. DISSERTATIONES SCHOLAE DOCTORALIS AD SANITATEM INVESTIGANDAM
UNIVERSITATIS HELSINKIENSIS 47/ 2 018

HENRIIKKA KENTALA

ORP2 — A Sterol Sensor Controlling Hepatocellular
Bioenergetics and Actin Cytoskeletal Functions

MINERVA FOUNDATION INSTITUTE FOR MEDICAL RESEARCH
DIVISION OF BIOMEDICINE

DEPARTMENT OF ANATOMY

FACULTY OF MEDICINE

DOCTORAL PROGRAMME IN BIOMEDICINE

UNIVERSITY OF HELSINKI




Henriikka Kentala

ORP2 —
a sterol sensor controlling hepatocellular bioenergetics
and actin cytoskeletal functions

HELSINGIN YLIOPISTO
HELSINGFORS UNIVERSITET
UNIVERSITY OF HELSINKI

LAAKETIETEELLINEN TIEDEKUNTA
MEDICINSKA FAKULTETEN
FACULTY OF MEDICINE

[ ]

wv

w

v

M':? \f
S O
v o

¢
s INBIOMEDICINE
/YO EP‘\,
oL N W

°
o
o
A
A
]
>
5

ACADEMIC DISSERTATION

To be presented with the permission of Faculty o Medicine of the University of Helsinki,
for public examination in Seth Wichmann Hall at Women'’s Hospital,
on August 18" 2018, at 12 noon.

Minerva Foundation Institute for Medical Research
and
Doctoral School in Health Sciences (DSHealth), Doctoral Programme in Biomedicine (DBPM)
and

Division of Biomedicine, Department of Anatomy, Faculty of Medicine, University of Helsinki

Helsinki 2018



Supervised by

Professor Vesa Olkkonen
Minerva Foundation Institute for Medical Research,
Helsinki, Finland

Reviewed by

Professor Neale Ridgway

Department of Biochemistry & Molecular Biology
Faculty of Medicine

Dalhousie University

Halifax, Canada

Professor Pekka Lappalainen
Institute of Biotechnology
University of Helsinki
Helsinki, Finland

Opponent

Professor Varpu Marjomaéki

Department of Biological and Environmental Science
Nanoscience center

University of Jyviskylad

Jyviéskyld, Finland

Custos
Professor Matti Airaksinen
Department of Anatomy

University of Helsinki
Helsinki, Finland

ISBN 978-951-51-4380-8 (paperback)
ISBN 78-951-51-4381-5 (PDF, http://ethesis.helsinki.fi)

ISSN 2342-3161 (paperback) and ISSN 2342-317X (PDF)



“If you expect to see the final result of your work,
you simply have not asked a big enough question”
-LF. Stone



TABLE OF CONTENTS

List of original publications

Abstract

Abbreviations

1 Introduction
2 Review of the literature

2.1 Mammalian oxysterol binding proteins

2.1.1
2.1.2
2.13
2.1.4

Structural features of ORPs
Ligands of the ORPs

ORPs in intracellular lipid transport
ORPs in cell signalling

2.2  Membrane contact sites in mammals

2.2.1
222
223
224

Biology of membrane contact sites

Cellular calcium homeostasis at organelle contacts
Role of MCSs in lipid biosynthesis and transport
Role of MCSs in organelle dynamics

2.3 Hepatic energy metabolism

2.3.1
232
233
234
2.3.5
2.3.6
2.3.7

Glucose uptake into hepatocytes
Glycogenesis and glycogenolysis
Glycolysis

Gluconeogenesis

De novo lipogenesis

Lipolysis and fatty acid B-oxidation
PI3K/Akt-signalling in metabolic regulation

2.4  The actin cytoskeleton

2.4.1
242
243
244

Actin architecture and dynamics

Cell migration

Actin in cell proliferation

Rho GTPAses in actin cytoskeleton regulation

3 Aims of the study
4 Materials and methods

4.1 List of used methods

4.2 Description of the methods used
5 Results and discussion

5.1  The localization of ORP—VAP complexes is regulated by

cellular sterol content

5.1.1

5.1.2
5.13
5.1.4

Subcellular targeting of ORP-VAP-A complexes alters upon

cellular sterol manipulations (I)

Sterol manipulation effects on cholesterol and TG content (I)
Sterol liganding regulates OSBP—VAP-A Golgi localization (I)
Sterol manipulations regulate ORP4L—V AP-A localization

to vimentin filaments (I)

— 00 3 O

12
12
13
15
16
19
19
22
23
26
27
27
27
28
29
30
31
33
33
33
35
35
36
39
39
39
40
46

46



5.2

53

54

5.5

5.1.5 ORP2-VAP-A targeting to LDs is inhibited by 22(R)OHC (I)

ORP2-KO hepatocytes display altered expression of thousands of genes

5.2.1  ORP2-KO dysregulates mRNAs involved in actin regulation (II)

5.2.2  ORP2-KO dysregulates TG metabolic genes (I1I)

5.2.3  ORP2-KO reduces expression of glycolytic enzymes (III)

ORP2 knock out reduces the availability of energetic substrates

5.3.1 Membrane lipid and sterol content of ORP2-KO cells (IIT)

5.3.2  ORP2-KO reduces glucose utilization (III)

5.3.3  ORP2-KO reduces TG content and TG synthesis (I1I)

5.3.4 ORP2-KO and ER-lipid droplet contacts (III)

Novel ORP2 interaction partners and cell signalling

5.4.1 ORP2 interacts with Hsp90 and Cdc37 (1)

5.4.2 ORP2-KO inhibits PI3K/Akt-signalling (III)

5.4.3 ORP2 interacts with components of Racl and RhoA signalling
pathways (1)

ORP2 and the actin cytoskeleton

5.5.1 ORP2 impacts actin organization (II,III)

5.5.2  ORP2-KO impairs cell adhesion and proliferation (II)

5.5.3 ORP2-KO mediated inhibition of cell migration (II)

6 Summary and conclusions
7 Acknowledgements
8 References

52
53
53
54
56
57
57
57
58
59
60
60
61

62
63
63
65
65
67
71
73



LIST OF ORIGINAL PUBLICATIONS

This thesis is based on the following original publications referred to in the text by
their Roman numerals:

I

I

Kentala H, Pfisterer SG, Olkkonen VM, Weber-Boyvat M. Sterol liganding
of OSBP-related proteins (ORPs) regulates the subcellular distribution of
ORP-VAPA complexes and their impacts on organelle structure. Steroids
2015; 99:248-258

Kentala H, Koponen A, Kiveld AM, Andrews R, Li C, Zhou Y, Olkkonen
VM. Analysis of ORP2 knockout hepatocytes uncovers a novel function in
actin cytoskeletal regulation. FASEB J 2018; 32(3):1281-1295

Kentala H, Koponen A, Vihinen H, Pirhonen J, Liebisch G, Pataj Z, Kiveld
AM, Li S, Andrews R, Merildinen L, Matysik S, Ikonen E, Zhou Y, Jokitalo
E, Olkkonen VM. OSBP-realted protein 2 (ORP2): A novel Akt effector that
controls cellular energy metabolism. Cel Mol Life Sci 2018; in press

Author’s contribution to the publications:

II

I

Contributed to the design of the experiments, performed the experimental
work with exclusion of TLC and the TLC quantification, analysed the data
and participated in writing the manuscript.

Contributed to design of the project and the experimental work, performed
most of the experiments, analysed most of the data and wrote the manuscript.

Contributed to design of the project and the experimental work, performed
most of the experiments, analysed most of the data and wrote the manuscript.



ABSTRACT

OSBP-related proteins (ORPs) are lipid binding and transport proteins expressed
ubiquitously in eukaryotic cells. ORPs localize at specific organelle interfaces
designated membrane contact sites (MCSs). They possess a characteristic ligand-
binding domain with specificity for oxysterols, cholesterol and phospholipids. Some
ORPs have the capacity to mediate bi-directional transfer and exchange of two
different lipids over MCSs. However, a number of findings suggest that a majority of
the ORP family members act as lipid sensors with cell signalling properties rather
than actual lipid transporters. ORP2 localizes on the surface of cellular lipid droplets.
Earlier finding suggests that ORP2 contributes in triglyceride (TAG) and cholesterol
homeostasis but the comprehensive knowledge of the cellular function of ORP2 is
deficient.

In my thesis I investigated the sterol regulation of the subcellular localization ORP—
VAP complexes and the role of ORP2 in cellular physiology by generating a stable
ORP2 knock out (KO) cell line in HuH7 hepatocytes. I demonstrated that the
subcellular distribution of OSBP—, ORP4L— and ORP2—VAP-A complexes at MCSs
are regulated by ORP oxysterol liganding and by the cellular cholesterol status.
Moreover, ORP2-KO impaired a diversity of cellular functions. The ORP2-KO
affected mRNAs of >2000 genes, including TAG and glucose processing metabolic
enzymes, components of several cell signalling processes and actin cytoskeleton
regulators.

Analysis of ORP2 interaction partners revealed novel connections of ORP2 with
PI3K/Akt and RhoA signalling, important regulators of cell metabolic processes and
the actin cytoskeleton. Consistently, the ORP2-KO impaired the hepatocellular energy
metabolism by inhibiting the synthesis of TAGs and glycogen, and by reducing the
rates of glucose uptake and glycolysis, suggesting an extensive contribution of ORP2
to cellular bioenergetics.

In addition, I present novel clues of ORP2 function beyond the lipid and energy
metabolism. In migrating cells, ORP2 was found to localize to lamellipodial cell
surface protrusions, and the ORP2-KO, on the other hand, was found to impair the
lamellipodia formation. Moreover, ORP2-KO resulted in an inhibition of cell
adhesion, migration and proliferation, important cell physiological processes
involving function of the actin cytoskeleton.

The results point at a novel function of ORP2 as a lipid-sensing regulator of the actin
cytoskeleton, which importantly involves the integration of cellular metabolism with
growth, migration and cell signalling.
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ACC acetyl-CoA carboxylase

ACL ATP citrate lyase
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AMP adenosine monophosphate
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1 INTRODUCTION

Oxysterol-binding protein (OSBP) was initially discovered by A. Kandutsch and co-
workers in the turn of 1980s, from a cytosolic protein fraction containing 25-
hydroxycholesterol (Kandutsch et al., 1977, Kandutsch and Thompson, 1980).
Around the turn of the millennium and also by the efforts of our group, additional 11
mammalian OSBP-related proteins (ORPs) were characterized (Jaworski ef al., 2001;
Laitinen et al., 1999; Lehto ef al., 2001). The OSBP/ORP protein family is found to
be present in all studied eukaryotes. In addition to 12 mammalian proteins, Danio
rerio has 14 OSBP/ORP encoding genes (Zhou et al, 2014), Drosophila
melanogaster and Caenorhabditis elegans four genes (Alphey et al., 1998; Ma et al.,
2010; Sugawara et al., 2001), Arabidopsis thaliana 12 genes (Skirpan et al., 2006)
and Saccharomyces cerevisiae has seven ORP orthologs (Beh et al., 2001).

A few decades of dedicated research on OSBP/ORPs have shed light on their ligand
binding properties: They are currently known to bind various different types of lipids,
not only oxysterols to which their name refers, but also cholesterol and
glycerophospholipids including phosphoinositides (Olkkonen, 2013). However, there
is no unambiguous perception of their cellular functions, as researches struggle to
understand the relation between their function in intracellular lipid transport and in
lipid sensing through which they apparently impact a broad spectrum of cell
signalling events (Vihervaara ef al., 2011a). Nevertheless, their ubiquitous expression
profile and their existence in all eukaryotes implicate a fundamental role for
OSBP/ORPs in the cell physiology. This is supported by an early finding by Beh et al.
(2001), describing that simultaneous deletion of all seven yeast proteins is lethal
implying an essential role for ORPs in cell viability.

The general interest on OSBP/ORPs among researchers’ have increased considerably
in the recent years as the understanding of the role of organelle contacts sites in the
intracellular communication has begun to emerge. Currently these specialized
membrane structures are accepted as important mediators of a number of cellular
processes, including the transmission of calcium signals and lipid trafficking (Helle et
al., 2013; Prinz, 2014). ORP family of proteins are implicated as prominent effectors
in the communication of endoplasmic reticulum (ER) with other membranous
organelles, such as Golgi apparatus, mitochondria, plasma membrane, endosomes and
lipid droplets, due to their capacity to localize to distinct organelle contacts. In
principle, ORP family have a potential capacity to bridge ER with almost all cellular
membrane compartments, making them highly intriguing subjects in the research field
of inter-organelle communication over membrane contact sites.

In the present series of studies I have mainly focused on ORP2. I have established a

complete ORP2 knock out cell line by means of CRISPR-Cas9 mediated genome
editing, in order to comprehensively study the effects of ORP2 depletion on cell
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physiology. The cellular function of ORP2 was in previous studies linked to the
metabolism of neutral lipids (Hynynen et al., 2009; Weber-Boyvat et al., 2015b), but
the detailed mechanism of its action remained poorly understood. The present studies
elucidate novel connections of ORP2 with the cell metabolic processes, not only in
the regulation of cellular lipid storage, but also in cellular glucose homeostasis and in
the signalling processes which ultimately control the cellular bioenergetics.
Furthermore, these studies provide novel information of the involvement of ORP2 in
cytoskeletal functions, including cell migration and proliferation. Such a
comprehensive involvement of ORP2 in these cellular metabolic and cytoskeletal
functions is not previously reported, for which reason the basic scientific knowledge
of these cellular processes is summarized in the literature review. These studies also
focused on to elucidating the role of ORP high-affinity sterol liganding on their
targeting to membrane contact sites. The study employed the Bimolecular
Fluorescence Complementation (BiFC) technique, which enabled me to limit the
analysis to ORPs in interaction with their ER anchor protein VAP-A. The present
studies imply the importance of ORP2 in the coordination of different cell
physiological processes suggesting their intimate regulatory connections.
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2 REVIEW OF THE LITERATURE

2.1 Mammalian oxysterol binding proteins
2.1.1 Structural features of ORPs

Twelve OSBP genes encode a conserved family of mammalian proteins termed
oxysterol-binding protein-related proteins (ORPs; Figure 1) (Anniss et al., 2002;
Jaworski et al., 2001; Lehto et al., 2001; Levanon et al., 1990), named after the
discovery of their ability to bind oxysterols as their ligands (Taylor et al., 1984).
OSBP/ORPs are, apart from ORP5 and ORPS, cytosolic proteins, but also localize to
distinct cellular membranes via lipid or protein interactions enabled by their specific
structural features. The unifying feature of all ORPs is a conserved carboxy-terminal
OSBP-related domain (ORD) with a signature motif EQVSHHPP, which has been
used for identifying the ORP family members (Jaworski et al., 2001; Laitinen et al.,
1999). The domain itself includes a hydrophobic ligand-binding cavity and a mobile
lid, which encloses the OSBP/ORP lipid ligand within the pocket and shields the
hydrophobic lipid from the hydrophilic environment of cytosol by blocking the cavity
entrance.

The detailed structures of mammalian ORPs have not been determined, but erudite
deductions of ORPs structural characteristics have been made by exploiting structural
information from S. cerevisiae OSBP/ORP orthologs termed Osh. Crystallographic
characterization of Osh4 by Im. et al. (2005) led to a fundamental proposition that the
ligand binding is important for determining the conformation of ORPs. The study
concluded that the ligand binding immobilizes the otherwise instable lid region
resulting in a more soluble protein conformation.

With the exception of ORP2, OSBP/ORPs contain an amino-terminal pleckstrin
homology (PH) domain, which binds phosphatidylinositol phosphates (PIPs) at the
surface of cellular membranes, which have an important role in subcellular targeting
of the ORPs (Lagace et al., 1997; Lehto ef al., 2005; Levine and Munro, 1998; Levine
and Munro, 2002; Musacchio et al., 1993; Ngo and Ridgway, 2009; Ridgway et al.,
1992). ORP1, ORP4 and ORPY are expressed as two variants, long (L) and short (S),
encoded by transcripts derived from different promoters, and the short variant
similarly to ORP2 lacks this membrane-targeting PH-domain (Jaworski ez al., 2001).
Moreover, the subcellular targeting of ORPI1L is not mediated by a PH-domain but
via protein interactions enabled by an additional ankyrin motif (Johansson et al.,
2005).

Furthermore, eight out of twelve ORPs contain a two phenylalanines in an acidic tract

(FFAT) motif, which interacts with type-2 ER trans-membrane proteins VAMP-
associated proteins (VAPs), thus attaching ORPs to a close association with the ER
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(Kaiser et al., 2005; Loewen et al., 2003). On the other hand, ORP5 and ORPS
contain an ER trans-membrane domain, which docks these proteins predominantly to
the ER (Du ef al., 2011; Yan ef al., 2008). Hence, ORP10 and ORP11 are the only
family members, which are not shown to interact with the ER.

Human ORP family
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Figure 1. Schematic figure of the structural features of human ORP family. The roman numerals
designates to different protein subfamilies defined by their sequence homology. Shown are ORP
signature motif EQVSHHPP, OSBP-related domain (ORD), two phenylalanines in an acidic tract motif
(FFAT), plecstrin homology domain (PHD), Ankyrin motif and transmembrane domain (TM). Letter
‘L’ indicates for long protein variant and ‘S’ for short.

