolecules (DNA, Lipids and Proteins) and Induced Pathologies’. International
Journal of Molecular Sciences 22 (9): 4642. https://doi.org/10.3390/IJMS22094642.

Juhl, Alice Dupont, and Daniel Wistner. 2022. ‘Pathways and Mechanisms of Cellular Cholesterol
Efflux—Insight From Imaging’. Frontiers in Cell and Developmental Biology 10 (March).
https://doi.org/10.3389/FCELL.2022.834408.

Kadl, Alexandra, and Norbert Leitinger. 2005. ‘The Role of Endothelial Cells in the Resolution of
Acute Inflammation’. Antioxidants & Redox Signaling 7 (11-12): 1744-54.
https://doi.org/10.1089/ARS.2005.7.1744.

Kajikawa, Masato, Tatsuya Maruhashi, Takeshi Matsumoto, Yumiko lwamoto, Akimichi Iwamoto,
Nozomu Oda, Shinji Kishimoto, et al. 2016. ‘Relationship between Serum Triglyceride Levels
and Endothelial Function in a Large Community-Based Study’. Atherosclerosis 249 (June):70—
75. https://doi.org/10.1016/j.atherosclerosis.2016.03.035.

Kallio, M Aleksi, Jarno T Tuimala, Taavi Hupponen, Petri Klemeld, Massimiliano Gentile, llari
Scheinin, Mikko Koski, Janne K&ki, and Eija | Korpelainen. 2011. ‘Chipster: User-Friendly Analy-
sis Software for Microarray and Other High-Throughput Data’. BMC Genomics 12 (Octo-
ber):507. https://doi.org/10.1186/1471-2164-12-507.

57



Kannan, Muthukumar, Sujoy Lahiri, Li Ka Liu, Vineet Choudhary, and William A. Prinz. 2017. ‘Phos-
phatidylserine Synthesis at Membrane Contact Sites Promotes Its Transport out of the ER’.
Journal of Lipid Research 58 (3): 553-62. https://doi.org/10.1194/JLR.M072959.

Kennedy, Matthew A, Gabriel C Barrera, Kotoka Nakamura, Angel Baldan, Paul Tarr, Michael C
Fishbein, Joy Frank, Omar L Francone, and Peter A Edwards. 2005. ‘ABCG1 Has a Critical
Role in Mediating Cholesterol Efflux to HDL and Preventing Cellular Lipid Accumulation’. Cell
Metabolism, Volume 1, Issue 2, 121 — 131. https://doi.org/10.1016/j.cmet.2005.01.002.

Kentala, Henriikka, Annika Koponen, Annukka M Kiveld, Robert Andrews, ChunHei Li, You Zhou,
and Vesa M Olkkonen. 2018. ‘Analysis of ORP2-Knockout Hepatocytes Uncovers a Novel
Function in Actin Cytoskeletal Regulation’. The FASEB Journal 32 (3): 1281-95.
https://doi.org/10.1096/fj.201700604R.

Kentala, Henriikka, Annika Koponen, Helena Vihinen, Juho Pirhonen, Gerhard Liebisch, Zoltan Pataj,
Annukka Kivela, et al. 2018. ‘OSBP-Related Protein-2 (ORP2): A Novel Akt Effector That Con-
trols Cellular Energy Metabolism’. Cellular and Molecular Life Sciences 75 (21): 4041-57.
https://doi.org/10.1007/S00018-018-2850-8.

Kim, Bo Hyun, Hyun Woo Lee, Hongki Ham, Hee Jin Kim, Hyemin Jang, Jun Pyo Kim, Yu Hyun
Park, Mansu Kim, and Sang Won Seo. 2023. ‘Clinical Effects of Novel Susceptibility Genes for
Beta-Amyloid: A Gene-Based Association Study in the Korean Population’. Frontiers in Aging
Neuroscience 15 (October):1278998. https://doi.org/10.3389/FNAGI.2023.1278998/BIBTEX.

Kim, Boa, and Zolt Arany. 2022. ‘Endothelial Lipid Metabolism’. Cold Spring Harbor Perspectives in
Medicine 12 (6): a041162. https://doi.org/10.1101/CSHPERSPECT.A041162.

Kim, Yeun Ju, Maria Luisa Guzman-Hernandez, and Tamas Balla. 2011. ‘A Highly Dynamic ER-De-
rived Phosphatidylinositol-Synthesizing Organelle Supplies Phosphoinositides to Cellular Mem-
branes’. Developmental Cell 21 (5): 813-24. https://doi.org/10.1016/J.DEVCEL.2011.09.005.

Koponen, Annika, Guoping Pan, Annukka M Kivela, Arthur Ralko, Juuso H Taskinen, Amita Arora,
Riikka Kosonen, et al. 2020a. ‘ORP2, a Cholesterol Transporter, Regulates Angiogenic Signal-
ing in Endothelial Cells’. The FASEB Journal 34 (11): 14671-94.
https://doi.org/https://doi.org/10.1096/fj.202000202R.

Koponen, Annika, Guoping Pan, Annukka M. Kiveld, Arthur Ralko, Juuso H. Taskinen, Amita Arora,
Riikka Kosonen, et al. 2020b. ‘ORP2, a Cholesterol Transporter, Regulates Angiogenic Signal-
ing in Endothelial Cells’. FASEB Journal : Official Publication of the Federation of American So-
cieties for Experimental Biology 34 (11): 14671-94. https://doi.org/10.1096/FJ.202000202R.

. 2020c. ‘ORP2, a Cholesterol Transporter, Regulates Angiogenic Signaling in Endothelial
Cells’. FASEB Journal 34 (11): 14671-94. https://doi.org/10.1096/FJ.202000202R.

Korobova, Farida, Vinay Ramabhadran, and Henry N. Higgs. 2013. ‘An Actin-Dependent Step in Mi-
tochondrial Fission Mediated by the ER-Associated Formin INF2’. Science (New York, N.Y.) 339
(6118): 464—67. https://doi.org/10.1126/SCIENCE.1228360.

Kors, Suzan, Joseph L Costello, and Michael Schrader. 2022. VAP Proteins — From Organelle Teth-

ers to Pathogenic Host Interactors and Their Role in Neuronal Disease’. Frontiers in Cell and

58



Developmental Biology, 10, 2022. https://www.frontiersin.org/arti-
cles/10.3389/fcell.2022.895856.

Kruger-Genge, Anne, Anna Blocki, Ralf Peter Franke, and Friedrich Jung. 2019. ‘Vascular Endothe-
lial Cell Biology: An Update’. International Journal of Molecular Sciences 2019, Vol. 20, Page
4411 20 (18): 4411. https://doi.org/10.3390/IJMS20184411.

La Haba, Carlos De, José R. Palacio, Paz Martinez, and Antoni Morros. 2013. ‘Effect of Oxidative
Stress on Plasma Membrane Fluidity of THP-1 Induced Macrophages’. Biochimica et Biophys-
ica Acta (BBA) - Biomembranes 1828 (2): 357—-64.
https://doi.org/10.1016/J.BBAMEM.2012.08.013.

Lanner, Johanna T., Dimitra K. Georgiou, Aditya D. Joshi, and Susan L. Hamilton. 2010. ‘Ryanodine
Receptors: Structure, Expression, Molecular Details, and Function in Calcium Release’. Cold
Spring Harbor Perspectives in Biology 2 (11). https://doi.org/10.1101/CSHPER-
SPECT.A003996.

Law, Shi Hui, Mei Lin Chan, Gopal K. Marathe, Farzana Parveen, Chu Huang Chen, and Liang Yin
Ke. 2019. ‘An Updated Review of Lysophosphatidylcholine Metabolism in Human Diseases’. In-
ternational Journal of Molecular Sciences 20 (5). https://doi.org/10.3390/IJMS20051149.