2.1.2 Ligands of the ORPs

Oxysterol-binding proteins were named after their first identified ligands, oxysterols,
which are oxygenated derivatives of cholesterol — generated by cholesterol
autoxidation or by enzymatic processing — with a number of reported cell signalling
and cholesterol homeostatic properties (Olkkonen et al., 2012; Schroepfer, 2000).
Later ORPs were found to bind also cholesterol (usually with lower affinity) and
glycerophospholipids. The currently characterized lipid ligands of the mammalian
ORPs’ ORD are summarized in the Table 1. ORPs binds lipids with a 1:1
stoichiometry and most likely the hydrophobic surface of the lid domain accessible in
the open conformation helps to extract the lipid from membranes (Wang et al.,
2008a). The Osh4 structure revealed that the bound sterol is oriented in the ligand-
binding pocket with the 3p-hydroxyl group facing to the bottom and the side chains
interact with the lid at its inner hydrophobic surface. Importantly, the structure
showed no direct interaction between hydroxyl-groups of the sterol and the protein

13



suggesting that Osh4 can bind a variety of different sterols with a low degree of
ligand specificity. (Im et al., 2005)

The ORPs’ PH domain binds PIPs at organelle membranes, but later discoveries
indicated that the ORD is capable of binding PIPs as well (de Saint-Jean et al., 2011).
In fact, the structure of Osh3 suggested that its ligand binding cavity is too narrow for
sterols but binds PI(4)P instead (Tong ef al., 2013). In fact, it is suggested that P1(4)P
binding is a unifying feature for the ORDs of all Osh/ORPs, recognized by highly
conserved amino acid residues, and the sterol binding is an additional feature of only

some of the family members (de Saint-Jean et al., 2011; Tong et al., 2013).

LIGANDS REFERENCES

OSBP 250HC (Kg 10 nM), cholesterol (Ky 173 (Dawson et al, 1989; Mesmin et al., 2013;

nM), 200HC, 7KC, PI(4)P Ridgway et al., 1992; Wang et al., 2005; Wang
et al., 2008a)

ORP1 24(S)OHC, 22(R)YOHC, 250HC (Ka97 nM), (Fairn and McMaster, 2005a; Suchanek et al.,
7KC, cholesterol, PA, PS, PG, cardiolipin, 2007; Vihervaara et al., 2011b; Xu et al., 2001,
PI(3)P, PI(4)P, PI(5)P, PI(3,4)P2, PI3,5P2 Yan etal., 2007)
PI(4,5)P2, PI(3,4,5)P3

ORP2 22(R)IOHC (K4 14 nM), 250HC (K4 3.9 uM),  (Hynynen et al., 2005; Hynynen et al., 2009;
7KC (K¢ 140 nM), cholesterol, PA, Suchanek et al., 2007; Xu et al., 2001)
cardiolipin, PI(3)P, PI(3,4)P2, PIP(3,5),
PI1(3,4,5)Ps

ORP3 ?

ORP4 250HC (K¢ 10 nM), 7KC, 200HC, (Charman et al.,, 2014; Wang et al., 2002; Wyles
22(R)OHC, 22(S)OHC, 70OHC, cholesterol, et al., 2007)
PI(4)P

ORP5 PS, dehydroerhosterol, PIB)P (K¢ 9 uM), (Du etal, 2011; Ghai et al., 2017; Maeda et al.,
PI(4)P (Kg 6.7 uM), PI(S)P (Ks 26.8 uM), 2013)
PI(3,4)P2 (K4 0.8 uM), PI(3,5)P2 (K45.9 uM),
PI(4,5)P2 (Ka6.7 uM), PIPs (Ka1.1 uM)

ORP6 ?

ORP7 ?

ORP8 PS?,cholesterol, 250HC, PIQ)P (K¢ 1.7 (Ghai et al., 2017; Yan et al., 2008; Zhou et al.,
uM), PI4)P (Ks2.3 uM), PIG)P (Kg 5.9 uM),  2011)
PI(3,4)P2 (Kg 2.5 uM), PI(3,5)P2 (K4 3.6 uM),
PI(4,5)P2 (K453 uM), PIPs (Ka6 uM)

ORP9 cholesterol, PI(4)P, PI(5)P, PI(3)P,PI(3,5P2, (Fairn and McMaster, 2005b; Liu and Ridgway,
PI1(4,5)P> 2014; Ngo and Ridgway, 2009)

ORP10 | PS, cholesterol, PI(3)P (Fairn and McMaster, 2005b; Maeda et al.,

2013; Nissila et al., 2012)
ORP11 | ?

Table 1. Identified mammalian OSBP/ORPs ORD ligands with known dissociation constants (Kq)
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2.1.3 ORPs in intracellular lipid transport

OSBP/ORPs are suggested to function in inter-organelle lipid transport or in lipid
sensing with regulatory functions (D'Angelo et al., 2008). Lipid trafficking is
essential for constructing and maintaining the composition of organelle lipid
membrane bilayers. The inter-organelle lipid transport occurs by vesicular or by non-
vesicular mechanisms, but non-vesicular lipid trafficking is suggested to be more
dominant (Lev, 2010). The non-vesicular transport upholds lateral diffusion of lipids
and lipid transport by carrier proteins, of which the latter enables lipid movement
across greater distances, as the lipid-enclosing proteins shield the hydrophobic lipids
from the aqueous cytosol (D'Angelo et al., 2008; Lev, 2010).

The most revealing evidences for OSBP/ORPs lipid transporter functions are derived
from in vitro studies by using purified recombinant proteins. Actual lipid transfer
activity in vitro has been shown for OSBP, ORP5, ORP8 and ORPIL (Chung et al.,
2015; Du et al, 2011; Mesmin et al., 2013; Ngo and Ridgway, 2009), but
manipulation of the cellular levels of ORP1S/ORP2 was shown to affect the transport
of exogenously administered cholesterol between plasma membrane (PM) and ER or
lipid droplets (LDs) (Jansen ef al., 2011). Intriguingly, Mesmin ef al. (2013) showed
by using liposomes mimicking the ER and rans-Golgi membranes, that OSBP is
capable of transporting cholesterol from ER to Golgi and exchanging it to PI(4)P
which is then transported in opposite — from Golgi to ER — direction. After reaching
ER, PI(4)P is dephosphorylated to phosphatidylinositol (PI) by the PI-phosphatase
Sacl, and the energy consumed is utilised by OSBP for the continuum of cholesterol
transport against its chemical gradient. On the other hand, the transport of PI from the
ER back to the Golgi is suggested to occur via the Pl-transporter Nir2, which is
shown to restore Golgi PI(4)P levels and to support OSBP PHD Golgi targeting,
presumably via PI phosphorylation by Golgi-localized PI4-kinases (Peretti et al.,
2008). The study by Mesmin et al. also pinpointed the importance of OSBP’s
structural features for this transporter function: In order to transport and exchange
cholesterol for PI(4)P, OSBP needs both the FFAT motif and PHD to connectedly
bind to ER and sense PI(4)P at Golgi membranes (Mesmin et al., 2013). Furthermore,
250HC binding to OSBP was shown to inhibit this bi-directional lipid transportation
(Mesmin et al., 2013).

The OSBP/ORPAL antagonist OSW-1, a drug that binds to the same ligand-binding
cavity of OSBP as sterols, was established to inhibit OSBP function and promote its
protein degradation (Burgett e al., 2011). In line with reduction of OSBP-mediated
cholesterol transport by 250HC liganding, the same group later showed that
inhibition of the endogenous OSBP by OSW-1 impaired cholesterol transport from
ER to other membranes, including frans-Golgi network (TGN), resulting in
cholesterol accumulation in the ER (Mesmin et al., 2017). Moreover, OSW-1
treatment increased the cellular levels of PI(4)P and also its amount in TGN (Mesmin
et al., 2017). The studies of OSBP counter-transport function refers that cholesterol
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transport against its chemical gradient is enabled by the energy provided by the
retrograde transport and subsequent hydrolysis of PI(4)P, which is in line with the
observed increment of PI(4)P as a result of OSBP inhibition (Mesmin ef al., 2017).
This model could also serve as a plausible explanation for an earlier report observing
that the knock down of Sacl causes a disorganization of the Golgi membranes by an
unknown mechanism (Liu ez al., 2008).

Similarly, the group of De Camilli and co-workers (2015) showed that ORP5 and
ORPS8 also exploit PI(4)P hydrolysis derived energy by Sacl to counter-transport
PI(4)P and phosphatidylserine (PS) between the ER and the PM, thus sustaining
sufficient PM PS levels (Chung et al., 2015). Importantly, a recent study by Ghai et
al. (2017) demonstrated that the PHDs/ORDs of ORPS5 and ORP8 do not exclusively
bind PI(4)P but are able to bind all PIPs with a similar affinity, and moreover, the
PM-ER PS counter-transport activity was shown to be even higher with PI(4,5)P,
than with PI(4)P. In addition, ORP5/8 double knock down was shown to decrease the
PM PS levels and increase the PI(4,5)P,, further supporting a function of ORP5/8 in
bi-directional transport of PS and PI(4,5)P, (Ghai et al., 2017).

It is still unclear whether the lipid cargo transport by PIP counter-exchange is a
universal function for ORP family members, but studies with yeast Osh proteins also
support the role of a number of Osh’s in bi-directional lipid/PIP transport (de Saint-
Jean et al., 2011; Maeda ef al., 2013; Moser von Filseck ef al., 2015). In addition, the
above finding that PIPs other than PI(4)P could also serve as counter-transport
substrates expands the possibility that such a function could be a general property
among ORPs.

2.1.4 ORPs in cell signalling

In addition to the above described findings of ORPs in lipid transport, various studies
implicate OSBP/ORPs in cellular processes in which the role of their lipid transport
activity is unknown. Hence various studies suggest that ORPs could in addition
function as lipid sensors or receptors regulating cell signalling via effector proteins.

OSBP

OSBP — the archetype of oxysterol-binding proteins — is suggested to act as a sterol
sensor regulating sphingomyelin (SM) synthesis at ER—trans-Golgi interfaces via
protein kinase signalling. Cellular cholesterol depletion or external 25SOHC treatment
is shown to promote OSBP frans-Golgi localization (Mohammadi et al., 2001;
Ridgway et al., 1992; Ridgway et al., 1998; Storey et al., 1998), mediated by the
interaction of its PHD with PI(4)P and with ADP-ribosylation factor (Arfl) (Godi et
al., 2004; Levine and Munro, 1998; Levine and Munro, 2002; Mesmin ef al., 2013).
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The 250HC liganding by OSBP was found to inhibit the cholesterol-PI(4)P counter-
transport activity as described above, apparently by occupying the OSBP ORD. In
turn, in the presence of 250HC, OSBP was shown to facilitate association of a
ceramide transporter CERT with trans-Golgi, required for the transport of ceramides
from ER to Golgi apparatus for SM synthesis (Banerji et al., 2010; Hanada et al.,
2003; Perry and Ridgway, 2006). This process is additionally regulated
phosphorylation of OSBP at Ser240 by protein kinase D (PDK). OSBP
phosphorylation inhibits its localization to Golgi in response to 25OHC or cholesterol
depletion, which consequently reduces the ceramide transport by impairing the Golgi
localization of CERT and promotes Golgi fragmentation (Nhek et al., 2010).

On the other hand, when bound with cholesterol instead of 250HC, OSBP was found
to form a complex with active form of PP2A and HePTP phosphatases (Wang et al.,
2005; Wang et al., 2008a), which regulate the activity of extracellular signal-
regulated kinases ERK1/2, important factors in the mitogen-activated protein kinase
(MAPK) signalling pathway. Increment of 250HC or cholesterol depletion was found
to dissociate OSBP from the complex and disrupt the complex assembly resulting in
the phosphorylation of ERK1/2. OSBP is also reported to mediate a 7-ketocholesterol
(7KC) induced up-regulation of the actin binding protein Profilin-1 via a JAK-
2/STAT3 signalling pathway (Romeo and Kazlauskas, 2008). However, the affinity of
OSBP for 7KC is only moderate (Dawson et al., 1989), thus it is possible that other
unidentified factors participate in this process.

Regardless, it is evident that OSBP executes its cell signalling functions in a sterol-
dependent manner, showing different modes of action in the presence of 250HC or
cholesterol, supporting the idea that OSBP is a multifunctional sterol
sensor/transporter affecting various cellular processes including cell signalling and
lipid homeostasis.

ORP3

Unlike OSBP, the ORP3 ORD is unlikely to accommodate sterols but presumably
binds PI(4)P (Zhou et al., 2014), and the PHD is shown to interact with PI(3,4)P, and
PI(3,4,5)Ps at the PM (Lehto et al., 2005). ORP3 also interacts with VAPs at the ER,
the affinity of which was shown to be regulated by ORP3 phosphorylation status
(Weber-Boyvat et al., 2015a). ORP3 interacts with a small GTPase R-Ras, and
manipulation of ORP3 controls various R-Ras downstream signalling processes
including cell adhesion and migration, organization of the actin cytoskeleton, Akt
phosphorylation and Pl-integrin activity (Lehto et al., 2008; Weber-Boyvat et al.,
2015a). Moreover, R-Ras signalling was suggested to originate at ER—PM membrane
contact sites (MCS), as the activation of R-Ras by ORP3 was found to be dependent
on ORP3 targeting to both the ER and the PM (Weber-Boyvat ef al., 2015a).
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ORPY

ORP9 is also suggested to regulate Akt activity, thus potentially controlling a variety
of functions subjected to regulation by PI3K/Akt signalling. ORP9S/L was identified
as a substrate for phosphoinositide-dependent kinase-2 (PDK-2) at Ser287 (Lessmann
et al., 2007), which also phosphorylates Akt at Ser473 (Kawakami et al, 2004).
Phosphorylation of ORP9 by PDK-2 was found to depend on protein kinase Cf or
mammalian target of rapamycin (mTOR), and negatively regulate Akt
phosphorylation at Ser473 (Lessmann et al., 2007).

ORPS

A recent study by Du et al. (2018) suggested that the cellular function of ORPS is not
limited to PS transport at ER-PM MCSs, but it regulates mTORCI signalling. The
study suggested, that dependent on its lipid-binding pocket, ORP5 interacts with
mTORCI1. Moreover, ORP5 overexpression was found to induce mTORCT signalling
activity, and to enhance cell migration and proliferation of HeLa cells, also dependent
on ORPS5 ability for ligand binding. ORPS silencing, on the other hand, was found to
inhibit mMTORCI1 and disrupt mTOR localization to lysosomes. (Du et al., 2018) This
further suggests that the lipid transporting is nonexclusive function of ORPs, but in
addition they are lipid sensors contributing to cell signalling processes, which direct
connection to the lipid transporting is rather undecipherable.

ORP2

Similar to OSBP, sterol binding was also shown to regulate the subcellular targeting
of ORP2. ORP2 is a cytosolic protein which also targets the ER via VAP-binding and
is also found on the surface of the intracellular LDs, a targeting which is abolished by
an external 22(R)OHC treatment (Hynynen ef al., 2009). The co-expression of ORP2
and VAP-A was observed to enhance the LD targeting of ORP2, and a sterol-binding
deficient mutant of ORP2 also displayed enhanced LD association (Hynynen ef al.,
2009; Weber-Boyvat et al., 2015b). It is however unclear what physiological function
of ORP?2 this sterol liganding regulates.

The manipulations of ORP2 cellular levels correlate with the homeostatic regulation
of trigacylglycerols (TAGs) (Hynynen et al., 2009; Weber-Boyvat et al., 2015b),
which together with cholesterol esters constitute the lipophilic core of LDs. In
addition, ORP2 promotes transport of newly synthesized cholesterol to the PM as well
as cholesterol efflux (Hynynen et al., 2005; Jansen et al., 2011; Laitinen et al., 2002).
Consistently, co-suppression of ORP2 and ORPI1S expression was found to inhibit
cholesterol transport from the PM to the ER and LD (Jansen et al, 2011). In
adrenocortical cells, ORP2 was suggested to be important for LXR nuclear
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localization and ORP2 silencing was shown to increase the levels of cellular
cholesterol while decreasing 22(R)OHC and 7KC (Escajadillo et al, 2016).
Furthermore, adrenocortical cells have an important physiological role in the
production of steroid hormones, and ORP2 was shown to be physically involved in a
protein complex, which regulates cortisol synthesis (Li et al., 2013). Consistently,
silencing of ORP2 in adrenocortical cells was shown to reduce expression of proteins
involved in cortisol synthesis as well as the amounts of several steroid metabolites,
and increase the concentrations of androgens and estrogens (Escajadillo ef al., 2016).

In addition, ORP2 interacts with diaphanous-1 (mDial) (Li ef al., 2013), an important
molecular component in RhoA signalling. mDial/RhoA also regulate the steroid
hormone production of adrenocortical cells but additionally have a pivotal role in the
actin cytoskeleton and microtubule organization (Geneste et al., 2002; Li et al., 2013;
Nakano et al., 1999; Palazzo ef al., 2001). Mutations in mDial are connected with
autosomal dominant hearing loss (Kang et al., 2017; Neuhaus et al., 2017; Stritt et al.,
2016), where it is suggested to play a role in actin polymerization in inner ear hair
cells (Stritt ez al., 2016). Intriguingly, ORP2 was also found to be expressed in inner
and outer hair cell stereocilia, and a frameshift mutation in the ORP2 encoding gene
was suggested to cause a form of autosomal dominant hearing loss (Thoenes ef al.,
2015; Xing et al., 2015), consistent with a functional linkage between ORP2 and
mbDial.

2.2 Membrane contact sites in mammals
2.2.1 Biology of membrane contact sites

Eukaryotic cells are compartmentalized into intracellular organelles specialized in
different biological processes encompassing organelle specific proteins and other
components necessary for their function. These organelles are usually membrane
enclosed regions separated from the cytosol in order to have their own optimal
physical and chemical micro-environments. However, for a cell to operate as a
functional integrity and sustain life, all cellular compartments need to be connected
and co-operated optimally. One of the mechanisms how organelles are able to
communicate with each other is over membrane contact sites, which are described as
close appositions (10-30 nm) between membranes of two organelles without
involving membrane fusion (Helle ef al., 2013; Prinz, 2014). The existence of these
sites has been known for decades (Copeland and Dalton, 1959; Porter and Palade,
1957; Robertson, 1960), yet the knowledge of the function of these membrane
domains is still more or less insufficient. Currently there is no comprehensive
information explaining the molecular machineries responsible for MCS biogenesis or
the mechanisms of MCS regulation and function. MCSs are, however, found to be
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universal architectures present in yeast, mammalian and plant cells, and similar
structures are also found to exist in prokaryotes.

Most MCS are sites between ER and a second membranous organelle, such as Golgi
apparatus, mitochondria, endosomes or plasma membrane. However, MCS also exist
between non-ER organelles, such as lysosomes and peroxisomes, and between LD
and mitochondria (Chu ef al., 2015; Jagerstrom ef al., 2009). The two membranes are
kept in close proximity by tethering components allowing steady but temporally
regulated connections. Up to this point, there is no indisputable evidence, which
defines proteins involved in the MCS formation. The first intrinsic MCS tethers were
identified by Kornmann et al. (2009) in yeast S. cerevisiae ER-—mitochondria
encounter structure (ERMES), in which a protein complex composed of four subunits
[maintenance of mitochondrial morphology protein 1 (Mmml) and mitochondrial
distribution and morphology protein 10/12/34 (Mdm10/Mdm12/Mdm34)] tethering
between the ER and mitochondria, was suggested to play a role in phospholipid
synthesis and Ca'signalling. An additional groundbreaking achievement was made
by the group of S. Emr by managing to abolish MCS between ER and PM in yeast by
deleting six individual genes (Manford ef al., 2012). This study implicated that the
proteins required for the existence of PM—ER contact sites in yeast are cortical ER
protein Ist2 (related to mammalian anoctamin/TMEM16), tricalbin 1-3, and ER trans-
membrane proteins Scs2/22. Of those Scs2, which is homologous to mammalian
VAPs, was suggested to be the most essential (Manford ef al., 2012). Importantly, the
study emphasised that MCSs are not necessarily formed by a single factor but by
multiple determinants.

In mammalian cells the involvement of tricalbin homologues termed extended
synaptotagmins (E-Syts) have been shown to play a role in the formation of MCSs
between PM and ER (Chang ef al., 2013; Giordano et al., 2013). E-Syts, like many
other MCS tethering factors, have domains targeting both membranes, and the
localization of E-Syts at PM—ER junctions are regulated by calcium and binding to
PI(4,5)P, (Chang et al., 2013; Giordano et al., 2013; Idevall-Hagren et al., 2015; Min
et al., 2007). Another family of established mammalian MCS promoters are
junctophilins. Also junctophilins have structural features enabling them to bind two
membranes simultaneously, and they are found to be responsible for the formation of
contact sites between PM and sarcoplasmic reticulum (SR) in muscle cells (Garbino
et al., 2009; Takeshima et al., 2000). The deletion of junctophilins does not, however,
completely prevent the SR-PM contact site formation, which implies that also in
myocytes the MCSs are rather formed by groups of proteins or protein complexes
(Hirata et al., 2006; Ito et al., 2001).

To this day, dozens of proteins are found to localize and function at MCSs, and some
of them presumably stabilize already formed contacts. However, the role of those
tethering factors in the de novo MCSs formation is either unclear or for some of them
even unlikely. The proteins found to localize at MCS and later discussed in this
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chapter are listed in Table 2. Of note, MCSs can also form between compartments in
the same organelle or inside organelles, for example between cis-, medial-, and trans-
Golgi cisternae or between the inner and outer mitochondria membrane (Harner ef al.,
2011; Schorr and van der Laan, 2018; Wollweber et al., 2017; Xiang and Wang,
2010). This chapter, however, focuses on MCSs mediating communication between

different organelles.

PM-ER MCS PM ER References
junctophilins Section 2.2.1  (Garbino et al, 2009;
Takeshima et al., 2000)
E- Syts Section2.2.1  (Chang et al, 2013;
Giordano et al., 2013)
DHPRs RyRs Section 2.2.2  (Rebbeck et al., 2011)
Orail STIM1 Section 2.2.2  (Korzeniowski et al., 2009;
Maleth et al., 2014; Park et
al., 2009; Wu et al., 2006)
ORP5, ORP8  Section2.2.3  (Chung et al., 2015; Ghai et
al., 2017)
Nir2 VAPs Section 2.2.3  (Chang et al., 2013; Chang
and Liou, 2015; Kim et al.,
2015)
Mitochondria- Mitochondria  ER
ER MCS MFN2/MFEN1 MFN2 Section 2.2.4  (de Brito and Scorrano, 2008)
PTPIP51 VAP-B Section 2.2.2  (De Vos et al., 2012)
PTPIP51 ORP5/8 Section 2.2.3  (Galmes et al., 2016)
VDAC1 IPsR Section 2.2.2 (Csordas et al, 2010; De
Stefani et al,  2016;
Szabadkai et al., 2006)
DRP1 Section 2.2.4  (Friedman et al., 2011)
Golgi-ER MCS Golgi ER
OSBP VAPs Section 2.2.3  (Mesmin et al., 2013; Mesmin
et al., 2017)
CERT VAPs Section 2.2.3  (Hanada et al., 2003; Perry
and Ridgway, 2006)
LE-ER MCS Endosome ER
ORP1L VAPs Section 2.2.4  (Johansson et al, 2007;
Rocha et al., 2009; van der
Kant et al., 2013)
NPC1 ORP5 Section 2.2.3  (Du etal, 2011)
STARD3 VAPs Section 2.2.3  (Alpy et al., 2013; Wilhelm et
al., 2017)
Annexin A1 S100A1 Section 2.2.4  (Eden et al., 2016)
Protrudin VAPs Section 2.2.4  (Raiborg et al., 2015)

Table 2. Summary of the proteins and protein complexes tethering at distinct membrane contact sites discussed in

this chapter.
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2.2.2 Cellular calcium homeostasis at organelle contacts

One of the best known roles for MCSs is in the regulation of cellular calcium
homeostasis. Ca”>" is an important second messenger that, if uncontrolled, causes cell
toxicity, and hence it needs to be conducted impeccably to its action site. MCSs
provide solid pipelines for calcium crossover between membranes. One important site
for calcium signalling is at the ER-PM MCSs, especially in muscle cells, where Ca®"
has a crucial role in triggering muscle contractions. In dormant state the cytoplasmic
Ca®" concentration is relatively low, but to activate muscle contraction, the Ca®"
quickly flows into the cytosol from the sarcoplasmic reticulum and from the
extracellular space through the PM, which allows myosin — an actin motor protein —
to manoeuver along actin filaments in the sarcomeres. This process is enabled by PM
Ca®" channels, dihydropyridine receptors (DHPRs), and ER Ca*" channels, ryanodine
receptors (RyRs), which form a coupled gating at SR-PM contacts and in strict
cooperation regulate the cytosolic Ca*" increase (Bannister, 2007; Bannister, 2016;
Rebbeck et al., 2011). The modulation of DHPR and RyR1 levels have no effect on
the quantity of SR-PM contacts, suggesting only a functional role at these sites
(Franzini-Armstrong et al., 1991; Ikemoto et al, 1997; Takekura et al., 1995a;
Takekura et al., 1995b).

Ca®" homeostasis is also regulated at PM—ER contacts sites in non-contractile cells.
ER is the storage compartment for cellular Ca>" and many cellular calcium-dependent
processes takes place at this site. ER has a mechanism to preserve adequate levels of
luminal calcium without significantly elevating cytosolic Ca®" via a process called
store-operated Ca*" entry (SOCE): When the ER calcium levels reduce, the integral
ER calcium sensor stromal interaction molecule-1 (STIM1) oligomerizes and
undergoes a conformational change which allows it to bind PI(4,5)P, at PM and
interact and activate the PM calcium channel Orail, which mediates the calcium
transmission into the ER lumen (Korzeniowski et al., 2009; Liou et al., 2005; Liou et
al., 2007; Luik et al., 2008; Maleth et al., 2014; Park et al., 2009; Stathopulos et al.,
2008; Walsh ef al., 2009; Wang et al., 2009; Wu et al., 2006). The direct interaction
between STIM1 and Orail at membrane contacts allows straight calcium influx into
the ER (Jousset et al., 2007).

Ca®" is important also for mitochondrial function. Mitochondria contain enzymes with
important functions in cellular respiration which are activated by Ca®" (Denton,
2009). Ca®" is pumped from ER to mitochondria via channels which are interacting at
ER-mitochondria MCSs (Rizzuto and Pozzan, 2006). The ER inositol triphosphate
receptor (IP;R) and outer mitochondria voltage-dependent anion channel (VDACI)
are found to bridge ER-mitochondria membranes with the cytosolic chaperone
glucose-regulated protein 75 (GRP75) and mitochondrial Ca®" uniporter (MCU)
complex to induce the Ca* exchange (Csordas et al., 2010; De Stefani et al., 2016;
Szabadkai et al., 2006). In addition, ER resident VAP-B is found to interact with the
mitochondrial membrane protein tyrosine phosphatase-interacting protein 51
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(PTPIP51) and similarly regulate the Ca®" uptake at ER-mitochondria contacts (De
Vos et al., 2012).

2.2.3 Role of MCSs in lipid biosynthesis and transport

Lipids are the major compounds of cellular membranes and different organelles have
their own characteristic lipid composition affiliated with their function. The
maintenance of the adequate lipid concentration of membranes requires lipid
trafficking from their synthesis site, most commonly from the ER, to their
destinations. However, due to their hydrophobic nature, maverick diffusion of lipids
is limited and therefore lipids are transported intracellularly via non-vesicular or
vesicular pathways. The non-vesicular lipid transfer is suggested to cover the major
proportion of the cellular lipid transportation (Lev, 2010) in which they are often
transported via carrier proteins enclosed with a hydrophobic ligand-binding pocket
characteristic of these proteins.

Lipid transfer protein (LTP) is a generic name covering multiple protein families
functioning in the intracellular lipid transport: PITP/Nir, START, GLTP, SEC14,
SCP2, Ups/PRELI, TULIP, LAM and OSBP/ORP (Alva and Lupas, 2016; Burgardt
et al., 2017; D'Angelo et al., 2008; Hsuan and Cockcroft, 2001; Lev, 2010; Wong et
al., 2017). Although LTPs carry lipids by moving within the cell between donor and
acceptor membranes, there is emerging evidence implicating that a proportion of the
lipid transfer occurs at closely apposed membranes that LTPs are bridging (Helle et
al., 2013). In fact, various LTPs from different protein families are found to tether at
MCSs, in example PITP/Nir, START and OSBP/ORP (Alpy et al., 2013; Chang and
Liou, 2015; Chung ef al., 2015; Mesmin et al., 2013; Peretti et al., 2008). The studies
of OSBP at frans-Golgi—ER interfaces and ORP5/ORP8 at ER-PM contacts have
provided novel information of the mechanism of lipid transport over MCSs. These
proteins are found to bi-directionally transport PI(4)P to ER for its hydrolysis and
exploit the from the PI(4)P hydrolysis for the transport of counter lipid against its
chemical gradient (Chung et al., 2015; Ghai et al., 2017; Mesmin et al., 2013). The
more detailed description of this bi-directional lipid transport as well as the role of
OSBP/CERT in the synthesis of SM at trans-Golgi—ER contacts are described in
chapters 2.1.3 and 2.1.4, respectively. These findings, however, illustrate examples of
how MCSs orchestrate the maintenance of lipid compositions of cellular membranes.

Furthermore, ER-PM MCSs are suggested to regulate the P1(4,5)P; levels of the PM.
PI(4,5)P, is an important signalling molecule that controls various cellular functions.
The activation of G-coupled receptors at PM reduces the PI(4,5)P, which causes a
disruption of E-Syt2 mediated ER-PM contacts and also reduces the interaction of
phosphoinositide phosphatase Sacl with the PM. The impaired association of Sacl
with the PM increases the PI(4)P precursor pool resulting in PI(4,5)P, elevation. The
opposite effect is caused by activation of SOCE after ER luminal Ca*" depletion, in
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which the Sacl enhances its interaction with the PM at the E-Syt2 mediated ER-PM
contacts, resulting to depletion of the PM PI(4)P. (Dickson et al., 2016) On the other
hand, the PM PI(4)P is generated from PI, which itself is produced at ER from
phosphatidic acid (PA). For the sequential generation of PI(4,5)P,, PI needs to be
transported from the ER to the PM. The reduction of PM PI(4,5)P; via its hydrolysis
to inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) is found to induce Nir2
translocation to E-Syt] mediated ER-PM contacts for the enhancement of PI transport
to the PM via exchange for PA (Chang et al., 2013; Chang and Liou, 2015). The
localization of Nir2 to the PM is mediated via binding to PA, which is generated from
DAG after the hydrolysis of PI(4,5)P,, and at the ER-PM contacts, Nir2 exchanges
the ER PI for the PM PA and counter transports PA to the ER (Figure 2) (Chang and
Liou, 2015; Kim et al., 2015).

The synthesis of phosphatidylethanolamine (PE) and phosphatidycholine (PC) are
also suggested to occur via MCSs (Dimmer and Rapaport, 2017; Flis and Daum,
2013; Osman et al., 2011). PS is the precursor for PE and PC, and is synthetized in
the ER from the PA, which is then passed to inner membranes of mitochondria for PS
decarboxylase to convert it to PE (Emoto et al., 1999; Osman et al., 2011). In
addition, in hepatocytes the synthesis of PC takes place at the ER, hence, the
precursor PE needs to be transferred back to the ER from the mitochondria for
methylation via N-methyltransferase to generate PC (Figure 2). This phospholipid
exchange between ER and mitochondrial membranes is suggested to occur through
ER-mitochondria contacts (Daum and Vance, 1997; Dennis and Kennedy, 1972; Flis
and Daum, 2013; Osman et al., 2011; Rusinol et al., 1994; Vance, 1990; Vance, 2014;
Voelker, 1989; Wu and Voelker, 2004). A study by Galmes et al. (2016) suggested
that in addition to localization of ORP5/8 to ER-PM MCSs, these PS transporting
proteins also found at the ER-mitochondria contacts by interaction with the
mitochondrial PTPIP51. The study reported that the localization of ORP5/8 to ER—
mitochondria MCSs was dependent on the ORD, but direct PS transport of ORP5/8
from ER to mitochondria was not addressed in the study (Galmes et al., 2016). The
study, however, did not exclude the possibility that the PS transport from ER to
mitochondria could also be mediated by ORP5/8. In fact, the finding that the PS
transport over ER-PM MCS was shown to be higher with PI(4,5)P, counter-transport
rather than with PI(4)P is further supporting the possibility (Ghai et al., 2017), since
PI(4,5)P, but not PI(4)P is found from the outer mitochondrial membrane (Rosivatz
and Woscholski, 2011).
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Figure 2. Schematic model of phospholipid transfer over ER-PM and ER-mitochondria MCSs.
PI(4,5)P, is generated at PM by phosphorylation of PI to PI(4)P and then to PI(4,5)P,. The hydrolysis
of PI(4,5)P, generates IP; and DAG, from which the DAG is converted to PA. The PA at PM is
exchanged for PI at ER via Nir2. At the ER, the PA is used for the synthesis of PS and PI. The PS is
counter transported to PM via ORPS5/ORPS8, and the PI(4)P is transported in opposite direction.
Alternatively, the PS is transported to mitochondria for the synthesis of PE. The newly formed PE is
then transferred to the ER for the synthesis of PC.

Finally, the cholesterol transfer from the late endosome (LE)/lysosome to the ER is
also suggested to occur directly through MCSs between ER and LE. Luminal
endosomal cholesterol egress factor Niemann-Pick C2 (NPC2) transfers LDL-derived
cholesterol to the LE limiting membrane cholesterol transporter NPC1, which
subsequently transfers cholesterol to the ER (Infante ef al., 2008; Kwon ef al., 2009).
This transfer is suggested to occur via interaction of NPC1 with ORP5 at ER (Du et
al., 2011), and via ORPIL-VAP mediated LE association with ER (Zhao and
Ridgway, 2017). This is supported by findings that silencing of NPC1 or ORPS, or
ORPIL knock out, results in cholesterol accumulation at LE and inhibition of its
esterification, which occurs in the ER (Du et al., 2011; Zhao and Ridgway, 2017). An
other LTP found to transport cholesterol between ER-LE contacts is STARD3, which
localizes to LEs, and similar to ORPIL, interacts with VAPs at the ER (Alpy et al.,
2013; Wilhelm et al., 2017). Wilhelm ef al. (2017) found that STARD3 transports
cholesterol to opposite direction compared to NPCs, from the ER to the LE, and
STARD3 overexpression was found to increase cholesterol accumulation in
endosomes by routing its transport from the ER to LE and concomitantly decreasing
the cholesterol from PM.
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2.2.4 Role of MCSs in organelle dynamics

Endosomes traffic along microtubules during their maturation, which allows them to
distribute endocytic cargo to different cellular compartments. Trafficking of
endosomes is also associated with ER contacts, which at least in the case of endocytic
transport of cholesterol is associated with endosome motility. Via its ankyrin motif,
the cholesterol sensor ORP1L interacts with the LE GTPase Rab7 and Rab-interacting
lysosomal protein (RILP). Upon high cholesterol conditions, this LE protein complex
recruits dynein-dynactin motor complex and homotypic fusion and vacuole protein
sorting (HOPS) on LE, which promotes LE trafficking towards the cell centre where
it fuses with lysosome (Johansson et al., 2007; Rocha et al., 2009; van der Kant et al.,
2013). Conversely, when endosomal cholesterol is depleted, ORP1L is suggested to
undergo enhanced interaction with ER-bound VAP increasing its association with
ER-LE contacts. This results in the dissociation of dynein—dynactin motor complexes
from LE and hence restricts the dynein-mediated LE mobility (Rocha et al., 2009).