Leach, Michael R., and David B. Williams. 2013. ‘Calnexin and Calreticulin, Molecular Chaperones of
the Endoplasmic Reticulum’. In: Madame Curie Bioscience Database [Internet]. Austin (TX):
Landes Bioscience; 2000-2013. Available from: https://www.ncbi.nim.nih.gov/books/NBK6095/

Lee, Duckgue, Daniel Hokinson, Soyoung Park, Rosalie Elvira, Fedho Kusuma, Ji Min Lee, Miyong
Yun, Seok Geun Lee, and Jaeseok Han. 2019a. ‘ER Stress Induces Cell Cycle Arrest at the
G2/M Phase Through EIF2a Phosphorylation and GADD45a’. International Journal of Molecular
Sciences 2019, Vol. 20, Page 6309 20 (24): 6309. https://doi.org/10.3390/IJMS20246309.

. 2019b. ‘ER Stress Induces Cell Cycle Arrest at the G2/M Phase Through EIF2a Phosphory-
lation and GADD45a’. International Journal of Molecular Sciences 2019, Vol. 20, Page 6309 20
(24): 6309. https://doi.org/10.3390/IJMS20246309.

Lee, Jason E., Laura M. Westrate, Haoxi Wu, Cynthia Page, and Gia K. Voeltz. 2016. ‘Multiple Dy-
namin Family Members Collaborate to Drive Mitochondrial Division’. Nature 2016 540:7631 540
(7631): 139-43. https://doi.org/10.1038/nature20555.

Lees, Joshua A., Mirko Messa, Elizabeth Wen Sun, Heather Wheeler, Federico Torta, Markus R.
Wenk, Pietro De Camilli, and Karin M. Reinisch. 2017. ‘Lipid Transport by TMEM24 at ER-
Plasma Membrane Contacts Regulates Pulsatile Insulin Secretion’. Science (New York, N.Y.)
355 (6326). https://doi.org/10.1126/SCIENCE.AAH6171.

Lehto, Markku, Jukka Tienari, Sanna Lehtonen, Eero Lehtonen, and Vesa M Olkkonen. 2004. ‘Sub-
family 11l of Mammalian Oxysterol-Binding Protein (OSBP) Homologues: The Expression and
Intracellular Localization of ORP3, ORP6, and ORP7’. Cell and Tissue Research 315 (1): 39—
57. https://doi.org/10.1007/s00441-003-0817-y.

Lessmann, Eva, Mike Ngo, Michael Leitges, Susana Minguet, Neale D. Ridgway, and Michael Hu-
ber. 2006. ‘Oxysterol-Binding Protein-Related Protein (ORP) 9 Is a PDK-2 Substrate and

59



Regulates Akt Phosphorylation.” Cellular Signalling 19 (2): 384-92.
https://doi.org/10.1016/J.CELLSIG.2006.07.009.

Li, Dan, Yuan Zhang, Jing Ma, Wenhua Ling, and Min Xia. 2010. ‘Adenosine Monophosphate Acti-
vated Protein Kinase Regulates ABCG1-Mediated Oxysterol Efflux From Endothelial Cells and
Protects Against Hypercholesterolemia-Induced Endothelial Dysfunction’. Arteriosclerosis,
Thrombosis and Vascular Biology 30 (7): 1354—62. https://doi.org/10.1161/AT-
VBAHA.110.204230.

Li, Gan, Junjie Gao, Peng Ding, and Youshui Gao. 2024. ‘The Role of Endothelial Cell-Pericyte In-
teractions in Vascularization and Diseases’. Journal of Advanced Research, January.
https://doi.org/10.1016/J.JARE.2024.01.016.

Lin, Yani, Liyuan Ran, Ximing Du, Hongyuan Yang, and Yingjie Wu. 2023. ‘Oxysterol-Binding Pro-
tein: New Insights into Lipid Transport Functions and Human Diseases’. Biochimica et Biophys-
ica Acta (BBA) - Molecular and Cell Biology of Lipids 1868 (9): 159365.
https://doi.org/10.1016/J.BBALIP.2023.159365.

Liou, Jen, Man Lyang Kim, Do Heo Won, Joshua T. Jones, Jason W. Myers, James E. Ferrell, and
Tobias Meyer. 2005. ‘STIM Is a Ca2+ Sensor Essential for Ca2+-Store-Depletion-Triggered
Ca2+ Influx’. Current Biology 15 (13): 1235—41. https://doi.org/10.1016/J.CUB.2005.05.055.

Liu, Hao, Xiao Liu, Haixia Zhuang, Hualin Fan, Dongxing Zhu, Yiming Xu, Pengcheng He, Jinbao
Liu, and Du Feng. 2020. ‘Mitochondrial Contact Sites in Inflammation-Induced Cardiovascular
Disease’. Frontiers in Cell and Developmental Biology 8 (July):555299.
https://doi.org/10.3389/FCELL.2020.00692/BIBTEX.

Liu, Xiaonan, Kari Salokas, Rigbe G. Weldatsadik, Lisa Gawriyski, and Markku Varjosalo. 2020.
‘Combined Proximity Labeling and Affinity Purification—mass Spectrometry Workflow for Map-
ping and Visualizing Protein Interaction Networks’. Nature Protocols 2020 15:10 15 (10): 3182—
3211. https://doi.org/10.1038/s41596-020-0365-x.

Liu, Z., Y. Lv, N. Zhao, G. Guan, and J. Wang. 2015. ‘Protein Kinase R-like ER Kinase and Its Role
in Endoplasmic Reticulum Stress-Decided Cell Fate’. Cell Death & Disease 2015 6:7 6 (7):
e1822-e1822. https://doi.org/10.1038/cddis.2015.183.

Love, Michael |, Wolfgang Huber, and Simon Anders. 2014. ‘Moderated Estimation of Fold Change
and Dispersion for RNA-Seq Data with DESeq2’. Genome Biology 15 (12): 550.
https://doi.org/10.1186/s13059-014-0550-8.

Lu, Run, Naoaki Kanai, Yi Bao, and Victor L. Schuster. 1996. ‘Cloning, in Vitro Expression, and Tis-
sue Distribution of a Human Prostaglandin Transporter CDNA(HPGT)'. The Journal of Clinical
Investigation 98 (5): 1142—-49. https://doi.org/10.1172/JC1118897.

Luit, Arnold H. Van Der, Marianne Budde, Paula Ruurs, Marcel Verheij, and Wim J. Van Blitterswijk.
2002. ‘Alkyl-Lysophospholipid Accumulates in Lipid Rafts and Induces Apoptosis via Raft-De-
pendent Endocytosis and Inhibition of Phosphatidylcholine Synthesis’. The Journal of Biological
Chemistry 277 (42): 39541-47. https://doi.org/10.1074/JBC.M203176200.

Lund, Erik G., Chonglun Xie, Tiina Kotti, Stephen D. Turley, John M. Dietschy, and David W. Russell.

2003. ‘Knockout of the Cholesterol 24-Hydroxylase Gene in Mice Reveals a Brain-Specific

60



Mechanism of Cholesterol Turnover’. Journal of Biological Chemistry 278 (25): 22980-88.
https://doi.org/10.1074/jbc.M303415200.

Machamer, Carolyn E. 2015. ‘The Golgi Complex in Stress and Death’. Frontiers in Neuroscience 9
(NOV): 421. https://doi.org/10.3389/FNINS.2015.00421.

Manning, Brendan D, and Alex Toker. 2017. ‘Leading Edge Review AKT/PKB Signaling: Navigating
the Network’. Cell 169:381—405. https://doi.org/10.1016/j.cell.2017.04.001.

Manor, Uri, Sadie Bartholomew, Gonen Golani, Eric Christenson, Michael Kozlov, Henry Higgs,
James Spudich, and Jennifer Lippincott-Schwartz. 2015. ‘A Mitochondria-Anchored Isoform of
the Actin-Nucleating Spire Protein Regulates Mitochondrial Division’. ELife 4 (AUGUST2015).
https://doi.org/10.7554/ELIFE.08828.