The formation and regulation of ER-LE contacts is suggested to occur via
interactions of the endosome-localized Annexin Al and its ER resident ligand
S100A1 (Eden ef al., 2016). When the endosomal cholesterol depletes and the LE
motility is restricted, Annexin Al regulates the transfer of ER cholesterol to
multivesicular endosome/bodies (MVBs) through the ER-LE contacts, which also
requires the ORP1L—VAP interaction (Eden ef al., 2016). However, enhancement in
ER-LE contacts does not necessarily implicate reduced LE motility. In fact, Friedman
et al. (2013) showed that the ER-LE contacts are enhanced during LE maturation.
Moreover, the above studies puzzlingly suggested roles of ORPIL the transport of
cholesterol both from LE to ER and in the opposite direction. Of note, Vihervaara et
al. (2011) showed that ORPIL knock down inhibited the efflux of endocytosed
cholesterol from macrophages, supporting a function of the protein in the egress of
cholesterol from LE. Future study is warranted to reach a full understanding of the
function of ORPI1L in intracellular cholesterol trafficking.

LE trafficking is also linked to ER-LE MCSs upon neurite outgrowth via the ER
trans-membrane protein protrudin. Protrudin interacts on LE with Rab7 and PI(3)P,
and with VAPs in the ER. In association with LEs, protrudin recruits kinesin-1 which
promotes LE trafficking towards cell periphery resulting in endosome fusion with the
PM, and overexpression or down-regulation of protrudin are found to result LE
accumulation on cell periphery or in cell centre, respectively (Raiborg et al., 2015).
Finally, ER-LE contacts are also found as key components in the determination of the
time and position of endosome fission (Rowland ez al., 2014).

Similarly, also the mitochondrial fission is associated with ER contacts.
Mitochondrial fission is dependent on dynamin-related protein 1 (DRP1), which
localizes to mitochondria—ER junctions before initiating the mitochondrial division
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(Friedman et al., 2011). In yeast the mitochondrial fission is mediated by the ERMES,
the counterpart of which has not been found in mammals (Kornmann et al., 2009;
Murley et al., 2013). Moreover, dynamin-like GTPase mitofusin 2 (MFN2) has been
suggested tether between mitochondria and the ER, and at the ER, it homo- or
heterodimerizes with mitochondrial MFN2 or MFNI, respectively (de Brito and
Scorrano, 2008). Mitofusins are known to be involved in mitochondrial fusion (Chen
et al., 2003), but it is however unclear whether MFN2 at ER—mitochondria contacts
promotes this fusion. Finally, ER-mitochondria contacts are also found to play an
important role in the formation of autophagosomes (Hamasaki ef al., 2013).

2.3 Hepatic energy metabolism
2.3.1 Glucose uptake into hepatocytes

Liver is an essential metabolic organ that for provides energetic substrates for other
tissues such as skeletal muscle and adipose tissue. Hepatic energy metabolism is
tightly controlled by neuronal, hormonal and nutrient signals, and the dysfunction of
liver metabolic processes predisposes to various metabolic disorders such as type 2
diabetes and non-alcoholic fatty liver disease (NAFLD). One of the most essential
nutrient is glucose since it can serve as a precursor for amino acids and lipids, or for
the energy production. Glucose uptake from the bloodstream into the hepatocytes
occurs largely via the GLUT2 plasma membrane glucose transporter (Nordlie et al.,
1999). After entering the hepatocytes, the glucose is rapidly phosphorylated to
glucose 6-phosphate (G-6-P) by a glucokinase (GK) to prevent its exit back into the
bloodstream, but in fasted state it can also be dephosphorylated back to glucose. G-6-
P is a precursor for pyruvate and glycogen, which are discussed later in this chapter.

In non-hepatic insulin sensitive cells glucose uptake occurs largely via the GLUT4
glucose transporter, the translocation of which from intracellular vesicles to the PM is
regulated by insulin (Watson ef al., 2004). In hepatocytes the insulin does not regulate
the glucose uptake by mobilizing glucose transporters, but it stimulates GK
expression and counteracts glucose absorption via an indirect mechanism (Kim ef al.,
2004): The conversion of glucose to G-6-P reduces the concentration of intracellular
glucose which promotes the glucose uptake by generation of a concentration gradient.

2.3.2 Glycogenesis and glycogenolysis
Glucose cannot be stored within hepatocytes in long term, hence, it is processed and
stored as the polysaccharide glycogen for its later demand. Glycogen is the main

source of liver glucose during short-term fasting. In the synthesis of glycogen, G-6-P
is first converted to glucose 1-phosphate and then activated by an addition of uridine
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nucleotide to form UDP-glucose. Multiple UDP-glucoses are then chained by
glycogenin and fully polymerized by glycogen synthase (GYS) (Adeva-Andany ef al.,
2016). The reverse catabolic reaction is called glycogenolysis, in which the glycogen
chain is degraded back to free glucose subunits by a glycogen phosphorylase (PYGL)
(Agius, 2015).

G-6-P acts as an allosteric activator for GYS and allosteric inhibitor for PYGL
(Agius, 2008), but the activity of GYS and PYGL are primarily regulated by kinases
and phosphatases, as phosphorylation of GYS inhibits its activity and activates
PYGL. GYS is a downstream target of phosphatidylinositol 3-kinase (PI3K)/Akt
signal transduction pathway which is regulated by insulin and other growth factors.
Active Akt phosphorylates and inactivates the GYS phosphorylating kinase glycogen
synthase kinase 3 (GSK-3), thus increasing glycogen synthesis via GYS as a
downstream effect of insulin (Cross et al., 1995). In the fasted state the levels of
glucose and insulin are depleted, and glucagon increases, resulting in the activation of
PYGL to elevate the intracellular glucose concentration (Agius, 2015).

2.3.3 Glycolysis

The hepatic glucose in not only stored as glycogen, but it is also metabolized in a
process termed glycolysis, which importantly provides both energy fuel and various
building blocks for hepatocytes. In the glycolysis glucose is metabolized through
various enzymatic steps finally to pyruvate. The rate limiting steps in this multiphase
process are glucose phosphorylation to G-6-P by GK, fructose 6-phosphate
phosphorylation to fructose 1,6-bisphosphate by phosphofructokinase (PFK-1), and
phosphoenolpyruvate conversion to pyruvate by liver pyruvate kinase (L-PK),
processes which are induced in the fed state by glucose and insulin and conversely
inhibited during fasting. (Rui, 2014) In addition to glycolysis, the G-6-P can be
alternatively catabolized in a parallel process termed pentose phosphate pathway,
which generates NADPH required for lipogenesis.

The expression level of GK is markedly elevated after ingestion of carbohydrates. The
transcription factor sterol regulatory element binding protein 1¢ (SREBP-1c¢) induces
the gene expression of GK as a consequence of activated insulin/Akt signalling
(Fleischmann and Iynedjian, 2000; Foretz et al., 1999a; Kim et al., 2004; Ribaux and
Iynedjian, 2003). The GK is also regulated by glucokinase regulatory protein
(GKRP): Under low cellular glucose conditions glycolysis is unwarranted causing GK
to interact with GKRP, leading to the nuclear localization of this protein complex and
preventing the cytosolic function of GK (Brouwers et al., 2015). When the level of
glucose is elevated, GK is enabled to dissociate from GKRP permitting its release
from the nucleus to the cytosol.
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PFK-1 primarily admits glucose to glycolysis in order to create more ATP, hence
PFK-1 is allosterically activated by high concentrations of AMP and conversely
inactivated by ATP. The final rate limiting enzyme regulating the levels of glycolysis
is L-PK. L-PK converts phosphoenolpyruvate to pyruvate, which can be then passed
to mitochondria. The expression of L-PK is also nutritionally regulated — glucose
activates the transcription factor Carbohydrate response element binding protein
(ChREBP), which binds to the L-PK promoter and permits its expression (Dentin et
al., 2004; lizuka et al., 2004; Kawaguchi et al., 2001; Yamashita et al., 2001). In
addition, L-PK is subjected to allosteric regulation by fructose-1,6-bisphosphate.
Fructose-1,6-bisphosphate binds to L-PK resulting in a conformational change, which
activates L-PK (Jurica et al., 1998). L-PK transcription is repressed by glucagon,
which acts through its second messenger cyclic AMP (cAMP) (Vaulont et al., 1984).
cAMP also inactivates ChREBP by phosphorylation thus preventing its nuclear
function (Denechaud ef al., 2008; Dentin et al., 2012).

The cytosolic pyruvate formed as an end product of glycolysis enters mitochondria
where it is decarboxylated by the key mitochondrial enzyme complex, pyruvate
decarboxylase (PDC), to acetyl-CoA. The mitochondrial acetyl-CoA is then either
completely oxidized in tricarboxylic acid (TCA) cycle and oxidative phosphorylation
to generate high energetic ATP molecules, or alternatively, the acetyl-CoA is
removed from the TCA cycle and carried back into the cytosol to be used for fatty
acid synthesis. (Rui, 2014) In addition to pyruvate, the glycolysis provides also other
important intermediates, which can be used for the synthesis of different metabolic
compounds such as glycerol, which is required for fatty acid esterification. Moreover,
glycolysis also provides precursors for amino acid and nucleotide synthesis.

2.3.4 Gluconeogenesis

De novo glucose synthesis or gluconeogenesis is the main source of glucose after the
depletion of stored glycogen during long term fasting or starvation. Liver is able to
synthetize glucose from lactate, pyruvate, glycerol and amino acids. Lactate and
pyruvate are converted to oxaloacetate in mitochondria, and then to
phophoenolpuruvate by cytoplasmic phophoenolpuruvate carboxykinase (PEPCK).
Phophoenolpuruvate is further converted to G-6-P and finally to glucose by glucose-
6-phosphatase (G6Pase) through enzymatic steps reverse to those of glycolysis.
Amino acids, on the other hand, are first converted to a-ketoacids, which can be then
converted to gluconeogenic substrates such as pyruvate and oxaloacetate. Glycerol
can be used for glucose synthesis by conversion to glycol-3-phosphate by glycerol
kinase, which is a gluconeogenic intermediate. (Rui, 2014)

The regulation of gluconeogenesis depends on the metabolic state and the availability

of gluconeogenic substrates, affecting the expression of gluconeogenic enzymes.
Insulin suppresses gluconeogenesis and glucagon stimulates the expression of the rate
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limiting enzymes PEPCK and Go6Pase (Hatting et al, 2018; Oh et al, 2013;
Sutherland et al., 1996).

2.3.5 De novo lipogenesis

Another important metabolic function of the liver is to convert absorbed
carbohydrates into fatty acids. When carbohydrates are abundant, only part of the
absorbed carbohydrates are stored as hepatic glycogen and the excess is used for de
novo lipogenesis. Lipogenesis requires release of the acetyl-CoA from glucose
through glycolysis and mitochondrial pyruvate decarboxylation, after which it enters
the TCA cycle. Fatty acid synthesis occurs in the cytosol, but mitochondrial acetyl-
CoA cannot directly switch over back to the cytosol from the mitochondrial TCA
cycle, therefore it is first converted to citrate before transfer into the cytosol, after
which it is converted back to acetyl-CoA by ATP citrate lyase (ACL). In the first
enzymatic reactions of the lipogenesis, the cytosolic acetyl-CoA is carboxylated to
malonyl-CoA via acetyl-CoA carboxylase (ACC), and the malonyl-CoA is then
converted to palmitic acid by fatty acid synthase (FAS), which is the precursor
molecule for the synthesis of the other phospholipid species and TAG. In the
synthesis of TAGs, the other intermediate fatty acids are then produced by palmitic
acid elongation and desaturation, which involves stearoyl-CoA desaturase-1 (SCD1).
In the final stage, the fatty acids are esterified with glycerol-3-phosphate by glycerol-
3-phosphate acyltransferase (GPAT) to lysophosphatic acid (LPA). LPA is used for
the synthesis of DAG followed by the synthesis of TAG by diacylglycerol
acyltransferase (DGAT). The TAGs produced in lipogenesis are either stored within
hepatic LDs or secreted into bloodstream as very-low-density lipoprotein (VLDL)
particles for the usage of the extrahepatic tissues. (Rui, 2014)

Dietary carbohydrates promote the lipogenesis since the rate of lipogenesis is highly
reliant of the availability of lipogenic precursors (Figure 3). Hence it is not surprising
that the de novo lipogenesis is principally regulated by the same two transcription
factors as the glycolysis — SREBP-1¢ and ChREBP (Dentin et al., 2004; Dentin et al.,
2005; Foretz et al., 1999a). SREBP-1c and ChREBP themselves are subject to
regulation by insulin and glucose, respectively, ensuring coordination between
glucose and fatty acid metabolism. Together SREBP-1c and ChREBP regulate the
expression of all pivotal lipogenic enzymes: ACL, ACC, FAS, SCD1, GPAT and
DGAT (Berwick et al., 2002; Dentin et al., 2004; Dentin et al., 2006; Foretz et al.,
1999a; Foufelle and Ferre, 2002; Horton, 2002; Tizuka et al., 2004; Ishii et al., 2004;
Magana and Osborne, 1996). Conversely, the rate of lipogenesis is inhibited by
dietary fats, polyunsaturated fatty acids in particular, which suppress the production
of lipogenic enzymes (Blake and Clarke, 1990; Landschulz et al., 1994).
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2.3.6 Lipolysis and fatty acid f-oxidation

In the fasted state the acquisition of necessary energy from nutrients diminishes,
hence the metabolic fuel needs to be released from the intracellular energy reservoirs.
Lipolysis is a catabolic process which breaks down store stored TAGs from LDs by
hydrolase enzymes termed lipases. Lipolysis occurs primarily in adipocytes, but also
in other high-energy demanding cells such as muscle cells and hepatocytes. Adipose
triglyceride lipase (ATGL), monoacylglycerol lipase (MGL) and hormone sensitive
lipase (HSL) hydrolyse TAGs, DAGs and monoacylglycerols to release non-esterified
fatty acids and glycerol (Zechner et al., 2009). Those can then be exploited as
precursors for membrane lipid synthesis or to be used for energy production via fatty
acid oxidation.

For the mitochondrial fatty acid oxidation, fatty acids are esterified by fatty acyl-CoA
synthase to create long-chain acyl-CoAs. Long-chain fatty acyl-CoAs are, however,
unable to pass the mitochondrial membrane, thus carnitine palmitoyltransferase-1
(CPT1) converts long-chain acyl-CoA to long-chain acylcarnitine, which can be
substituted with intra-mitochondrial carnitine. In mitochondria, long-chain
acylcarnitine is transported across the inner mitochondrial membrane via carnitine
translocase, after which it is converted back to long-chain acyl-CoA by carnitine
palmitoyltransferase-2 (CPT2) for its complete oxidation. Four main enzymatic steps
are required for B-oxidation in which long-chain acyl-CoAs are catalysed to acyl- and
acetyl-CoAs, which can then be passed on to the TCA cycle and oxidative
phosphorylation. (Rui, 2014) The main oxidative enzymes are acyl-CoA
dehydrogenase, enoyl-CoA hydratase, hydroxyl acyl-CoA dehydrogenase and
ketoacyl-CoA thiolase, of which the activity of the last three can be covered by
mitochondrial trifunctional enzyme. Instead of the complete oxidation, the formed
acyl- and acetyl-CoA molecules can also be used for the formation of ketone bodies
through ketogenesis, which liver releases into the bloodstream for the use of other
organs such as brain, heart and skeletal muscle.

Similar to gluconeogenesis, lipolysis and fatty acid B-oxidation are enhanced by
glucagon and inhibited by insulin (Longuet et al., 2008; Sidossis and Wolfe, 1996).
Fasting also suppresses ChREBP and activates the nuclear receptor Peroxisome
proliferator-activated receptor o (PPARa), which induces genes involved in f-
oxidation and ketogenesis (Dentin ef al., 2006; Kersten et al., 1999; Kersten, 2014). It
is vital that the rates of catabolic and anabolic processes are tightly co-regulated by
the availability of external nutrients for the liver to ensure constant but efficient
supply of energy compounds for other tissues.
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Figure 3. Schematic figure of glucose conversion into fatty acids in hepatocytes. Glucose enters to
hepatocytes via plasma membrane GLUT2 transporter, after which glucose is either subjected to
glycogens synthesis or glycolysis to generate pyruvate. The pyruvate is channelled into TCA cycle and
completely oxidized in oxidative phosphorylation to create ATP, or the pyruvate is converted to citrate
for the synthesis of fatty acids (FA). The lipogenesis involves FA desaturation and elongation, and in
the final stage in the formation of triglycerides (TAG) FA is esterified with glycerol-3-phosphate, an
intermediate of glycolysis or absorbed from plasma via aquaporin-9. TAGs are stored within
hepatocytes in lipid droplets (LD) or secreted into circulation in very-low-density lipoprotein VLDL
particles.

2.3.7 PI3K/Akt-signalling in metabolic regulation

As described already in the previous chapters, PI3K/Akt signalling is a signal
transduction pathway regulating a variety of cellular functions, including glucose and
fatty acid metabolism, in order to maintain cellular growth and survival. The
signalling cascade is triggered by an external insulin-like growth factor stimuli, which
leads to phosphoinositide 3-kinase (PI3K) activation via cell surface receptors.
Activated PI3K phosphorylates plasma membrane PI(4,5)P, to PI(3,4,5)P;, which
leads to PM recruitment of certain PH-domain containing proteins (Lietzke et al.,
2000). Particularly, this attracts Akt and 3-phosphoinositide-dependent kinase
(PDK1) to re-localize and bind PI(3.,4,5)P; at PM, where PDK1 phosphorylates Akt at
residue Thr308 (Alessi et al., 1997; Franke et al., 1995). The full activation of Akt-
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kinase requires phosphorylation at second residue (Ser473) by mammalian target of
rapamycin (mTOR) (Sarbassov et al, 2005). The activation of Akt consequently
results to phosphorylation of dozens of Akt downstream targets leading to activation
or inactivation of signalling cascades regulating various distinct functions including
protein synthesis, cell cycle, apoptosis and metabolism.

The regulation of cellular glucose and fatty acid metabolism by PI3K/Akt signalling
are mainly triggered by the anabolic signals of insulin. By communicating through
PI3K/Akt signalling pathway insulin is able to promote the expression of glycolytic
and lipogenic genes required for the complete glucose utilization (Berwick et al.,
2002; Deprez et al., 1997; Gottlob et al., 2001; Semenza et al., 1996). This is
primarily mediated via transcription factor SREBP-1¢, which synthesis and nuclear
localization Akt induces (Bauer ef al., 2005; Berwick et al., 2002; Fleischmann and
Iynedjian, 2000; Porstmann et al., 2005; Porstmann et al, 2008; Ribaux and
Iynedjian, 2003; Yecies et al., 2011). Conversely, PI3K/Akt inhibits catabolic
processes including the production and release of glucose by down-regulating the
expression of pivotal enzymes of gluconeogenesis, glycogenolysis and also lipolysis
(Barthel et al., 2001; Li et al., 2007; Nakae et al., 2001; Sutherland ef al., 1996).

PI3K/Akt also regulates carbohydrate metabolism by non-transcriptional means, as it
increases glucose uptake by stimulating the PM translocation of GLUT4 and GLUT1
(Barthel et al., 1999; Kohn et al., 1996; Rathmell et al., 2003), and furthermore,
PI3K/Akt signalling also promotes glucose storage by GSK-3 phosphorylation (Cross
et al., 1995). The activation of PI3K/Akt signalling as a downstream response of
extracellular insulin is essential for cells to be able to adapt their metabolism and
growth to correspond to the availability of external energetic substrates. Thus it is not
surprising that dysfunctional PI3K/Akt signalling is associated with various different
types of human diseases (Follo ef al., 2015; Jha et al., 2015; Matsuda et al., 2013;
Patel and Mohan, 2005).

2.4 The actin cytoskeleton
2.4.1 Actin architecture and dynamics

Actin is one of the most abundant proteins in all cell types having a fundamental role
in the organization of the cellular cytoskeleton. Actin networks provide mechanical
strength, motility and internal communication routes for the cell. Actin is largely
accompanied with actin-binding proteins, which for example, orchestrate actin
assembly from actin monomers to polymeric filamentous actin (F-actin). Among the
most important actin regulators are Rho GTPases, which in regard, play a pivotal role
in the regulation of actin transitions between its mono- and polymeric states as a
response to extracellular signals. External plasma membrane receptors transmit
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signals to intracellular Rho GTPases, which distribute the messenger information via
signalling cascades throughout the cell finally to actin effectors (Hall, 1994; Ridley,
2001).

In the generation of filamentous actin through polymerization of actin monomers, an
important actin effector is Arp2/3 complex (Higgs and Pollard, 1999; Machesky and
Gould, 1999; Pollard and Borisy, 2003). The actin filament nucleation is an
energetically unfavourable process hence restricted from spontaneous occurrence. The
Arp2/3 complex acts as a nucleation factor to join free actin monomers to initiate
filament growth (Pollard, 2007). The actin monomers are asymmetric and bind to
each other in the filament in the same orientation, making the two ends of the filament
structurally different. The slower growing terminus of the filament is termed a pointed
end and the faster growing side a barbed end. The elongation of actin polymers
requires the actin-binding protein profilin, which recruits monomeric actin to bind to
the barbed end of the growing filament and inhibits monomer association with the
pointed end (Goldschmidt-Clermont ef al., 1991). In addition, each actin monomer is
an ATPase which hydrolyses ATP. When the concentration of free actin subunits are
optimal and the barbed end is in ATP-bound state and the pointed end is in ADP-
bound state, the filament adopts a property termed actin filament treadmilling, in
which new monomeric actin is added to the barbed end at the same rate as the pointed
end looses its subunits, dependent on the energy consumption from the constant
hydrolysis of ATP (Wegner, 1976). The shrinkage of the pointed end is often
mediated by actin-depolymerizing factor (ADF)/cofilin, which binds the ADP-bound
actin at the filament pointed end and causes a depolymerization (Carlier et al., 1997,
Carlier et al., 1999; Ichetovkin et al., 2000; Lappalainen ef al., 1998). Together with
profilin, the detached actin monomers can be recycled back into filaments after being
re-energized through exchange of bound ADP to ATP (Pollard et al., 2000).

Via the regulation by actin effectors, the filamentous actin together with actin-binding
proteins organizes to different higher-order architectures with different biochemical
and mechanical properties. Multiple actin filaments form close parallel or antiparallel
alignments termed bundles and more loosely orthogonally oriented branched
networks, which define the cell shape by supporting the plasma membrane. Actin also
provides contractile force for the cell via cross-linking of actin bundles with myosin
II. Myosin binds to ATP-bound actin and uses the energy of ATP hydrolysis to move
towards the barbed end of the actin filament, regulated by the myosin light chain
phosphorylation. These contractile structures present in most cells are termed stress
fibers, which also participates in connecting the cell to the extracellular matrix. Actin
also assembles into transient structures such as lamellipodia, filopodia and focal
adhesions — important elements in the cell physiology that permit cell contacts,
movement, cell to cell signalling and sensing of cell environment. The important
property of actin filament is its dynamicity, as it can rapidly undergo disassembly,
reassembly or depolymerisation based on the cell’s demands to adapt to the
fluctuating changes of its external environment. (Lee and Dominguez, 2010)
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2.4.2 Cell migration

Cell migration plays an important role during development in embryonic
morphogenesis, but cells also migrate in fully developed organisms during the normal
life cycle (e.g. the migration of immune cells) and in diseases (e.g. by promoting
cancer cell invasion and metastasis). During migration, cells forms a polarized leading
edge and membrane protrusions, as well as new cell adhesions, which all involve
cytoskeletal reorganization via effector proteins. (Svitkina, 2018)

Cell migration is commonly driven by actin-rich plasma membrane extensions called
lamellipodia composed of branched actin networks, which pushes the leading edge by
extensive actin polymerization at the front (Abercrombie et al., 1971; Abercrombie et
al., 1972; Pollard and Borisy, 2003). The leading edge then forms new adhesions to
the substratum, termed focal adhesions, and to move forward, the lamellipodium fills
with cytosol and the membrane at the trailing edge de-adheres and retracts towards
the cell body, executed by a pulling force of actin stress fibers. (Lauffenburger and
Horwitz, 1996; Medalia and Geiger, 2010; Mitchison and Cramer, 1996; Palecek et
al., 1998; Ridley and Hall, 1992)

Another important structure mediating cell migration is a fingerlike protrusion of
actin bundles termed filopodium. Filopodia are organized at the leading edge
lamellipodium, and they project out of the cell body and mediate the sensing of the
extracellular matrix (Mattila and Lappalainen, 2008). Compared to lamellipodia, the
protrusion forces generated by filopodia are much weaker, but some cells lacking
lamellipodia can predominantly migrate via filopodia (Suraneni et al., 2012; Wu et
al., 2012).

A less common mechanism of cell migration is via cell surface protrusions termed
blebs. Blebs are formed when actin cortex is locally detached from the plasma
membrane (Charras et al., 2008). The intracellular hydrostatic pressure forces the
non-actin bound parts of the plasma membrane to push out as a hernia (Charras et al.,
2005; Charras et al., 2006). After their extension, cell surface blebs are filled with
filamentous actin and myosin to form new actin cortex (Charras et al., 20006).
Lamellipodia or bleb-based cell motility are not necessary exclusive, but instead can
occur concurrently or in certain conditions some cells can switch between these two
modes of action (Bergert ef al., 2012; Wolf et al., 2003).

2.4.3 Actin in cell proliferation
Cell division requires extensive re-organization of the cytoskeleton. The most notable
process is the re-organization of microtubules into mitotic spindle, which orchestrates

chromosome segregation into daughter nuclei, but the cell cycle progression also
involves contribution of the actin network. During mitosis, cell migration is arrested
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and the actin cytoskeleton is reorganized to give the cells the characteristic round
shape with reduced cell-matrix adhesions (Cramer and Mitchison, 1997; Dao et al.,
2009). Actin also contributes to the cell cycle control and centrosome separation,
evident by drugs inhibiting actin polymerization, which result in delayed progression
of mitosis or unseparated centrosomes (Lee and Song, 2007; Uzbekov et al., 2002).
This is associated with an actin binding protein cortactin, which is found to connect
the actin filaments to centrosomes to drive the centrosome separation (Wang et al.,
2008Db).

The rounding of the cell is achieved by cross-linking actin beneath the plasma
membrane to form an actomyosin cortex, which increases cell rigidity (Bray and
White, 1988; Dao et al, 2009). The actin cross-linking is mediated by
ezrin/radixin/moesin (ERM) family of actin-binding proteins, which have the ability
to interact with trans-membrane proteins and PI(4,5)P, of the PM hence stabilizing
the cortical actin network (Fehon ef al., 2010; Hao ef al., 2009; Niggli and Rossy,
2008; Wang et al., 2008a). In the end of mitosis, actin—myosin bundles play a role in
the formation of a contractile ring pivotal for cytokinesis by producing the force to
divide the cell into two (Mabuchi, 1986). After the complete cell division, the two
daughter cells re-establish their actin networks in order to migrate apart and re-adhere
with the substratum.

2.4.4 Rho GTPases in actin cytoskeleton regulation

Actin is involved in the dynamic regulation of various cellular functions, which is
enabled by co-operation of a multitude of actin regulators and cell signalling
processes. Rho GTPases are designated as the most pivotal factors in actin
cytoskeleton regulation, in particular RhoA, Racl and Cdc42, which are the most
studied members of the Rho GTPase family and highly conserved across eukaryotes
(Boureux et al., 2007; Hall, 1994). Here I describe the central properties of RhoA,
Racl and Cdc42, principally their role in the assembly of actin cytoskeleton during
cell locomotion. These proteins are active when bound to GTP promoted by guanine
nucleotide exchange factors (GEFs) and are inactivated by the hydrolysis of bound
GTP to GDP (Rossman et al., 2005). The key function of the active RhoA, Racl and
Cdc42 signalling pathways is to distribute external messenger information to
downstream effectors, which consequently orchestrate the actin organization into
higher-order structures important for cell locomotion: Racl is mainly responsible for
the formation of lamellipodia at the leading edge and the activation of Cdc42 triggers
the formation of filopodia organized by bundled actin (Gupton and Gertler, 2007;
McCarty et al., 2005), while RhoA permits the cross-linking of actin bundles with
myosin II into stress fibers (Figure 4) (Ridley and Hall, 1992).
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Figure 4. Schematic figure of actin cytoskeleton regulation via RhoA, Cdc42 and Racl signalling,
which are responsible for stress fiber, filopodia and lamellipodia formation, respectively. RhoA
activates Rho-associated kinase (ROCK), which phosphorylates myocin light chain (MLC), thus
increasing actomyosin contractility. RhoA polymerisizes actin via mDial. Cdc42 also increases actin
polymerization via mDial, Ena/VASP, WASP and IQGAPI1, which activates Arp2/3 complex. Racl
involves actin polymerization via IQGAP1 and WAVE. Racl and ROCK also activate LIM-kinase,
which inactivates cofilin by phosphorylation.

The lamellipodia formation is mainly enabled by actin nucleation and polymerization
via the Arp2/3 complex, which is activated by a WAVE complex — downstream of
Racl (Chen et al., 2017; Chen et al., 2010; Miki et al., 1998). Racl also inhibits
cofilin-mediated actin depolymerization by stimulating the cofilin phosphorylating
LIM-kinase (Nishita et al., 2005; Stanyon and Bernard, 1999). Racl also interacts
with Ras GTPase-activating-like protein (IQGAP1) scaffold, which stabilizes Racl
(Briggs and Sacks, 2003). Similarly, the extension of filopodia requires extensive
actin nucleation and polymerization. Cdc42 activates the formin family member
diaphanous-1 (mDial) and Wiskott-Aldrich syndrome proteins (WASP, N-WASP),
which consequently activates the Arp2/3 complex supported by IQGAP1 (Ismail et
al., 2009; Le Clainche et al., 2007; Peng et al., 2003; Peng et al., 2003; Rohatgi ef al.,
1999; Symons et al., 1996). Cdc42 also mediates actin filament elongation through
Ena/VASP family of proteins, which are able to bind to the barbed end of bundled
actin filaments and catalyse their growth (Disanza ef al., 2013; Sechi and Wehland,
2004).

Similar to Cdc42, also RhoA activates the formin mDial, which is important for the
polymerization of unbranched actin filaments and formation of actin bundles
(Narumiya et al., 2009; Pollard, 2007; Watanabe et al., 1999). RhoA also activates the
Rho-associated kinase (ROCK), which increases myosin light chain phosphorylation
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enabling myosin motor protein binding to actin bundles, hence stimulating the
actomyosin contractility (Kimura et al., 1996; Narumiya et al., 2009). Furthermore,
ROCK inhibits cofilin via the LIM-kinase to stabilize actin filaments (Mackawa et al.,
1999). The induced actin polymerization and actomyosin tension are important for
stress fiber contraction that mediates the retraction of the rear end of the cell during
the cell migration. Furthermore, ROCK also promotes the ERM family proteins to
induce association of the actin cortex with PM via PIPSK (Lacalle et al., 2007,
Lokuta et al., 2007; Niggli and Rossy, 2008; Yamazaki et al., 2002). High levels of
RhoA/ROCK activity are associated with the inhibition of lamellipodia and observed
upon bleb-based cell motility (Aoki et al., 2016; Charras and Paluch, 2008).
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3 AIMS

1. To determine sterol regulation of ORP—VAP-A complexes at MCSs
2. To shed light to ORP2 intracellular function and role in cell pysiology
3. To determine ORP2 role in the hepatocellular energy metabolism

4 MATERIALS AND METHODS

4.1 List of used methods

The methods explained here are the ones that I have personally used for my thesis.
The complete description of all used methods can be found from the original

publications I, II, III.

ORIGINAL
METHOD PUBLICATION
Antibodies I, 11, 111
Anti-HA co-immunoprecipitation I, I
Bligh and Dyer lipid extraction I I
Cell culture and transfections I, II, III
Cellular sterol manipulation [ I
Clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9 technique 11, 111
Co-immunoprecipitation I
Co-precipitation using recombinant protein IT, I
Fluorescence microscopy I, IL, 11
Glucose and fatty acid uptake 11
Glycogen synthesis 1T
Glycolytic activity 11
Immunofluorescence staining I II, IIT
Lipid droplet staining I
Thin layer chromatography (TLC) I, 11T
Triglyceride synthesis 111
Western blotting I1, TIT
Wound healing assay 11
xCelligence Real-Time Cell Analysis I
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4.2 Description of the methods used

Antibodies

The following primary antibodies were used in the experiments:

Antibody Source Type Manufacturer
anti-Akt rabbit polyclonal Cell Signaling
anti-Akt(Ser473) rabbit polyclonal Cell Signaling
anti-B-actin rabbit polyclonal Millipore-Sigma
anti-Cdc37 rabbit polyclonal Cell Signaling
anti-Cdc37 mouse monoclonal Thermo Scientific
anti-cortactin mouse monoclonal Millipore-Sigma
anti-GFP rabbit polyclonal BD Bioscience
anti-GM130 mouse monoclonal BD Bioscience
anti-GSK-3p rabbit polyclonal Cell Signaling
anti-GSK-3B(Ser9) rabbit polyclonal Cell Signaling
anti-Hsp90 rabbit polyclonal Cell Signaling
anti-IQGAP1 mouse monoclonal BD Biosciences
anti-ORP2 rabbit polyclonal (Laitinen et al., 2002)
anti-PDI mouse monoclonal Enzo Life Sciences
anti-vimentin mouse monoclonal Millipore-Sigma

Cell Signaling (Danvers, MA); Millipore-Sigma (Billerica, MA); Thermo Scientific (Waltham, MA);
BD Bioscience (San Jose, CA); Enzo Life Sciences/Stressgen (New York, NY)

Anti-HA co-immunoprecipitation

Cells transiently overexpressing HA-ORP2 or ORP2 cultured in 10 cm were lysed in
lysis buffer [10 mM HEPES (pH 7.6), 150 mM NacCl, 0.5 mM MgCl,, 10% glycerol,
0.5% Triton X-100, 0.5% Saponin, Protease inhibitor cocktail] and the unbroken cells
were removed by centrifugation at 20 000 x g for 10 min. To reduce the unspecific
binding to the beads, the obtained lysates were first incubated with 30 ul of Protein G
Magnetic Beads (Pierce/Thermo Scientific) for 30 min at 4 °C, before adding the
magnetic anti-hemagglutinin (HA) beads (Pierce/Thermo Scientific) and incubated
for 1.5 h on rotation at 4 °C. The beads were washed three times with lysis buffer and
two times with deionized H,O. Bound proteins were eluted with 100 pl of 0.1 M
glycine (pH 2.0) for 30 min at room temperature and the alkaline elution was
neutralized with 8 pl of 1 M Tris base (pH 9.0). The eluted proteins were identified by
mass spectrometry [Meilahti Clinical Proteomic Core Facility (University of Helsinki,
Finland)]. The non-spesific interactions identified in the ORP2 sample lacking a HA
epitope tag were subtracted from the proteins identified in the anti-HA-precipitated
HA-ORP2 sample.
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Bligh and Dyer lipid extraction

To extract cellular cholesterol and triglycerides, cells were scraped in 2% NaCl and
collected by centrifugation at 700 x g in 4 °C. 2:1 methanol-chloroform was added to
the cells, followed by separation of insoluble material by centrifugation. For the
extraction of hydrophilic lipids, 1:1 chloroform-H,O was added, followed by
centrifugation and collection of the hydrophobic phase. The solvent was evaporated
under gaseous nitrogen at 37 °C, and the lipids were re-dissolved to chloroform for
TLC.