Mao, Dongxue, Guang Lin, Burak Tepe, Zhongyuan Zuo, Kai Li Tan, Mumine Senturk, Sheng Zhang,
Benjamin R Arenkiel, Marco Sardiello, and Hugo J Bellen. 2019. ‘VAMP Associated Proteins
Are Required for Autophagic and Lysosomal Degradation by Promoting a PtdIns4P-Mediated
Endosomal Pathway.” Autophagy 15 (7): 1214-33.
https://doi.org/10.1080/15548627.2019.1580103.

Marques, Vanessa D., Amilton A. Barreira, Mary B. Davis, Patrick M. Abou-Sleiman, Wilson A. Silva,
Marco A. Zago, Claudia Sobreira, Valéria Fazan, and Wilson Marques. 2006. ‘Expanding the
Phenotypes of the Pro56Ser VAPB Mutation: Proximal SMA with Dysautonomia’. Muscle &
Nerve 34 (6): 731-39. https://doi.org/10.1002/MUS.20657.

Martins, Bruna Rodrigues, Thais Silva Pinto, Célio Junior da Costa Fernandes, Fabio Bezerra, and
Willian Fernando Zambuzzi. 2021. ‘PI3K/AKT Signaling Drives Titanium-Induced Angiogenic
Stimulus’. Journal of Materials Science: Materials in Medicine 32 (1): 1-9.
https://doi.org/10.1007/S10856-020-06473-8/FIGURES/4.

Mattia, Thomas Di, Léa P Wilhelm, Souade Ikhlef, Corinne Wendling, Daniéle Spehner, Yves
Nominé, Francesca Giordano, et al. 2018. ‘Identification of MOSPD2, a Novel Scaffold for Endo-
plasmic Reticulum Membrane Contact Sites’. EMBO Reports 19 (7): e45453.
https://doi.org/https://doi.org/10.15252/embr.201745453.

Matysik, S, H H Klinemann, and G Schmitz. 2012. ‘Gas Chromatography—Tandem Mass Spectrom-
etry Method for the Simultaneous Determination of Oxysterols, Plant Sterols, and Cholesterol
Precursors’. Clinical Chemistry 58 (11): 1557—-64.
https://doi.org/10.1373/clinchem.2012.189605.

Meade, Rodrigo, Yang Chao, Nikolai Harroun, Chenglong Li, Shahab Hafezi, Fong Fu Hsu, Clay F.
Semenkovich, and Mohamed A. Zayed. 2023. ‘Ceramides in Peripheral Arterial Plaque Lead to
Endothelial Cell Dysfunction’. JVS-Vascular Science 4 (January).
https://doi.org/10.1016/J.JVSSCI.2023.100181.

Meer, Gerrit van, Dennis R. Voelker, and Gerald W. Feigenson. 2008. ‘Membrane Lipids: Where
They Are and How They Behave’. Nature Reviews Molecular Cell Biology 9 (2): 112-24.
https://doi.org/10.1038/nrm2330.

Mellacheruvu, Dattatreya, Zachary Wright, Amber L. Couzens, Jean Philippe Lambert, Nicole A. St-
Denis, Tuo Li, Yana V. Miteva, et al. 2013. ‘The CRAPome: A Contaminant Repository for

61



Affinity Purification Mass Spectrometry Data’. Nature Methods 10 (8): 730.
https://doi.org/10.1038/NMETH.2557.

Mesaros, Clementina, Seon Hwa Lee, and lan A. Blair. 2010. ‘Analysis of Epoxyeicosatrienoic Acids
by Chiral Liquid Chromatography/Electron Capture Atmospheric Pressure Chemical lonization
Mass Spectrometry Using [13C]-Analog Internal Standards’. Rapid Communications in Mass
Spectrometry: RCM 24 (22): 3237—-47. https://doi.org/10.1002/RCM.4760.

Mesmin, Bruno, Joélle Bigay, Joachim Moser von Filseck, Sandra Lacas-Gervais, Guillaume Drin,
and Bruno Antonny. 2013. ‘A Four-Step Cycle Driven by PI(4)P Hydrolysis Directs Sterol/P1(4)P
Exchange by the ER-Golgi Tether OSBP’. Cell 155 (4): 830—43.
https://doi.org/10.1016/j.cell.2013.09.056.

Mesmin, Bruno, Joélle Bigay, Joél Polidori, Denisa Jamecna, Sandra Lacas-Gervais, and Bruno An-
tonny. 2017. ‘Sterol Transfer, PI4P Consumption, and Control of Membrane Lipid Order by En-
dogenous OSBP’. The EMBO Journal 36 (21): 3156-74.
https://doi.org/https://doi.org/10.15252/embj.201796687.

Minami, Takashi, Masashi Muramatsu, and Tsutomu Kume. 2019. ‘Organ/Tissue-Specific Vascular
Endothelial Cell Heterogeneity in Health and Disease’. Biological and Pharmaceutical Bulletin
42 (10): 1609-19. https://doi.org/10.1248/BPB.B19-00531.

Misawa, Takuma, Michihiro Takahama, and Tatsuya Saitoh. 2017. ‘Mitochondria—Endoplasmic Re-
ticulum Contact Sites Mediate Innate Inmune Responses’. Advances in Experimental Medicine
and Biology 997:187-97. https://doi.org/10.1007/978-981-10-4567-7_14.

Mohamed A, Molendijk J. (2023). lipidr: Data Mining and Analysis of Lipidomics Datasets. R package
version 2.15.1, https://github.com/ahmohamed/lipidr.

Moncan, Matthieu, Katarzyna Mnich, Arnaud Blomme, Aitor Almanza, Afshin Samali, and Adrienne
M. Gorman. 2021. ‘Regulation of Lipid Metabolism by the Unfolded Protein Response’. Journal
of Cellular and Molecular Medicine 25 (3): 1359. https://doi.org/10.1111/JCMM.16255.

Mourier, Arnaud, Elisa Motori, Tobias Brandt, Marie Lagouge, llian Atanassov, Anne Galinier, Gunter
Rappl, et al. 2015. ‘Mitofusin 2 Is Required to Maintain Mitochondrial Coenzyme Q Levels’. The
Journal of Cell Biology 208 (4): 429. https://doi.org/10.1083/JCB.201411100.

Muhleder, Severin, Macarena Fernandez-Chacon, Irene Garcia-Gonzalez, and Rui Benedito. 2020.
‘Endothelial Sprouting, Proliferation, or Senescence: Tipping the Balance from Physiology to
Pathology’. Cellular and Molecular Life Sciences 2020 78:4 78 (4): 1329-54.
https://doi.org/10.1007/S00018-020-03664-Y.

Minch, Gétz, Andreas Bultmann, Zhongmin Li, Hans Peter Holthoff, Julia Ullrich, Silvia Wagner, and
Martin Ungerer. 2014a. ‘Overexpression of ABCG1 Protein Attenuates Arteriosclerosis and En-
dothelial Dysfunction in Atherosclerotic Rabbits’. Heart International. 2012;7(2).
doi:10.4081/hi.2012.e12.

Murley, Andrew, Justin Yamada, Bradley J. Niles, Alexandre Toulmay, William A. Prinz, Ted Powers,
and Jodi Nunnari. 2017. ‘Sterol Transporters at Membrane Contact Sites Regulate TORC1 and
TORC2 Signaling’. The Journal of Cell Biology 216 (9): 2679.
https://doi.org/10.1083/JCB.201610032.

62



Murphy, Sarah E, and Tim P Levine. 2016. ‘VAP, a Versatile Access Point for the Endoplasmic Re-
ticulum: Review and Analysis of FFAT-like Motifs in the VAPome.’ Biochimica et Biophysica
Acta 1861 (8 Pt B): 952—61. https://doi.org/10.1016/j.bbalip.2016.02.009.

Mutemberezi, Valentin, Owein Guillemot-Legris, and Giulio G Muccioli. 2016. ‘Oxysterols: From Cho-
lesterol Metabolites to Key Mediators’. Progress in Lipid Research, Volume 64, 2016, Pages
152-169, https://doi.org/10.1016/j.plipres.2016.09.002.

Nascimbeni, Anna Chiara, Francesca Giordano, Nicolas Dupont, Daniel Grasso, Maria | Vaccaro,
Patrice Codogno, and Etienne Morel. 2017. ‘ER-Plasma Membrane Contact Sites Contribute to
Autophagosome Biogenesis by Regulation of Local PI3P Synthesis’. The EMBO Journal 36
(14): 2018-33. https://doi.org/10.15252/EMBJ.201797006.

Newman, Andrew C., Martin N. Nakatsu, Wayne Chou, Paul D. Gershon, and Christopher C.W.
Hughes. 2011. ‘The Requirement for Fibroblasts in Angiogenesis: Fibroblast-Derived Matrix Pro-
teins Are Essential for Endothelial Cell Lumen Formation’. Molecular Biology of the Cell 22 (20):
3791. https://doi.org/10.1091/MBC.E11-05-0393.

Ngo, Michael Hung, Michael Huber, and Neale Ridgway. 2006. ‘ORP9 Negatively Regulates Phos-
phorylation of Serine 473 in Akt'. The FASEB Journal 20 (4): A496—-A496.
https://doi.org/10.1096/FASEBJ.20.4.A496-B.

Nicchitta, Christopher V. 2024. ‘An Emerging Role for the Endoplasmic Reticulum in Stress Granule
Biogenesis’. Seminars in Cell & Developmental Biology 156 (March):160—66.
https://doi.org/10.1016/J.SEMCDB.2022.09.013.

Nishimura, Agnes L, Miguel Mitne-Neto, Helga C A Silva, Antonio Richieri-Costa, Susan Middleton,
Duilio Cascio, Fernando Kok, et al. 2004. ‘A Mutation in the Vesicle-Trafficking Protein VAPB
Causes Late-Onset Spinal Muscular Atrophy and Amyotrophic Lateral Sclerosis’. The American
Journal of Human Genetics 75 (5): 822—-31. https://doi.org/10.1086/425287.

Oh, Byung Chul. 2023. ‘Phosphoinositides and Intracellular Calcium Signaling: Novel Insights into
Phosphoinositides and Calcium Coupling as Negative Regulators of Cellular Signaling’. Experi-
mental & Molecular Medicine 2023 55:8 55 (8): 1702—12. https://doi.org/10.1038/s12276-023-
01067-0.

Oh-hashi, Kentaro, Hibiki Nakamura, Hirotaka Ogawa, Yoko Hirata, and Kaori Sakurai. 2023. ‘Eluci-
dation of OSW-1-Induced Stress Responses in Neuro2a Cells’. International Journal of Molecu-
lar Sciences 24 (6): 5787. https://doi.org/10.3390/IJMS24065787/S1.

Okumura, Keniji, Yoshihisa Shirai, Junichiro Kondo, Hidekazu Hashimoto, Takayuki Ito, and Kouichi
Ogawa. 1990. ‘Norepinephrine-Induced 1,2-Diacylglycerol Accumulation and Change in Its Fatty
Acid Composition in the Isolated Perfused Rat Heart’. Molecular and Cellular Biochemistry 93
(2): 173-78. https://doi.org/10.1007/BF00226189.

Olkkonen, Vesa M., Olivier Béaslas, and Eija Nissila. 2012. ‘Oxysterols and Their Cellular Effectors’.
Biomolecules 2 (1): 76. https://doi.org/10.3390/BIOM2010076.

Olzmann, James A., and Pedro Carvalho. 2019a. ‘Dynamics and Functions of Lipid Droplets’. Nature
Reviews. Molecular Cell Biology 20 (3): 137. https://doi.org/10.1038/S41580-018-0085-Z.

63



Orchard, Sandra, Mais Ammari, Bruno Aranda, Lionel Breuza, Leonardo Briganti, Fiona Broackes-
Carter, Nancy H. Campbell, et al. 2014. ‘The MIntAct Project—IntAct as a Common Curation
Platform for 11 Molecular Interaction Databases’. Nucleic Acids Research 42 (D1): D358-63.
https://doi.org/10.1093/NAR/GKT1115.

Osellame, Laura D., Abeer P. Singh, David A. Stroud, Catherine S. Palmer, Diana Stojanovski, Ra-
jesh Ramachandran, and Michael T. Ryan. 2016. ‘Cooperative and Independent Roles of the
Drp1 Adaptors Mff, MiD49 and MiD51 in Mitochondrial Fission’. Journal of Cell Science 129
(11): 2170-81. https://doi.org/10.1242/JCS.185165/-/DC1.

Pan, Xianrun, Liping Ren, Yu Yang, Yi Xu, Lin Ning, Yibing Zhang, Huaichao Luo, Quan Zou, and
Yang Zhang. 2024. ‘MCSdb, a Database of Proteins Residing in Membrane Contact Sites’. Sci-
entific Data 2024 11:1 11 (1): 1-8. https://doi.org/10.1038/s41597-024-03104-7.

Paukner, Karel, lvana Kralova Lesnd, and Rudolf Poledne. 2022. ‘Cholesterol in the Cell Mem-
brane—An Emerging Player in Atherogenesis’. International Journal of Molecular Sciences
2022, Vol. 23, Page 533 23 (1): 533. https://doi.org/10.3390/IJMS23010533.

Péresse, Tiphaine, David Kovacs, Mélody Subra, Joélle Bigay, Meng Chen Tsai, Joél Polidori, Ro-
main Gautier, et al. 2020. ‘Molecular and Cellular Dissection of the Oxysterol-Binding Protein
Cycle through a Fluorescent Inhibitor’. Journal of Biological Chemistry 295 (13): 4277-88.
https://doi.org/10.1074/jbc.RA119.012012.

Pérez-Sancho, Jessica, Steffen Vanneste, Eunkyoung Lee, Heather E. McFarlane, Alicia Esteban
del Valle, Victoriano Valpuesta, Jifi Friml, Miguel A. Botella, and Abel Rosado. 2015. ‘The Ara-
bidopsis Synaptotagmin1 Is Enriched in Endoplasmic Reticulum-Plasma Membrane Contact
Sites and Confers Cellular Resistance to Mechanical Stresses’. Plant Physiology 168 (1): 132—
43. https://doi.org/10.1104/PP.15.00260.

Perkins, Hannah T., and Viki Allan. 2021. ‘Intertwined and Finely Balanced: Endoplasmic Reticulum
Morphology, Dynamics, Function, and Diseases’. Cells 2021, Vol. 10, Page 2341 10 (9): 2341.
https://doi.org/10.3390/CELLS10092341.

Pikuleva, Irina A., Amir Babiker, Michael R. Waterman, and Ingemar Bjorkhem. 1998. ‘Activities of
Recombinant Human Cytochrome P450c27 (CYP27) Which Produce Intermediates of Alterna-
tive Bile Acid Biosynthetic Pathways’. The Journal of Biological Chemistry 273 (29): 18153-60.
https://doi.org/10.1074/JBC.273.29.18153.

Porter, K. R. 1957. ‘'STUDIES ON THE ENDOPLASMIC RETICULUM: IIl. ITS FORM AND DISTRI-
BUTION IN STRIATED MUSCLE CELLS'. The Journal of Cell Biology 3 (2): 269-300.
https://doi.org/10.1083/jcb.3.2.269.