Cell culture and transfection

Human hepatoma cell line (HuH7) was cultured in Eagle’s minimal essential medium
with Earle’s salts (AQmedia™, Millipore-Sigma) supplemented with 10% heat
inactivated fetal bovine serum (Millipore-Sigma), 4 mM L-Glutamine (pH 7.35)
(Millipore-Sigma), 100 pg/ml streptomycin and 100 U/ml penicillin (Millipore-
Sigma). Cells were transfected with Lipofectamine® 2000 (Invitrogen, Carlsbad, CA)
using manufacturer’s instruction for 24 h in non-antibiotic containing media.

Cellular sterol manipulation

Cellular cholesterol was depleted from HuH7 cells by culturing the cells in AQmedia
depleted from fetal bovine serum but containing 5% lipoprotein-deficient serum
instead (LPDS, from Matti Jauhiainen, THL, Helsinki) for 96 h. Alternatively 5 uM
Mevastatin (Millipore-Sigma) supplement was included at the end for 24 h. To
increase the cellular cholesterol, 20-50 pg/ml human low-density lipoprotein [LDL;
as total protein, from Matti Jauhiainen, THL, Helsinki) was added at the end for 24 h.
For the oxysterol treatment, the cultured cells were loaded with 6 pM 22(R)OHC,
250HC or 7KC or vehicle for 24 h.

Clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 technique

The endogenous ORP2 was stably knocked out (KO) from HuH7 using RNA-guided
CRISPR-Cas9 genome editing with double nicking. The OSBPL2 targeted guide
RNAs (gRNAs) were designed wusing optimized CRISPR design tool
(http://crispr.mit.edu/) with Nickase analysis. The gRNA primers were cloned into
pGL3-puro-sgRNA vector (obtained from Dr. Shigian Li, Department of Anatomy,
University of Helsinki, Finland) and the acquired plasmids were verified by
sequencing. Cells transfected with gRNA plasmids and Cas9 (pcDNA4-Cas9n-2A-
GFP, obtained from Dr. Shigian Li), or only Cas9 for the generation of control cells,
were collected as single cells using fluorescence-activated cell sorting (FACSAriall,
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BD Biosciences, Franklin Lakes, NJ) at the Biomedicum Flow Cytometry Core
Facility, Helsinki, Finland. Single cell clones were expanded for 3 weeks in cell
culture to generate stable cell lines. The complete deletion of ORP2 from the HuH7
cells was ensured by western blotting with anti-ORP2 antibody and by sequencing of
the targeted PCR product.

Co-immunoprecipitation

HuH?7 cells were transfected with ORP2-V5 and GFP-MLC12 or GFP-MLC12 alone
as a negative control. Cells were lysed in lysis buffer [10 mM HEPES pH 7.6, 150
mM NaCl, 0.5 mM MgCl,, 10% glycerol, 0.5% Triton X-100, 0.5% Na-deoxycholate,
Protease inhibitor cocktail (Roche Diagnostics)] and the intact cells were removed by
centrifugation at 20 000 x g. Lysates were incubated with 15 ul anti-HA Magnetic
Beads (Pierce/Thermo Scientific) to reduce the unspecific binding for 30 min at 4 °C.
The unbound proteins were incubated with 40 pl anti-V5 Magnetic Beads (MBL,
Woburn, MA) overnight at 4 °C. The beads were washed four times with lysis buffer,
resuspended in 30 pl Laemmli sample buffer and boiled for 5 min.

Co-precipitation using recombinant protein

HuH7 cells were transfected with GFP-SEPT9 or GFP-ARHGAPI12 plasmid or
alternatively left untrasfected for the pull-down of endogenous proteins, and lysed in
lysis buffer [10 mM HEPES pH 7.6, 150 mM NaCl, 0.5 mM MgCl,, 10% glycerol,
0.5% Triton X-100, 0.5% Na-deoxycholate, Protease inhibitor cocktail (Roche
Diagnostics)] and the intact cells were removed by centrifugation at 20 000 x g. The
obtained lysates were mixed with 300 umol GST-ORP2 or plain GST (produced in
insect cells by the BioMediTech Protein Technologies core facility) and 20 pl
Glutathione-Sepharose 4B (GE Healthcare, Buckinghamshire, UK) for 2 h at 4 °C.
The beads were the washed thoroughly and resuspended in 30 pl Laemmli sample
buffer and boiled for 5 min.

Fluorescence microscopy

Fluorescence signals were visualized with a Zeiss Axio Observer Z1 microscope with
an ECPInN 40x/0.75 DICII or PInApo x63/1.40 oil DICII objectives and a Colibri
laser (Zeiss, Oberkochen, Germany). Images were recorded with Axio Visio Rel.
4.8.1 or Zen 2 v.2.0.0 softwares (Carl Zeiss Imaging Solutions GmbH, Oberkochen,
Germany). For image processing Adobe Photoshop 7 (San Jose, CA) and Image J
softwares (National Institutes of Health, Bethesda, MD) were used.
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Glucose and fatty acid uptake

The cells were initially starved for 3 h in glucose and serum free media [Dulbecco’s
modified Eagle medium (DMEM) Gibco, Grand Island, NY]. To measure the fatty
acid uptake, the cells were pulse labeled with a mixture of 20 mM glucose, 5 nM oleic
acid-BSA and 1 pCi [*H]J-oleic acid for 15 min. In turn to measure the glucose uptake,
the cells were pulse labelled with 10 pM [*H]-2-deoxy-D-glucose (100 mCi/mmol)
(PerkinElmer, Waltham, MA) supplemented with 10 pM 2-Deoxy-D-glucose
(Millipore-Sigma) for 15 min. To determine the rate of non-specific glucose uptake,
the control cells were treated with 40 uM Cytochalasin B (Millipore-Sigma) for 45
min prior the pulse labelling. After the pulse labelling, the cells were washed
thoroughly with PBS and lysed in 0.03% SDS. The radioactivity was measured using
liquid scintillation counting in Optiphase HiSafe 3 scintillation cocktail (PerkinElmer)
and normalized to total cellular protein (BCA assay, Thermo Scientific). To determine
the intrinsic glucose uptake, the rate of non-specific glucose uptake was subtracted
from the total rate of glucose uptake.

Glycogen synthesis

The cells were starved for 2 h in glucose and serum free media (DMEM, Gibco),
followed by a pulse labeling with 0.18 pCi/umol D-[U-"*C]-glucose (PerkinElmer)
for 1 h. After the pulse labelling, the cells were washed thoroughly with PBS, lysed in
0.03% SDS, and the cellular glycogen was precipitated with a 1 mg of carrier
glycogen (Millipore-Sigma) by 30 min boiling followed by addition of ethanol. The
glycogen precipitate was washed with 70% ethanol, centrifuged at 20,000 x g for 15
min and dried from the excess ethanol. The radioactivity was measured using liquid
scintillation counting in Optiphase HiSafe 3 scintillation cocktail (PerkinElmer) and
normalized to total cellular protein (BCA assay, Thermo Scientific).

Glycolytic activity

The cells were cultured on Seahorse XF96 cell culture microplates in basal growth
medium (Agilent Tecnologies, Santa Clara, CA) for 24 h. One hour prior the
measurements the medium was changed to Seahorse XF base medium with 2 mM L-
glutamine and the cells were incubated at 37 °C without CO,. Extracellular
acidification rate (ECAR) was measured in real time 3 x 3 min cycles with Seahorse
XFe Analyzer (Agilent Technologies) with addition of following compounds prior
single measurement cycle: 10 mM glucose (Millipore-Sigma), 1 pM Oligomycin
(Millipore-Sigma) and finally 50 mM 2-Deoxy-D-glucose (Millipore-Sigma). ECAR
values were normalised to the corresponding total protein concentrations (BCA assay,
Thermo Scientific) and the glycolysis was calculated by subtracting the non-
glycolytic ECAR from the maximum ECAR after glucose injection.
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Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde, additionally combined with 0.02%
glutaraldehyde, for 20 min. Aldehyde groups were blocked with 50 mM NH4Cl for 10
min and the cells were permeabilized with 0.1% Triton X-100 for 5 min. Unspecific
binding of antibodies were blocked with 10% fetal bovine serum for 45 min at 37 °C,
followed by incubation with the primary antibody in 5% fetal bovine serum for 1 h
and the secondary antibodies [fAlexa Fluor-568 goat anti-rabbit (Molecular
Probes/Invitrogen, Carlsbad, CA), [fAlexa Fluor-594 goat anti-mouse (Thermo
Scientific)], Cy5" goat anti-mouse [Life Technologies, Eugene, OR] or Oregon green
488 phalloidin (Molecular Probes, Eugene, OR) in the same conditions. The cells
were mounted in Mowiol (Calbiochem, LA Jolla, CA)/l1,4-Diazabicyclo-[2.2.2]
octane (50 mg/ml, Millipore-Sigma) supplemented with or without DAPI (Sug/ml,
Molecular Probes).

Lipid droplet staining

Cellular lipid droplets were labelled with 5 nM Bodipy-Ci> (Molecular Probes) in
serum-free medium at 37 °C for 1 h, followed by 4 h chase in basal growth medium
and cell fixation.

Thin layer chromatography (TLC)

TAGs and cholesterol esters were analysed by thin layer chromatography (TLC).
After the Bligh and Dyer lipid extraction described above, the radioactively labelled
lipids were applied to analytical silica gel glass plates (Merck, Kenilworth, NJ) and
separated in glass chamber in solvent containing 80% of hexane, 18% of diethylether,
0.01% of acetic acid and 0.003% of H,O. The segregated lipids were visualized with
iodine and scraped in Optiphase HiSafe 3 scintillation cocktail (PerkinElmer). The
radioactivity was measured using liquid scintillation counting and the count of lipids
was normalized to total cellular protein (BCA assay, Thermo Scientific).

Triglyceride synthesis

The cells pulse labelled with 3.5 pCi [*HJoleic acid (PerkinElmer) in ethanol for 3h,
after which they were washed thoroughly and scraped into 2% NaCl. The TGs were
extracted using the Bligh and Dyer method and [*’H]TGs separated by TLC (described
above).
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Western blotting

Cells were lysed in lysis buffer [10 mM HEPES pH 7.6, 150 mM NacCl, 0.5 mM
MgCl,, 10% glycerol, 0.5% Triton X-100, 0.5% Na-deoxycholate, Protease inhinbitor
cocktail (Roche Diagnostics, Mannheim, DE)], mixed thoroughly by vortexing and
incubated on ice for 10 min. Intact cells were removed by centrifugation at 20 000 x g
for 10 min. Total cellular proteins were measured with BCA assay (Thermo
Scientific) and lysates containing 10-20 pg of total cellular proteins were boiled with
Laemmli sample buffer for 5 min. After boiling, the lysates were subjected to SDS-
PAGE followed by transfer to membranes [Hybond-C Extra nitrocellulose (GE
Healthcare) or Trans-Blot Turbo LF PVDF, Bio-Rad (Hercules, CA)]. Unspecific
binding was blocked with 5% fat-free milk in TBS containing 0.01% Tween-20 at
room temperature for 1 h, followed by primary antibody treatment in the same
blocking buffer at 4°C over night. HRP-conjugated secondary antibodies were
incubated in the same blocking buffer at room temperature for 1 h. Bound antibodies
were detected with enhanced chemiluminescence system ECL (Thermo Scientific).

Wound healing assay

HuH7 cells were grown in the basal growth medium and the confluent cell
monolayers were wounded with a small pipet tip. The cells were washed extensively
with PBS to remove the detached cells, and the wound was marked at the bottom of
the dish. The wound closure was monitored for 22 h with by using the bright-field
Evos XL Cell Imaging Systerm (AMG, Thermo Scientific).

xCelligence Real-Time Cell Analysis

xCELLigence® Real-Time Cell Analysis system with DP instrument (ACEA
Bioscience, San Diego, CA) was employed to analyse the cell adhesion to substratum,
proliferation and cell migration. For the analysis of adhesion and proliferation, cells
were seeded at 8 x 10° cells per well on electronic microtiter plates with noninvasive
gold microelectrode biosensors (E-plate® 16, ACEA Bioscience) and electrical
impedance was monitored in real-time with RTCA Software 1.2 (ACEA Bioscience)
for 85 h. For the analysis of migration cells were seeded at 3 x 10* cells per chamber
in upper chambers in medium depleted of fetal bovine serum (CIM-plate® 16, ACEA
Bioscience) and the lower electronically integrated Boyden chambers contained basal
growt medium. Cell movement from the upper to the lower chamber was monitored
in real-time by electrical impedance with the RTCA Software 1.2 for 24 h.
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5 RESULTS AND DISCUSSION

5.1 The localization of ORP-VAP complexes is regulated by cellular
sterol content

5.1.1 Subcellular targeting of ORP-VAP-A complexes alters upon cellular sterol
manipulations ()

Several studies indicate that OSBP/ORPs sterol liganding regulates their intracellular
localization (Hynynen et al., 2009; Mesmin et al., 2013; Nhek et al., 2010; Ridgway
et al., 1992; Storey et al., 1998). However, the impacts of sterol liganding have not
been carried out as a systematic screen among the ORP family, and moreover, the
sterol effects on the localization of ORPs in a complex with VAPs, integral trans-
membrane proteins of the ER, are not comprehensively described. In this study we
screened the sterol manipulation effects on the ORP-VAP complexes, limiting the
analysis to ORPs which i) are known to bind sterols and ii) contain the VAP-
interacting FFAT-motif. The ORPs included in the study were OSBP, ORP1L, ORP2,
ORPA4L and ORPIL.

To focus the analysis to ORP—VAP interactions, we employed the Bimolecular
Fluorescence Complementation technique (BiFC), which enables fluorescent
microscopy visualization of protein interactions in live cells. BiFC is based on a
formation of a fluorescent complex when two truncated non-fluorescent fluorophore
fragments are organized in close association with each other (Kerppola, 2008). To
visualize protein—protein interactions in live cells, the interaction candidates are fused
with the non-fluorescent fragments and the formed protein interactions permit the
association between the two fragments, which then generate a fluorescent complex
(Kerppola, 2008). The specificity of the BiFC signal is reasonably good but not
absolute, requiring verification of the positive interaction and exclusion of putative
false positive signals (Kerppola, 2008). In our study we used ORP8 as a negative
control for ORP—V AP interaction, since ORPS lacks FFAT-motif and is incapable of
binding to VAPs. In addition, the abolishment of BiFC signal by using ORP
constructs with FFAT-motifs inactivated by mutations is established previously
(Weber-Boyvat et al., 2015b).

Moreover, when using the BiFC technique, it is important to take into account that the
BiFC complex formation is irreversible in vitro (Shyu and Hu, 2008), and this
irreversible nature of the BiFC requires careful evaluation because BiFC is able to
trap transient and strengthen weak interactions, which sets limitations to the analysis
of dynamic interactions (Kerppola, 2008; Kodama and Hu, 2012). Here, however, we
did not employ the BiFC to study the ORP—VAP interaction dynamics, and the
cellular sterol manipulations were carried out before the generation of the BiFC
interactions.
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To study the sterol manipulation effects on ORP—VAP BiFC distribution, HuH7
hepatocytes were treated for 24 h with 6 uM oxysterols [250OHC, 22(R)OHC or 7KC],
or alternatively, the cellular cholesterol level was manipulated by 96 h lipoprotein

starvation, with an additional 5 pM Mevastatin or 50 pg/ml human LDL treatment for
24 h.

The studied BiFC complexes were OSBP—, ORP1L—, ORP2—, ORP4L— and ORP9-
VAP-A, from which three were found to be sensitive to the sterol manipulations
(OSBP—, ORP2—- and ORP4L-VAP-A), while no effects were observed in ORP1L- or
ORP9-VAP-A BiFC complexes upon any of the cellular sterol manipulations (I: Fig.
1A & 2A). Moreover, no detectable BiFC signal was observed upon ORP8—VAP-A
expression, indicating specificity of the observed ORP—-VAP BiFC signals.