Prinz, William A. 2014. ‘Bridging the Gap: Membrane Contact Sites in Signaling, Metabolism, and Or-
ganelle Dynamics’. The Journal of Cell Biology 205 (6): 759-69.
https://doi.org/10.1083/jcb.201401126.

Prinz, William A., Alexandre Toulmay, and Tamas Balla. 2019. ‘The Functional Universe of Mem-
brane Contact Sites’. Nature Reviews Molecular Cell Biology 2019 21:1 21 (1): 7-24.
https://doi.org/10.1038/s41580-019-0180-9.

64



Pyl, Paul Theodor, Simon Anders, and Wolfgang Huber. 2014. ‘HTSeq—a Python Framework to
Work with High-Throughput Sequencing Data’. Bioinformatics 31 (2): 166—69.
https://doi.org/10.1093/bioinformatics/btu638.

Qian, Hongwu, Xin Zhao, Renhong Yan, Xia Yao, Shuai Gao, Xue Sun, Ximing Du, Hongyuan Yang,
Catherine C.L. Wong, and Nieng Yan. 2020. ‘Structural Basis for Catalysis and Substrate Speci-
ficity of Human ACAT1'. Nature 581 (7808): 333-38. https://doi.org/10.1038/S41586-020-2290-
0.

Quinville, Brianna M., Natalie M. Deschenes, Alex E. Ryckman, and Jagdeep S. Walia. 2021. ‘A
Comprehensive Review: Sphingolipid Metabolism and Implications of Disruption in Sphingolipid
Homeostasis’. International Journal of Molecular Sciences 2021, Vol. 22, Page 5793 22 (11):
5793. https://doi.org/10.3390/IJMS22115793.

Raiborg, Camilla, Eva M. Wenzel, Nina M. Pedersen, Hallvard Olsvik, Kay O. Schink, Sebastian W.
Schultz, Marina Vietri, et al. 2015. ‘Repeated ER-Endosome Contacts Promote Endosome
Translocation and Neurite Outgrowth’. Nature 2015 520:7546 520 (7546): 234-38.
https://doi.org/10.1038/nature 14359.

Raturi, Arun, Tomas Gutiérrez, Carolina Ortiz-Sandoval, Araya Ruangkittisakul, Maria Sol Herrera-
Cruz, Jeremy P. Rockley, Kevin Gesson, et al. 2016. ‘TMX1 Determines Cancer Cell Metabo-
lism as a Thiol-Based Modulator of ER-Mitochondria Ca2+ Flux'. The Journal of Cell Biology
214 (4): 433—44. https://doi.org/10.1083/JCB.201512077.

Reinhard, John, Carsten Mattes, Kristina Vath, Toni Radanovi¢, Michal A. Surma, Christian Klose,
and Robert Ernst. 2020. ‘A Quantitative Analysis of Cellular Lipid Compositions During Acute
Proteotoxic ER Stress Reveals Specificity in the Production of Asymmetric Lipids’. Frontiers in
Cell and Developmental Biology 8 (August). https://doi.org/10.3389/FCELL.2020.00756/FULL.

Rizzuto, Rosario, Marisa Brini, Marta Murgia, and Tullio Pozzan. 1993. ‘Microdomains with High
Ca2+ Close to IP3-Sensitive Channels That Are Sensed by Neighboring Mitochondria’. Science
(New York, N.Y.) 262 (5134): 744—47. https://doi.org/10.1126/SCIENCE.8235595.

Robertson, J David. 1960. ‘The Molecular Structure and Contact Relationships of Cell Membranes.’
Progress in Biophysics and Molecular Biology .

Rocha, Nuno, Coenraad Kuijl, Rik Van Der Kant, Lennert Janssen, Diane Houben, Hans Janssen,
Wilbert Zwart, and Jacques Neefjes. 2009. ‘Cholesterol Sensor ORP1L Contacts the ER Protein
VAP to Control Rab7-RILP-P150 Glued and Late Endosome Positioning’. The Journal of Cell
Biology 185 (7): 1209-25. https://doi.org/10.1083/JCB.200811005.

Rodrigues, Stephen F., and D. Neil Granger. 2015. ‘Blood Cells and Endothelial Barrier Function’.
Tissue Barriers 3 (1). https://doi.org/10.4161/21688370.2014.978720.

Romeo, Giulio R., and Andrius Kazlauskas. 2008. ‘Oxysterol and Diabetes Activate STAT3 and Con-
trol Endothelial Expression of Profilin-1 via OSBP1’. Journal of Biological Chemistry 283 (15):
9595-9605. https://doi.org/10.1074/jbc.M710092200.

Ruhanen, Hanna, P A Nidhina Haridas, Eeva-Liisa Eskelinen, Ove Eriksson, Vesa M Olkkonen, and

Reijo Kékela. 2017. ‘Depletion of TM6SF2 Disturbs Membrane Lipid Composition and Dynamics

65



in HUH7 Hepatoma Cells.” Biochimica et Biophysica Acta. Molecular and Cell Biology of Lipids
1862 (7): 676-85. https://doi.org/10.1016/j.bbalip.2017.04.004.

Salogiannis, John, Martin J. Egan, and Samara L. Reck-Peterson. 2016. ‘Peroxisomes Move by
Hitchhiking on Early Endosomes Using the Novel Linker Protein PxdA’. Journal of Cell Biology
212 (3): 289-96. https://doi.org/10.1083/JCB.201512020/VIDEO-8.

Schapire, Arnaldo L., Boris Voigt, Jan Jasik, Abel Rosado, Rosa Lopez-Cobollo, Diedrik Menzel,
Julio Salinas, et al. 2008. ‘Arabidopsis Synaptotagmin 1 Is Required for the Maintenance of
Plasma Membrane Integrity and Cell Viability’. The Plant Cell 20 (12): 3374-88.
https://doi.org/10.1105/TPC.108.063859.

Schimmel, Lilian, Niels Heemskerk, and Jaap D. van Buul. 2017. ‘Leukocyte Transendothelial Migra-
tion: A Local Affair'. Small GTPases 8 (1): 1-15. Small GTPases, 8(1), 1-15.
https://doi.org/10.1080/21541248.2016.1197872

Schindelin, Johannes, Ignacio Arganda-Carreras, Erwin Frise, Verena Kaynig, Mark Longair, Tobias
Pietzsch, Stephan Preibisch, et al. 2012. ‘Fiji: An Open-Source Platform for Biological-Image
Analysis’. Nature Methods 9 (7): 676—82. https://doi.org/10.1038/nmeth.2019.

Schuck, Sebastian, William A. Prinz, Kurt S. Thorn, Christiane Voss, and Peter Walter. 2009. ‘Mem-
brane Expansion Alleviates Endoplasmic Reticulum Stress Independently of the Unfolded Pro-
tein Response’. Journal of Cell Biology 187 (4): 525-36.
https://doi.org/10.1083/JCB.200907074.

Schwarz, Dianne S., and Michael D. Blower. 2016. ‘The Endoplasmic Reticulum: Structure, Function
and Response to Cellular Signaling’. Cellular and Molecular Life Sciences 73 (1): 79.
https://doi.org/10.1007/S00018-015-2052-6.

Scorrano, Luca, Maria Antonietta De Matteis, Scott Emr, Francesca Giordano, Gyorgy Hajnéczky,
Benoit Kornmann, Laura L. Lackner, et al. 2019. ‘Coming Together to Define Membrane Con-
tact Sites’. Nature Communications 10 (1). https://doi.org/10.1038/S41467-019-09253-3.

Sentelle, R. David, Can E. Senkal, Wenhui Jiang, Suriyan Ponnusamy, Salih Gencer, Shanmugam
Panneer Selvam, Venkat K. Ramshesh, et al. 2012. ‘Ceramide Targets Autophagosomes to Mi-
tochondria and Induces Lethal Mitophagy’. Nature Chemical Biology 8 (10): 831-38.
https://doi.org/10.1038/NCHEMBIO.1059.

Shi, Qingyang, Jiahuan Chen, Xiaodong Zou, and Xiaochun Tang. 2022. ‘Intracellular Cholesterol
Synthesis and Transport’. Frontiers in Cell and Developmental Biology 10 (March):819281.
https://doi.org/10.3389/FCELL.2022.819281/BIBTEX.

Shmidt, Eugenia, Andrius Kazlauskas, and Giulio R Romeo. 2006. ‘Oxysterol Drive CRP Expression
in Endothelial Cells’. The FASEB Journal 20 (4): A205-6.
https://doi.org/10.1096/FASEBJ.20.4.A205-D.

Siwecka, Natalia, Wioletta Rozpedek-Kaminska, Adam Wawrzynkiewicz, Dariusz Pytel, J. Alan
Diehl, and Ireneusz Majsterek. 2021. ‘The Structure, Activation and Signaling of IRE1 and Its
Role in Determining Cell Fate’. Biomedicines 9 (2): 1-29. https://doi.org/10.3390/BIOMEDI-
CINES9020156.

66



Smirnova, Elena, Dixie Lee Shurland, Sergey N. Ryazantsev, and Alexander M. Van Der Bliek. 1998.
‘A Human Dynamin-Related Protein Controls the Distribution of Mitochondria’. The Journal of
Cell Biology 143 (2): 351-58. https://doi.org/10.1083/JCB.143.2.351.

Snodgrass, Ryan G., Ekaterina Zezina, Dmitry Namgaladze, Sahil Gupta, Carlo Angioni, Gerd Geis-
slinger, Dieter Lutjohann, and Bernhard Briine. 2018. ‘A Novel Function for 15-Lipoxygenases in
Cholesterol Homeostasis and CCL17 Production in Human Macrophages’. Frontiers in Immu-
nology 9 (August). https://doi.org/10.3389/FIMMU.2018.01906.

Spassova, Maria A., Jonathan Soboloff, Li Ping He, Wen Xu, Marie A. Dziadek, and Donald L. Gill.
2006. ‘STIM1 Has a Plasma Membrane Role in the Activation of Store-Operated Ca(2+) Chan-
nels’. Proceedings of the National Academy of Sciences of the United States of America 103
(11): 4040-45. https://doi.org/10.1073/PNAS.0510050103.

Subramanian, Kelly, Adam Jochem, Maxence Le Vasseur, Samantha Lewis, Brett R. Paulson, Thir-
uchelvi R. Reddy, Jason D. Russell, Joshua J. Coon, David J. Pagliarini, and Jodi Nunnari.
2019. ‘Coenzyme Q Biosynthetic Proteins Assemble in a Substrate-Dependent Manner into Do-
mains at ER—Mitochondria Contacts’. Journal of Cell Biology 218 (4): 1353—-69.
https://doi.org/10.1083/JCB.201808044.

Suchanek, Monika, Riikka Hynynen, Gerd Wohlfahrt, Markku Lehto, Marie Johansson, Hannu
Saarinen, Anna Radzikowska, Christoph Thiele, and Vesa M. Olkkonen. 2007. ‘The Mammalian
Oxysterol-Binding Protein-Related Proteins (ORPs) Bind 25-Hydroxycholesterol in an Evolution-
arily Conserved Pocket’. The Biochemical Journal 405 (3): 473-80.
https://doi.org/10.1042/BJ20070176.

Sukumaran, Pramod, Viviane Nascimento Da Conceicao, Yuyang Sun, Naseem Ahamad, Luis R.
Saraiva, Senthil Selvaraj, and Brij B. Singh. 2021. ‘Calcium Signaling Regulates Autophagy and
Apoptosis’. Cells 2021, Vol. 10, Page 2125 10 (8): 2125.
https://doi.org/10.3390/CELLS10082125.

Suzuki, Hiroaki, Kohsuke Kanekura, Timothy P Levine, Kenji Kohno, Vesa M Olkkonen, Sadakazu
Aiso, and Masaaki Matsuoka. 2009. ‘ALS-Linked P56S-VAPB, an Aggregated Loss-of-Function
Mutant of VAPB, Predisposes Motor Neurons to ER Stress-Related Death by Inducing Aggrega-
tion of Co-Expressed Wild-Type VAPB'. Journal of Neurochemistry 108 (4): 973-85.
https://doi.org/https://doi.org/10.1111/j.1471-4159.2008.05857 .x.

Suzuki, Kuninori, Manami Akioka, Chika Kondo-Kakuta, Hayashi Yamamoto, and Yoshinori Ohsumi.
2013. ‘Fine Mapping of Autophagy-Related Proteins during Autophagosome Formation in Sac-
charomyces Cerevisiae’. Journal of Cell Science 126 (Pt 11): 2534—44.
https://doi.org/10.1242/JCS.122960.

Svandova, Eva, Herve Lesot, Paul Sharpe, and Eva Matalova. 2023. ‘Making the Head: Caspases in
Life and Death’. Frontiers in Cell and Developmental Biology 10 (January):1075751.
https://doi.org/10.3389/FCELL.2022.1075751/BIBTEX.

Szabadkai, Gyorgy, Katiuscia Bianchi, Péter Varnai, Diego De Stefani, Mariusz R. Wieckowski, Dario

Cavagna, Aniké I. Nagy, Tamas Balla, and Rosario Rizzuto. 2006. ‘Chaperone-Mediated

67



Coupling of Endoplasmic Reticulum and Mitochondrial Ca2+ Channels’. The Journal of Cell Bi-
ology 175 (6): 901-11. https://doi.org/10.1083/JCB.200608073.

Takaeko, Yuji, Tatsuya Maruhashi, Masato Kajikawa, Shinji Kishimoto, Takayuki Yamaji, Takahiro
Harada, Yu Hashimoto, et al. 2021. ‘Lower Triglyceride Levels Are Associated with Better Endo-
thelial Function’. Journal of Clinical Lipidology 15 (3): 500-511.
https://doi.org/10.1016/j.jacl.2021.04.004.

Tang, Vi T., and David Ginsburg. 2023. ‘Cargo Selection in Endoplasmic Reticulum—to—Golgi
Transport and Relevant Diseases’. The Journal of Clinical Investigation 133 (1).
https://doi.org/10.1172/JC1163838.

Tarling, Elizabeth J., Dragana D. Bojanic, Rajendra K. Tangirala, Xuping Wang, Anita Lovgren-Sand-
blom, Aldons J. Lusis, Ingemar Bjorkhem, and Peter A. Edwards. 2010. ‘Impaired Development
of Atherosclerosis in Abcg1-/- Apoe-/- Mice: Identification of Specific Oxysterols That Both Accu-
mulate in Abcg1-/- Apoe-/- Tissues and Induce Apoptosis’. Arteriosclerosis, Thrombosis, and
Vascular Biology 30 (6): 1174-80. https://doi.org/10.1161/ATVBAHA.110.205617.

Taskinen, Juuso H., Hanna Ruhanen, Silke Matysik, Reijo Kékeld, and Vesa M. Olkkonen. 2023.
‘Systemwide Effects of ER-Intracellular Membrane Contact Site Disturbance in Primary Endo-
thelial Cells’. The Journal of Steroid Biochemistry and Molecular Biology 232 (Septem-
ber):106349. https://doi.org/10.1016/J.JSBMB.2023.106349.

Teixeira, Vitor, Lisa Johnsen, Fernando Martinez-Montafés, Alexandra Grippa, Laura Buxo, Fatima
Zahra Idrissi, Christer S. Ejsing, and Pedro Carvalho. 2018. ‘Regulation of Lipid Droplets by
Metabolically Controlled Ldo Isoforms’. The Journal of Cell Biology 217 (1): 127-38.
https://doi.org/10.1083/JCB.201704115.