The observation that none of the above described sterol manipulations affected the
ORPI1L- or ORPIL-VAPA-A BiFC distributions is to some extent conflicting, as it
has previously suggested that the sterol binding deficient mutants of ORPIL
[ORP1L(AELSK)] and ORPIL [ORPIL(ADLTK)] alter the subcellular targeting of
these proteins in complex with VAP-A (Weber-Boyvat ef al., 2015b). The wild type
ORP1L-VAP-A was found to localize to ring-like structures surrounding the LEs, but
overexpression of ORPIL(AELSK)-VAP-A was suggested to narrow down the
diameters of the LE-surrounding ring-like BiFC-positive structures (Weber-Boyvat et
al., 2015b). Furthermore, the wild type ORP9L-VAP-A BiFC expressed as dots,
blobs and perinuclear lines, but the ORPIL(ADLTK)-VAP-A displayed an altered
distribution co-localizing with a Golgi marker, which was not observed with the wild
type ORPIL (Weber-Boyvat et al., 2015b). It is, however, possible, that ORP1L and
ORPIL are subjective to regulation by other ligands not included in this study (PIPs
for example), or alternatively, the altered localization of sterol binding mutants can be
a result of structural alterations or improper folding, putatively resulting in unnatural
properties of these mutated proteins.

5.1.2 Sterol manipulation effects on cholesterol and TAG content (1)

To analyse the above described sterol manipulation effects on the concentration of
cellular lipids, the content of free and esterified cholesterol and TAGs were measured
by thin-layer chromatography. The lipoprotein starvation reduced the cellular content
of cholesterol esters by 35% and the Mevastatin treatment by 50%, and conversely,
the LDL loading increased cholesterol esters by 29% (I, Supplementary Figure S1 A).
However, the Mevastatin treatment did not reduce the amount of free cholesterol
compared to basal control, and the lipoprotein starvation in fact increased the free
cholesterol by 17% (I, Supplementary Figure S1 C). Also the LDL treatment
increased the free cholesterol compared to basal control by 35%, but the increment of
free cholesterol was not significant as compared to the lipoprotein starvation (I,
Supplementary Figure S1 C).
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The analysis clearly indicated that the cellular cholesterol depletion with lipoprotein
starvation and additional Mevastatin treatment diminished the level of total cellular
cholesterol by an efficient reduction of cholesterol esters, but the level of free
cholesterol was not reduced and during the lipoprotein starvation the level of free
cholesterol was even moderately increased. We have to assume that the lipoprotein
starvation resulted in an activation of compensatory mechanisms to elevate the
cellular cholesterol levels, thus increasing the levels of free cholesterol. This is
supported by the finding that the elevation in the free cholesterol was abolished by the
additional Mevastatin treatment, which effectively down-regulates the hepatic de
novo cholesterol synthesis.

Moreover, all these cholesterol manipulations increased the cellular levels of TAGs (1,
Supplementary Figure S1 B), but on the contrary, the oxysterol treatments
[22(R)OHC and 250HC] decreased the TAG content (I, Supplementary Figure S2 B).
The oxysterols also reduced the level of free cholesterol by 27-55% (I,
Supplementary Figure S2 C), but the levels of cholesterol esters, on the other hand,
were increased with 250HC by 20% (I, Supplementary Figure S2 A). The modulation
of cellular cholesterol content by the 250HC or 22(R)OHC increment is probably due
to their cholesterol homeostatic properties. 250HC is able to reduce cholesterol
synthesis, and its formation is implicated as a feed-back control mechanism to inhibit
excess cholesterol synthesis, but 250HC is also found to increase cholesterol
esterification, putatively explaining the observed effects of 250HC treatment on the
levels of free and esterified cholesterol (Du et al., 2004; Kandutsch and Chen, 1975;
Lange et al., 1999). Moreover, 22(R)OHC is also suggested to reduce the cellular
cholesterol content by suppressing cholesterol synthesis via LXR and by enhancing
cholesterol efflux via increased expression of ATP-binding cassette transporter Al
(ABCAL) (Janowski et al., 1996; Koldamova et al., 2003; Lehmann et al., 1997,
Wang et al., 2008b).

5.1.3 Sterol liganding regulates OSBP-VAP-A Golgi localization (1)

The effects of the cellular sterol manipulations on the cellular distribution of OSBP—
VAP-A BiFC were investigated. In the basal control cells, the OSBP-VAP-A
complex displayed a scattered perinuclear localization, which partly co-localized with
the trans-Golgi/TGN marker GalT1(1-81) and only weakly with cis-Golgi visualized
by GM130 staining (I, Figure 3A,B). Upon 250HC loading — which is a high-affinity
oxysterol ligand of OSBP — in 80% of the cells the OSBP-VAP-A BiFC was
clustered at one pole of the nucleus, significantly distinct compared to the diffuse
BiFC signal observed in the control cells (I, Figure 1A). By the mCherry-GalT1(1-81)
overexpression or by GM130 staining, the clustered OSBP—VAP-A BiFC was found
to co-localize completely with the condensed Golgi apparatus (I, Figure 3A,B),
indicating enhanced Golgi localization of OSBP—VAP-A complexes. Importantly, the
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250HC treatment did not only affect the distribution of OSBP—VAP-A but also the
organization of the Golgi apparatus, by clustering the cis-/frans-Golgi at a
juxtanuclear position. On the other hand, the low-affinity oxysterol ligands of OSBP —
22(R)OHC and 7KC — had no significant effects on the OSBP-VAP-A BiFC
localization compared to control cells.

The cellular cholesterol depletion resulted in a similar clustering of OSBP-VAP-A
BiFC at cis/trans-Golgi as that observed with 25OHC (I, Figure 3A,B). To be precise,
the lipoprotein starvation induced the clustering in 36% of the cells and Mevastatin in
49% (I, Figure 2A), indicating that cellular cholesterol depletion enhances the OSBP—
VAP-A Golgi targeting similar to 2SOHC. The LDL loading, however, did not affect
the OSBP-VAP-A BiFC localization compared to control cell: In both conditions the
OSBP-VAP-A clustering was observed only in =10% of the cells (I, Figure 1A, 2A).

To verify that the 250HC effect on the OSBP—VAP-A BiFC distribution is a result of
OSBP ligand binding, effects on a sterol-binding deficient mutant (AELSK) of OSBP
were investigated upon 250HC treatment. Interestingly, the 250HC treatment
condensed the Golgi markers close to the nucleus, but OSBP(AELSK)-VAP-A BiFC
was unaffected by the 250HC treatment, displaying a scattered perinuclear
localization similar to the basal control. As a result, OSBP(AELSK)-VAP-A BiFC
showed no co-localization with Golgi markers (I, Figure 3A,B). The result indicates
that 250HC regulates the subcellular localization of OSBP-VAP-A by directly
binding to OSBP, but overexpression of the OSBP-VAP-A complex is not required
for the Golgi clustering. Consistently, the 250HC treatment induced the GM130 and
GalT1(1-81) clustering also in the absence of OSBP-VAP-A BiFC overexpression (I,
Supplementary Figure S3).

However, Nhek and co-workers previously indicated that LDL treatment resulted in a
scattered distribution of the trans-Golgi marker TGN46, and as a result, they implied
that the inefficient localization of the OSBP to the Golgi in response to the LDL
treatment promoted the Golgi fragmentation (Nhek et al., 2010). The HuH7 cells’
Golgi is naturally highly fragmented and thus unaffected by the LDL treatment, but is
condensed upon 250HC treatment or cholesterol depletion. We observed clustering of
the cis- and trans-Golgi upon 250HC also in the untransfected cells. However, we
have to take into account that the cells contained endogenous OSBP and VAP-A, thus
the involvement of OSBP in the Golgi clustering cannot be reliably excluded based on
our observation.

Also the ligand binding dependency of the OSBP Golgi localization has been
previously investigated, and several studies support our findings that the OSBP Golgi
targeting is promoted by 250HC or cholesterol depletion, or by altered plasma
membrane cholesterol trafficking, and conversely, cholesterol increment reduces the
OSBP Golgi localization (Nhek et al., 2010; Ridgway et al., 1992; Storey et al.,
1998). In addition, Storey et al. (1998) indicated that the Golgi localization of OSBP,
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in response to 250HC, increased the Golgi SM synthesis, which was conversely
inhibited by cholesterol. Mesmin et al. (2013) suggested that the 250OHC treatment
additionally modifies the localization of VAP-A when co-expressed with OSBP. The
study reported that in the basal conditions, VAP-A was evenly distributed along the
ER membrane, but upon the 250HC treatment, it co-localized with OSBP at the
perinuclear Golgi structures. Hence, it was suggested that the 250HC treatment
promotes the VAP-A translocation towards the Golgi via the OSBP interaction. The
study also showed that mutation of the PHD of OSBP shifted the OSBP localization
to the ER, and the FFAT mutation towards the Golgi, implicating an important role
for PHD PIP-binding in the OSBP Golgi targeting and VAP-binding in the ER
association. (Mesmin et al., 2013) Later it was also shown that OSW-1 treatment,
which blocks the OSBP ligand binding, also induced OSBP translocation to the Golgi
accompanied with VAP-A (Mesmin et al., 2017).

The observed BiFC signals in our experiments implicate that the interaction of OSBP
with VAP-A is not compromised upon any of the cellular sterol manipulations, but
the localization of the OSBP—VAP-A interaction is altered depending on the cellular
cholesterol or 250HC levels. One could criticise, that the cellular oxysterol treatments
using micromolar concentrations represent an unnaturally high dose compared to the
levels of endogenously produced oxysterols, the concentrations of which in the
plasma are in nanomolar range. However, our unpublished observations suggest that
oxysterols rapidly precipitate in aqueous solutions, i.e. when added to the culture
media, thus the actual concentrations obtained by the cells are expected to be
significantly lower.

5.1.4 Sterol manipulations regulate ORP4L-VAP-A localization to vimentin filaments

@

ORPAL is the closest homologue of OSBP and similarly found to bind 250HC with
high-affinity (Wang et al., 2002). In addition, both OSBP and ORP4L contain a
dimerization motif enabling the formation of OSBP—ORP4L heterodimers (Wyles et
al., 2007). ORP4 was previously shown to localize to vimentin intermediate filaments
and to regulate the vimentin filament organization (Wyles et al., 2007). Here in the
basal conditions, the ORP4L-VAP-A BiFC complexes showed localization to
vimentin but also to a lesser extent at the PM (I, Figure 1A). At the PM, the ORP4L-
VAP-A BIiFC signals co-localized with the ER-PM MCS marker E-syt2 (I, Figure
4A). The 250HC treatment, but not 22(R)OHC or 7KC, caused a re-localization of
ORP4L-VAP-A to punctate cytosolic-like structures in 62% of the treated cells (I,
Figure 1B), which did not co-localize with the vimentin (I, Figure 4B). Also the
cholesterol depletion through lipoprotein starvation or Mevastatin resulted in similar
punctate elements in 40% and 50% of the cells, respectively (I, Figure 2B).
Furthermore, upon the LDL treatment, the ORP4L-VAP-A BiFC was found at the
PM and did not display vimentin-associated structures (I, Figure 2B).
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The sterol-binding deficient mutant of ORP4L displayed enhanced PM targeting
compared to wild-type ORP4L-VAP-A BiFC, as the co-localization of
ORP4L(AELSR)-VAP-A with the vimentin filaments was abolished (I, Figure 4A,B).
The punctate elements induced by 250HC or sterol depletion, which co-localized
with the ER marker protein disulphide isomerase (PDI) (I, Figure 4C), were also
observed with ORP4L(AELSR)-VAP-A after the 250HC treatment (I, Figure 4A,B),
suggesting that the localization of ORP4L-VAP-A complexes to the condensed ER
elements is not a result of direct binding of 25OHC to ORP4L. It is possible that the
250HC elevation regulates the ORP4L-VAP-A localization via an indirect
mechanism, or that the ORP4L(AELSR) mutant does not completely prevent the
250HC binding to ORP4L.

ORPAL was previously shown to localize to vimentin, and a leucine repeat motif of
ORP4L was suggested to be important for the native organization of the vimentin
filaments, since the overexpression of ORP4S or ORP4L mutant, with a leucine
repeat deletion, aggregates the vimentin filaments close to the nucleus (Wang et al.,
2002; Wyles et al., 2007). On the other hand, another study implicated that the PHD
of ORP4L is important for the impact of ORP4L on vimentin organization, since the
overexpression of mutant ORP4L lacking the PHD strongly induced vimentin
aggregation (Charman et al., 2014).

In controversy with our observation, the study by Wyles et al. (2007) indicated that
the 250HC or cholesterol binding does not affect the ORP4L localization to vimentin.
In our observations the 250HC and the cholesterol depletions accumulated ORP4L—
VAP-A BiFC to condensed ER elements, and the LDL treatment induced PM
targeting of the ORP4L-VAP-A complexes. However, the conclusion of the study
was acquired by using a very different approach to ours: In the earlier study the
affinity of recombinant wild type and a sterol binding deficient mutant ORP4L(A501-
505) proteins for vimentin binding was analysed using a pull-down assay, combined
with 250HC and cholesterol treatments. The pull-downs showed similar affinity of
wild type ORP4L and ORP4L(A501-505) for the vimentin binding, and furthermore,
no difference was observed for the vimentin binding of ORP4L with the sterols
compared to the non-sterol containing controls, resulting to a hypothesis that the
vimentin targeting of ORP4L is not regulated by sterols (Wyles et al., 2007).

However, consistent with our observations, in live cell imaging the sterol binding
deficient mutant (A501-505) of ORP4L was not observed to co-localize with vimentin
(Wyles et al., 2007), and in our studies the ORP4L(AELSR)-VAP-A BiFC signal
localized at the PM instead. It is possible that, despite the affinity of sterol binding
mutants of ORP4L for vimentin, in live cells other cellular mechanisms are reducing
its vimentin targeting. Our observation suggests that the sterol binding domain is
important for the ORP4L vimentin targeting, but is not however necessarily due to its
sterol binding capacity, as the ORP4L(AELSR) was not completely immune to the
250HC treatment. Possibly the 4-aa deletion mutation caused a conformational
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change, which permitted more efficient targeting to the PM. On the other hand, the
discrepancy with the earlier study addressing ORP4L vimentin targeting (Wyles et al.,
2007) could also be a result of the sterol manipulations affecting specifically the
interaction site in the ORP4L-VAP-A complex but not in ORP4L alone.

Here we did not analyse the putative effect of ORP4L-VAP-A BiFC on the vimentin
filament organization. Our result, however, provides a novel clue implicating that the
ORP4L function is not limited to the interaction with vimentin, but instead ORP4L
also plays a role at the ER-PM MCSs. In fact, ORP4 silencing causes a growth arrest
and proliferation defect, that were suggested to be independent of the ORP4L
vimentin targeting (Charman et al., 2014). In addition, in T-cell acute lymphoblastic
leukemia cells ORP4L is shown co-localize and activate phospholipase C 3
(PLCB3) at the PM by scaffolding PLCB3 with CD3e and Gog1; into a signalling
complex, rquired for IP; production and Ca®’ release from the ER (Zhong ef al.,
2016).

5.1.5 ORP2-VAP-A targeting to LDs is inhibited by 22(R)OHC (1)

In basal HuH7 cells, the ORP2-VAP-A BiFC displayed a blob-like perinuclear
localization, which was found to associate with ER-LD contacts visualized with
Bodipy-C, and the ER marker PDI (I, Figure 5A,B). In a previous study ORP2 was
suggested to localize on the surface of the LDs (Hynynen et al., 2009), but here the
ORP2-VAPA BiFC was often observed in enlarged ER patches surrounded by LDs.
This is, however, most likely a result of a BiFC overexpression artefact since ER does
not reportedly form large blob-like structures surrounded by LDs.

The treatment with the ORP2 high-affinity ligand, 22(R)OHC, reduced the BiFC
complexes’ LD targeting in 76% of the cells, and promoted a diffuse ER localization
of the BiFC, and also to a lesser extent localization at filament-like structures and the
PM (I, Figure 1D). The filmentous ORP2-VAP-A structures most likely represent
localization to ER sheets or tubules, as there was no co-localization observed with
tubulin, actin, vimentin nor the Golgi, and VAP-A is predominantly attached to the
ER. The low-affinity ligand 25OHC had a similar, but much weaker effect on the
ORP2-VAP-A distribution as compared to 22(R)OHC.

The 7KC treatment or the cellular cholesterol manipulations did not affect ORP2—
VAP-A BiFC localization compared to basal control (I, Figure 1D, 2D). The BiFC
was, however, distributed more to ring-like structures surrounding the LDs and not
vice versa, suggesting that the sterol manipulations reduce the formation of artefactual
blob-like ER structures.

Similar to the OSBP and the ORP4L analysis, the ligand-binding dependency of
ORP2-VAP-A localization was studied by using the sterol binding deficient mutant
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of ORP2. Importantly, the ORP2(AELSK)-VAP-A BiFC was targeted to LDs
regardless of the 22(R)OHC or 250HC treatments, indicating that the subcellular
localization of ORP2—VAP-A is determined by the ORP2 oxysterol liganding. This is
consistent with the earlier finding by Hynynen et al. (2009), which showed that the
22(R)OHC treatment reduces the LD targeting of ORP2 and consistently, the sterol
binding deficient mutant of ORP2 (1249W) displayed enhanced LD targeting.