Theofilis, Panagiotis, Marios Sagris, Evangelos Oikonomou, Alexios S. Antonopoulos, Gerasimos
Siasos, Costas Tsioufis, and Dimitris Tousoulis. 2021. ‘Inflammatory Mechanisms Contributing
to Endothelial Dysfunction’. Biomedicines 9 (7). https://doi.org/10.3390/BIOMEDI-
CINES9070781.

Tu, Yi Xin, Andrew M. Sydor, Etienne Coyaud, Estelle M.N. Laurent, Diana Dyer, Nora Mellouk, Jon-
athan St-Germain, et al. 2022. ‘Global Proximity Interactome of the Human Macroautophagy
Pathway’. Autophagy 18 (5): 1174-86. https://doi.org/10.1080/15548627.2021.1965711.

Vance, Jean E. 2015. ‘Phospholipid Synthesis and Transport in Mammalian Cells’. Traffic 16 (1): 1—
18. https://doi.org/10.1111/TRA.12230.

Ventura, Raul, and Maria Isabel Hernandez-Alvarez. 2022. ‘Endoplasmic Reticulum: A Hub in Lipid
Homeostasis’. Biochemistry, June. https://doi.org/10.5772/INTECHOPEN.105450.

Villani, Maristella, Marimuthu Subathra, Yeong Bin Im, Young Choi, Paola Signorelli, Maurizio del
Poeta, and Chiara Luberto. 2008. ‘Sphingomyelin Synthases Regulate Production of Diacylglyc-
erol at the Golgi'. The Biochemical Journal 414 (1): 31. https://doi.org/10.1042/BJ20071240.

Voeltz, G. K., E. M. Sawyer, G. Hajnéczky, and W. A. Prinz. 2024. ‘Making the Connection: How
Membrane Contact Sites Have Changed Our View of Organelle Biology’. Cell 187 (2): 257-70.
https://doi.org/10.1016/J.CELL.2023.11.040.

68



Wall, Rebecca, R. Paul Ross, Gerald F. Fitzgerald, and Catherine Stanton. 2010. ‘Fatty Acids from
Fish: The Anti-Inflammatory Potential of Long-Chain Omega-3 Fatty Acids’. Nutrition Reviews
68 (5): 280-89. https://doi.org/10.1111/J.1753-4887.2010.00287.X.

Walsh, Derek, and lan Mohr. 2011. ‘Viral Subversion of the Host Protein Synthesis Machinery’. Na-
ture Reviews Microbiology 2011 9:12 9 (12): 860-75. https://doi.org/10.1038/nrmicro2655.

Wang, Cheng, Xiaoyan Dai, Shengnan Wu, Wenjing Xu, Ping Song, and Kai Huang. 2021.
‘FUNDC1-Dependent Mitochondria-Associated Endoplasmic Reticulum Membranes Are In-
volved in Angiogenesis and Neoangiogenesis’. Nature Communications 2021 12:1 12 (1): 1-13.
https://doi.org/10.1038/s41467-021-22771-3.

Wang, Fei, Peiwen Ding, Xue Liang, Xiangning Ding, Camilla Blunk Brandt, Evelina Sjostedt,
Jiacheng Zhu, et al. 2022. ‘Endothelial Cell Heterogeneity and Microglia Regulons Revealed by
a Pig Cell Landscape at Single-Cell Level'. Nature Communications 2022 13:1 13 (1): 1-18.
https://doi.org/10.1038/s41467-022-31388-z.

Wang, Huan, Qianli Ma, Yanfei Qi, Jiangging Dong, Ximing Du, James Rae, Jue Wang, et al. 2019.
‘ORP2 Delivers Cholesterol to the Plasma Membrane in Exchange for Phosphatidylinositol 4, 5-
Bisphosphate (P1(4,5)P2)’. Molecular Cell 73 (3): 458-473.e7. https://doi.org/10.1016/j.mol-
cel.2018.11.014.

Woo, Tai Ting, Jeffrey M. Williams, and Billy Tsai. 2023. ‘How Host ER Membrane Chaperones and
Morphogenic Proteins Support Virus Infection’. Journal of Cell Science 136 (13).
https://doi.org/10.1242/JCS.261121/321234.

Wright, Matthew B, Javier Varona Santos, Christian Kemmer, Cyrille Maugeais, Jean-Philippe Car-
ralot, Stephan Roever, Judith Molina, et al. 2021. ‘Compounds Targeting OSBPL7 Increase
ABCA1-Dependent Cholesterol Efflux Preserving Kidney Function in Two Models of Kidney Dis-
ease.” Nature Communications 12 (1): 4662. https://doi.org/10.1038/s41467-021-24890-3.

Wu, Dan, Zongbing Hao, Haigang Ren, and Guanghui Wang. 2018. ‘Loss of VAPB Regulates Au-
tophagy in a Beclin 1-Dependent Manner.” Neuroscience Bulletin 34 (6): 1037-46.
https://doi.org/10.1007/s12264-018-0276-9.

Wu, Tingyu, Yaping Jiang, Weipeng Shi, Yingzhen Wang, and Tao Li. 2023. ‘Endoplasmic Reticulum
Stress: A Novel Targeted Approach to Repair Bone Defects by Regulating Osteogenesis and
Angiogenesis’. Journal of Translational Medicine 2023 21:1 21 (1): 1-16.
https://doi.org/10.1186/S12967-023-04328-8.

Xu, Hongyang, and Holly Van Remmen. 2021. ‘The SarcoEndoplasmic Reticulum Calcium ATPase
(SERCA) Pump: A Potential Target for Intervention in Aging and Skeletal Muscle Pathologies’.
Skeletal Muscle 11 (1): 1-9. https://doi.org/10.1186/S13395-021-00280-7/TABLES/2.

Xue, Jiaojiao, Ziwei Zhang, Yuting Sun, Di Jin, Liming Guo, Xiangyan Li, Daqging Zhao, Xiaochun
Feng, Wenxiu Qi, and Haoyu Zhu. 2023. ‘Research Progress and Molecular Mechanisms of En-
dothelial Cells Inflammation in Vascular-Related Diseases’. Journal of Inflammation Research
16 (August):3593-3617. https://doi.org/10.2147/JIR.S418166.

69



Yadav, Raj Kumar, Soo-Wan Chae, Hyung-Ryong Kim, and Han Jung Chae. 2014. ‘Endoplasmic
Reticulum Stress and Cancer’. Journal of Cancer Prevention 19 (2): 75.
https://doi.org/10.15430/JCP.2014.19.2.75.

Yamanaka, Tomoyuki, Risa Nishiyama, Tomomi Shimogori, and Nobuyuki Nukina. 2020. ‘Prote-
omics-Based Approach Identifies Altered ER Domain Properties by ALS-Linked VAPB Muta-
tion’. Scientific Reports 10 (1). https://doi.org/10.1038/S41598-020-64517-Z.

Yang, Jing, Ji Nie, Xuelei Ma, Yuquan Wei, Yong Peng, and Xiawei Wei. 2019. ‘Targeting PI3K in
Cancer: Mechanisms and Advances in Clinical Trials’. Molecular Cancer 2019 18:1 18 (1): 1—-
28. https://doi.org/10.1186/S12943-019-0954-X.

Yang, Xi, Jing Zhuang, Weilong Song, Wangjie Shen, Wei Wu, Hong Shen, and Shuwen Han. 2023.
‘Mitochondria-Associated Endoplasmic Reticulum Membrane: Overview and Inextricable Link
with Cancer’. Journal of Cellular and Molecular Medicine 27 (7): 906—19.
https://doi.org/10.1111/JCMM.17696.

Yazdani, Samaneh, Javier R. Jaldin-Fincati, Rafaela V.S. Pereira, and Amira Klip. 2019. ‘Endothelial
Cell Barriers: Transport of Molecules between Blood and Tissues’. Traffic (Copenhagen, Den-
mark) 20 (6): 390—403. https://doi.org/10.1111/TRA.12645.

Yoboue, Edgar Djaha, Roberto Sitia, and Thomas Simmen. 2018. ‘Redox Crosstalk at Endoplasmic
Reticulum (ER) Membrane Contact Sites (MCS) Uses Toxic Waste to Deliver Messages’. Cell
Death & Disease 2018 9:3 9 (3): 1-14. https://doi.org/10.1038/s41419-017-0033-4.

Yu, Guangchuang, Li-Gen Wang, Yanyan Han, and Qing-Yu He. 2012. ‘ClusterProfiler: An R Pack-
age for Comparing Biological Themes among Gene Clusters.” Omics : A Journal of Integrative
Biology 16 (5): 284—-87. https://doi.org/10.1089/0mi.2011.0118.

Zechariah, Anil, Fengyan Jin, Nina Hagemann, Thorsten Roland Doeppner, Ayman EIAl, Iris
Helfrich, Glinter Mies, and Dirk Matthias Hermann. 2013. ‘Hyperlipidemia Attenuates Vascular
Endothelial Growth Factor-Induced Angiogenesis, Impairs Cerebral Blood Flow, and Disturbs
Stroke Recovery via Decreased Pericyte Coverage of Brain Endothelial Cells’. Arteriosclerosis,
Thrombosis, and Vascular Biology 33 (7): 1561-67. https://doi.org/10.1161/AT-
VBAHA.112.300749/-/DCA1.

Zhang, Jin, Ying Shan, Yong Li, Xinping Luo, and Haiming Shi. 2017. ‘Palmitate Impairs Angiogene-
sis via Suppression of Cathepsin Activity’. Molecular Medicine Reports 15 (6): 3644-50.
https://doi.org/10.3892/MMR.2017.6463/HTML.

Zhang, Sheng, Xuegiang Peng, Shuo Yang, Xinyu Li, Mingyao Huang, Shibo Wei, Jiaxing Liu, et al.
2022. ‘The Regulation, Function, and Role of Lipophagy, a Form of Selective Autophagy, in
Metabolic Disorders’. Cell Death & Disease 13 (2). https://doi.org/10.1038/S41419-022-04593-3.

Zhang, Shenyuan L., Ying Yu, Jack Roos, J. Ashot Kozak, Thomas J. Deerinck, Mark H. Ellisman,
Kenneth A. Stauderman, and Michael D. Cahalan. 2005. ‘STIM1 Is a Ca2+ Sensor That Acti-
vates CRAC Channels and Migrates from the Ca2+ Store to the Plasma Membrane’. Nature 437
(7060): 902-5. https://doi.org/10.1038/NATURE04147.

70



Zhang, Xinbo, William C. Sessa, and Carlos Fernandez-Hernando. 2018. ‘Endothelial Transcytosis
of Lipoproteins in Atherosclerosis’. Frontiers in Cardiovascular Medicine 5 (September):414747.
https://doi.org/10.3389/FCVM.2018.00130/BIBTEX.

Zhao, Yan G, Nan Liu, Guangyan Miao, Yong Chen, Hongyu Zhao, and Hong Zhang. 2018. ‘The ER
Contact Proteins VAPA/B Interact with Multiple Autophagy Proteins to Modulate Autophago-
some Biogenesis’. Current Biology 28 (8): 1234-1245.e4.
https://doi.org/10.1016/j.cub.2018.03.002.

Zhong, Wenbin, You Zhou, Shigian Li, Tianhong Zhou, Hongling Ma, Kunde Wei, Hongye Li, Vesa M
Olkkonen, and Daoguang Yan. 2011. ‘OSBP-Related Protein 7 Interacts with GATE-16 and
Negatively Regulates GS28 Protein Stability’. Experimental Cell Research 317 (16): 2353-63.
https://doi.org/https://doi.org/10.1016/j.yexcr.2011.05.028.

Zhu, Anqi, Joseph G. Ibrahim, and Michael I. Love. 2019. ‘Heavy-Tailed Prior Distributions for Se-
quence Count Data: Removing the Noise and Preserving Large Differences’. Bioinformatics 35
(12): 2084-92. https://doi.org/10.1093/BIOINFORMATICS/BTY895.

Zhu, Jiahao, Jie Lian, Xin Wang, Ren Wang, Xiangyi Pang, Benjie Xu, Xing Wang, Chenyang Li,
Shengjun Ji, and Haibo Lu. 2023. ‘Role of Endogenous and Exogenous Antioxidants in Risk of
Six Cancers: Evidence from the Mendelian Randomization Study’. Frontiers in Pharmacology
14. https://doi.org/10.3389/FPHAR.2023.1185850/FULL.

71



	THE ROLE OF ENDOPLASMIC RETICULUM MEMBRANE CONTACT SITES IN HUMAN ENDOTHELIAL CELLS
	ABSTRACT
	Table of Contents
	ABBREVIATIONS
	LIST OF ORIGINAL PUBLICATIONS
	1 INTRODUCTION
	2 REVIEW OF LITERATURE
	3 AIMS OF THE STUDY
	4 MATERIALS AND METHODS
	5 RESULTS
	6 DISCUSSION
	7 CONCLUSIONS
	REFERENCES




Accessibility Report





		Filename: 

		juuso_taskinen_vaitoskirjaV2_B5_väri_saavutettava.pdf









		Report created by: 

		



		Organization: 

		







[Enter personal and organization information through the Preferences > Identity dialog.]



Summary



The checker found problems which may prevent the document from being fully accessible.





		Needs manual check: 2



		Passed manually: 0



		Failed manually: 0



		Skipped: 1



		Passed: 26



		Failed: 3







Detailed Report





		Document





		Rule Name		Status		Description



		Accessibility permission flag		Passed		Accessibility permission flag must be set



		Image-only PDF		Passed		Document is not image-only PDF



		Tagged PDF		Passed		Document is tagged PDF



		Logical Reading Order		Needs manual check		Document structure provides a logical reading order



		Primary language		Passed		Text language is specified



		Title		Passed		Document title is showing in title bar



		Bookmarks		Passed		Bookmarks are present in large documents



		Color contrast		Needs manual check		Document has appropriate color contrast



		Page Content





		Rule Name		Status		Description



		Tagged content		Passed		All page content is tagged



		Tagged annotations		Passed		All annotations are tagged



		Tab order		Failed		Tab order is consistent with structure order



		Character encoding		Passed		Reliable character encoding is provided



		Tagged multimedia		Passed		All multimedia objects are tagged



		Screen flicker		Passed		Page will not cause screen flicker



		Scripts		Passed		No inaccessible scripts



		Timed responses		Passed		Page does not require timed responses



		Navigation links		Passed		Navigation links are not repetitive



		Forms





		Rule Name		Status		Description



		Tagged form fields		Passed		All form fields are tagged



		Field descriptions		Passed		All form fields have description



		Alternate Text





		Rule Name		Status		Description



		Figures alternate text		Failed		Figures require alternate text



		Nested alternate text		Passed		Alternate text that will never be read



		Associated with content		Passed		Alternate text must be associated with some content



		Hides annotation		Passed		Alternate text should not hide annotation



		Other elements alternate text		Failed		Other elements that require alternate text



		Tables





		Rule Name		Status		Description



		Rows		Passed		TR must be a child of Table, THead, TBody, or TFoot



		TH and TD		Passed		TH and TD must be children of TR



		Headers		Passed		Tables should have headers



		Regularity		Passed		Tables must contain the same number of columns in each row and rows in each column



		Summary		Skipped		Tables must have a summary



		Lists





		Rule Name		Status		Description



		List items		Passed		LI must be a child of L



		Lbl and LBody		Passed		Lbl and LBody must be children of LI



		Headings





		Rule Name		Status		Description



		Appropriate nesting		Passed		Appropriate nesting










Back to Top