Our results indicate that the ORP2 high-affinity oxysterol ligand binding affects the
LD targeting of ORP2 also in complex with VAP-A. ORP?2 is intrinsically a cytosolic
protein but the dispersed cytosolic-like distribution of the ORP2-VAP-A caused by
22(R)OHC treatment indicated that ORP2 remains also under these conditions
associated with the ER via VAP-A. Interestingly, the localization of ORP2-VAP-A
BiFC to the PM indicates that ORP2 localizes to ER-PM MCSs as a result of ORP2
ligand binding. The ligand binding most likely results in a conformational change that
inhibits the exposure of an ORP2 LD targeting motif, albeit the precise mechanism of
ORP2 LD targeting is yet unknown.

5.2 ORP2-KO hepatocytes display altered expression of thousands of
genes

5.2.1 ORP2-KO dysregulates mRNAs involved in actin regulation (II)

To extensively analyse the ORP2-related cellular functions, we established a stable
ORP2 knock out (KO) cell line in HuH7 hepatocytes by employing CRISPR-Cas9
mediated gene editing. Two different KO cells lines, derived from different gRNAs
used in the genome manipulation, were used in the studies to minimize the possible
off-target effects which may have occurred during the genome manipulation process.
The viability of the KO cells importantly indicated that ORP2 is not a prerequisite for
viability. The ORP2-KO cells, however, displayed an altered growth pattern upon
culture, as the KO cells were forming ‘islet-like’ cell clusters instead of growing as an
even monolayer like the maternal HuH7 cells (I, Figure 1C).

To gain clues of the cellular effects of ORP2 depletion, mRNA levels of four parallel
cultures of both ORP2-KO cell lines and controls were analysed using RNA
sequencing. The RNA sequencing of the ORP2 depleted cells revealed altered
expression of >2000 mRNAs, 579 of which had at least 2-fold expression changes.
Importantly, the analysis showed that the ORP2 abrogation did not affect the mRNA
levels of other ORP family members or VAPs (II, Supplemental Figure S2).

The transcriptome of ORP2-KO cells was analysed using the Ingenuity pathway

analysis (IPA) software, which predicted a number cellular functions and cell
signalling pathways to be dysregulated in the ORP2-KO cells. These included several
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pathways involving the actin cytoskeleton (II, Figure 1A; Table 2). Of note, [PA
identified significant dysregulation in 12 mRNAs involved in the RhoA signalling
pathway and 16 mRNAs of Racl signalling (II, Figure 4A; Supplementary Figure
S5). These pathways are key components in the organization of F-actin into stress
fibers and lamellipodia, respectively.

The up-regulated RhoA signalling components were Rhotekin 1 and 2,
phosphatidylinositol-4-phosphate 5-kinase (PI4P5K), DIAPHI1 and actin related
protein 2/3 (Arp2/3) complex subunits 1A and 5, while the down-regulated ones were
lysophosphatidic acid receptor (LPAR), profilin 1 and 2, Rho-associated protein
kinase 2 (ROCK), G-actin 1 and cofilin-2. From those PI4P5K, cofilin-2 and Arp2/3
complex subunits are also subject to regulation by Racl signalling. Additional
components up-regulated in the Racl signalling pathway were Abl interactor 2
(ABI2), mitogen-activated protein kinase kinase kinase 1 (MEKK1), protein kinase C
(PKC), NADPH oxidase 1 (Nox1), guanine nucleotide exchange factor (DBS) and
cytoplasmic FMR1 interacting protein 1 (CYFIP1), and down-regulated were N-Ras,
mitogen-activated protein kinase 8 (JNK1), mitogen-activated protein kinase kinase 1
(MEK), mitogen-activated protein kinase 1 (ERK), nuclear factor kB subunit 1 (NF-
«B), par-3 family cell polarity regulator (PAR3) and phosphatidylinositol-4-phosphate
3-kinase catalytic subunit type 2a (PI3K).

Extensive disturbance in the genetic regulation of RhoA and Racl signalling
associated genes suggests that ORP2 has a functional role in the actin cytoskeleton
regulation. Interestingly, down-stream of RhoA signalling the DIAPHI mRNA was
found to be up-regulated which encodes a protein mDial. mDial is in previous study
indicated as an interaction partner of ORP2 (Li et al., 2013). mDial plays a role in the
actin filament polymerization and provides and additional clue to a putative role of
ORP2 in actin cytoskeleton regulation.

5.2.2 ORP2-KO dysregulates TAG metabolic genes (I11)

In addition to genes involved in the cytoskeletal regulation, the ORP2 knock out cells
displayed significant alterations in the expression of TAG metabolic enzymes. The
up-regulated genes in TAG synthesis were GPAM, MBOATI, AGPAT3 and
LPGAT]I, while the down-regulated ones were GPAT4 and lipinl1-2. In addition, up-
regulated enzymes involved in TAG hydrolysis were PNPLA4, CES1 and NDST]1,
and down-regulated PNPLA3 and DAGLa (I11, Figure 5F).

Glycerol-phosphate acyltransferases (GPAM/GPATS) are implicated as rate limiting
enzymes in the TAG synthesis through glycerol phosphate pathway, but genetic
defects in other TAG biosynthetic enzymes have also been suggested to exert rate-
limiting regulation in later stages of the biosynthetic pathway (Lewin et al., 2008;
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Wendel et al., 2009). GPAM/GPATSs execute the initial step of TAG synthesis by
esterifying long-chain fatty acids with glycerol-3-phosphate.

The analysis of ORP2 knock out cells’ transcriptome showed 20% up-regulation of
the mRNA for mitochondrial GPAM, and oppositely a 10% reduction in the
expression of the the mRNA for GPAT4. GPAT4 is localized to ER membrane and
was only later identified as an isoform of GPAT proteins (Nagle et al., 2008). The
role of GPAT4 in TAG synthesis is not yet comprehensively characterized, but
GPAT4" mice display 49% reduction in the liver GPAT activity and 45% diminished
hepatic TAG content accompanied with resistance to diet-induced and genetic obesity
(Nagle et al., 2008; Vergnes et al., 2006).

In addition to GPATS, lipins are important in determining the rate of TAG synthesis.
In the mRNA profile of ORP2-KO cells the expressions of lipin-1 and lipin-2 were
significantly down-regulated, by 27% and 39%, respectively. Studies of lipin-1
deficient mice point to reduced adipose tissue TAG storage (Phan et al., 2004; Reue
et al., 2000), and in line, silencing of lipin-1 in hepatobastoma cells reduces cellular
TAGs (Ishimoto et al., 2009). The role of lipin-2 is less studied, but the protein is
enriched in the liver and silencing of lipin-2 correlates with reduced TAG synthesis
(Donkor et al., 2007; Gropler et al., 2009).

The ORP2 knock out cells also displayed small but significant reduction (-13%) in the
expression of SREBP-1 (IlI, Figure 5E). SREBP-1 is expressed as an inactive
membrane-bound precursor located in the ER, but during its activation, SREBP-1
undergoes a proteolytic cleavage and re-localization into nucleus where it binds to
SRE elements in the promoters of lipogenic genes (Brown and Goldstein, 1997).
However, despite its proteolytic processing, the activity of SREBP-1c, which is the
major SREBP-1 isoform responsible for the regulation of glucose and fatty acid
metabolism, is suggested to be mainly regulated transcriptionally by insulin via the
PI3K/Akt pathway (Azzout-Marniche ef al., 2000; Fleischmann and Iynedjian, 2000;
Foretz et al., 1999b; Kim et al., 1998; Porstmann ef al., 2005; Ribaux and Iynedjian,
2003). The ORP2-KO transcriptome also displayed significant alterations in the
mRNA levels of 28 established SREBP-1 target genes (III, Figure 5E). Reduced
expression of SREBP-1 in the ORP2 knock out cells implies defects in cellular fatty
acid and TAG synthesis, as diminished SREBP-1 is associated with reduced
expression of a range of lipogenic enzymes, including FAS and SCD1, the levels of
which were reduced by 31% and 17%, respectively. In addition, silencing of SREBP-
1 in hepatoblastoma cells correlates with reduced Lipin-1 expression (Ishimoto ef al.,
2009).

The altered expression of TAG biosynthetic enzymes and SREBP-1 in ORP2 knock
out cells implies effects on the cellular levels of TAGs, which are described in the
section 5.3.3. However, transcriptional data cannot necessarily be used to explain
physiological effects, as transcriptional regulation is only one mechanism among
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others to regulate enzymatic reactions. In fact, several metabolic enzymes are
regulated allosterically or by post-translational modifications, which permits more
rapid adaptation to fluctuating availability of substrates (Jensen-Urstad and
Semenkovich, 2012; Munday and Hemingway, 1999). In addition, the knowledge of
the role of microRNA guided regulation of lipid metabolism is emerging. Several
microRNAs are currently identified as important regulators of TAG metabolism by
inhibiting the translation of their sequence-specific target genes in metabolic
pathways (Horie ef al., 2013; Shirasaki et al., 2013; Yang et al., 2015). Moreover, in
the ORP2-KO transcriptome all enzymes in TAG synthesis or hydrolysis were not
consistently up- or down-regulated, making it difficult to directly predict the
consequence on the levels of TAGs. The non-systematic alteration in the mRNA
expression levels of the enzymes suggests that some compensatory effects may have
arisen to moderate the enzymatic defects at the cellular level.

5.2.3 ORP2-KO reduces expression of glycolytic enzymes (I11)

The RNA sequencing of ORP2-KO cells also displayed down-regulation of enzymes
involved in glycolysis. In fact, loss of ORP2 resulted in significant reduction of the
transcripts of 12 glycolytic enzymes, which ultimately cover the whole glycolytic
pathway. The enzymes affected were glucose-6-phosphate isomerase (GPI), 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase  3—4 (PFKFB3—4), fructose-
bisphosphate  aldolase (ALDOA), triosephosphate isomerase 1 (TPIl),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate kinase 1
(PGK1), phosphoglycerate mutase 1 (PGAM1), enolase 1-3 (ENO1-3) and muscle
pyruvate kinase (PKM) (III, Figure 4E). Most of the mRNAs were reduced only
moderately (by 10-30%), but the gene expression of PFKFB4 was reduced by 65%.

PFK-1 and L-PK are the rate limiting enzymes in the glycolytic pathway. PFK-1 is,
however, not regulated at the transcriptional level, but by the cellular ATP/AMP ratio.
In addition, fructose 2,6-bisphosphate is suggested to act as an allosteric activator of
PFK-1 thus stimulating glycolysis (Rider et al., 2004). The formation of fructose 2,6-
bisphosphate from fructose-6-phosphate is catalysed by PFKFBs, from which the
isoforms 3 and 4 were significantly down-regulated by the loss of ORP2, suggesting a
decreased rate of glycolysis. In addition, the isoenzyme of L-PK, PKM, was found to
be down-regulated in ORP2-KO cells. In total, the reduced expression of 12
glycolytic enzymes indicates a diminished rate of glycolysis in ORP2-KO cells,
which is described in the section 5.3.2.
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5.3 ORP2 knock out reduces the availability of energetic substrates
5.3.1 Membrane lipid and sterol content of ORP2-KO cells (III)

In previous studies ORP2 was suggested to regulate cholesterol metabolism and
silencing of ORP2 was shown to reduce the cellular levels of 22(R)OHC and 7KC,
and increase cholesterol (Escajadillo et al., 2016; Hynynen ef al., 2005; Laitinen et
al., 2002). To comprehensively examine the possible effects of ORP2 depletion on the
concentration of membrane lipids and sterols we exploited mass spectrometric
lipidome analysis. The cellular lipid levels were measured from cells cultured under
basal conditions, but analysis of free and esterified cholesterol levels were
additionally performed after modulating the cellular cholesterol metabolism by
lipoprotein starvation and by Mevastatin or LDL treatments prior to the
measurements. The analysis covered different cellular lipid classes and the molecular
species of following lipid classes: PCs, lyso-PCs, PEs, PE-plasmalogens, PIs, PSs and
phosphatidylglycerols. In addition, ceramides, sphingomyelins and oxysterols
(250HC, 270HC, 700OHC, 7BOHC and 7KC) were analysed. Unexpectedly, the
results showed no significant alterations in any of the above lipid classes or oxysterol
species in the ORP2-KO cells compared to the controls (III, Supplementary Figure
S3). The result indicates that either (i) in hepatocytes the ORP2 function is not
directly connected to membrane lipid or sterol homeostasis or (ii) that the HuH7 cells
chronically lacking ORP2 have developed compensatory adaptations.

Furthermore, we cannot exclude the possibility that ORP2 executes functions in a cell
type specific manner, and in some cell types ORP2 may have a tighter connection to
sterol metabolism. This is implicated by the study by Escajadillo ef al. (2016), which
showed that the modulation of ORP2 expression affects the cellular levels of
cholesterol and certain oxysterols in adrenocortical cells, which have an important
role in steroid hormone biosynthesis. Cholesterol is the precursor for steroid hormone
synthesis and also oxysterols are well established intermediates in steroid hormone
production (Hanukoglu, 1992; Olkkonen et al., 2012), hence the ORP2 silencing
effects on the adrenocortical sterol concentrations could reflect a specific
steroidogenic function of ORP2 in certain tissues.

5.3.2 ORP2-KO reduces glucose utilization (I1I)

Inhibition in the expression of glycolytic enzymes in ORP2-KO cells suggests that
ORP2 may have a role in cellular glucose homeostasis. The putative effects of ORP2
depletion in the glucose processing were studied by measuring the rate of glucose
uptake, glycolysis and glycogen synthesis in KO cells. Importantly, the study
indicated that all of these cellular glucose handling processes were significantly
impaired due to loss of ORP2. The uptake of [*H]-2-deoxy-D-glucose in a 15 min
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period was reduced by 28-33% (III, Figure 4A), the glycolysis measured by
extracellular acidification rate was decreased by 22-37% (lII, Figure 4F,G) and the
synthesis of ['*C]glycogen from D-[U-'*C]-glucose in a 1 h period was reduced by
50-58% (III, Figure 4B). To further confirm the direct involvement of ORP2 in
glucose handling, the glycogen synthesis was measured in ORP2-KO cells with ORP2
reintroduced by overexpression. The ORP2 overexpression in the KO cells increased
the glycogen synthesis by 37 % (111, Figure 4C).

Moreover, the effects of two previously established ORP2 mutants, deficient in VAP-
or PIP-binding, on the putative rescue of glycogen synthesis in the KO cells were
analysed (III, Supplementary Figure S1B). Similar to the wild type, the VAP-binding
deficient mutant rescued the KO phenotype, suggesting that the interaction with the
ER or the VAPs are not a prerequisite for ORP2 to contribute the cellular glucose
handling. The effects of the PIP-binding mutant varied between the experiments, thus
the role of ORP2’s association with PIPs in the context of glucose metabolism could
not be reliably determined.

The reduced rate of glycolysis in ORP2-KO cells is consistent with the observed
reduction of the mRNAs of glycolytic enzymes. The impaired synthesis of glycogen
suggests impaired activity of GK, GYS or GSK-3. The GK provides substrates for
glycogen synthesis by phosphorylating glucose to G-6-P, which also promotes
glucose uptake via GLUT2 by maintaining a glucose concentration gradient.
However, GK is transcriptionally regulated, and the ORP2-KO cells’ transcriptome
did not indicate inhibition in the GK nor in the GLUT2 expression. GYS is principally
regulated via phosphorylation by GSK-3, which is a down-stream target of PI3K/Akt
signalling, as described in section 5.4.2. GLUT?2 is the major PM glucose transporter
of hepatocytes, but also GLUTI is expressed in the liver (Karim et al., 2012). The
expression of GLUT1 is also regulated by the PI3K/Akt signalling (Barthel et al.,
1999), and the ORP2-KO cells’ transcriptome displayed a 30% reduction in the
GLUT1 mRNA, which is in line with the =30% defect of glucose uptake by the KO
cells.

5.3.3 ORP2-KO reduces TAG content and TAG synthesis (I11)

The involvement of ORP2 in TAG synthesis is suggested by earlier studies (Hynynen
et al., 2009; Weber-Boyvat et al., 2015b), and the dysregulation of the TAG
metabolic genes in the ORP2-KO cells’ transcriptome further supported an
involvement of ORP2 in TAG metabolism. Thus, the TAG content of ORP2-KO cells
was analysed. The analysis showed that, as compared to the normal ORP2 expressing
cells, the ORP2-KO reduced the basal cellular TAG content by 21-28% (111, Figure
5A). Moreover, analysis of the KO cells’ capacity to synthesize ["H]TAGs in a 3 h
period from externally administered [*H]oleic acid also revealed diminished TAG
synthesis by the KO cells (III, Figure 5B). Similar to glycogen synthesis, a direct
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connection of ORP2 protein with the TAG synthesis was confirmed by an
overexpression rescue study, which displayed a 31% increment in the TAG synthesis
of the ORP2 overexpressing KO cells (III, Figure 5D).

Additionally, no significant alteration was observed in the rescue effect between the
wild type and VAP- or PIP-binding deficient mutants of ORP2 (III, Supplementary
Figure S1C). This indicates that neither is the VAP- nor PIP-binding indispensable for
ORP2 mediated enhancement in TAG synthesis. This is to some extent contrary to the
previous indication by Weber-Boyvat ef al. (2015b), who concluded that ORP2
regulates TAG metabolism in complex with VAPs. The conclusion in the earlier study
was result from a notion that triple-silencing of ORP2 together with VAP-A/-B had a
greater impact on TAG synthesis and degradation than the double-silencing of ORP2
with VAP-A or VAP-B. However, now taking into account our ORP2(mFFAT)
rescue experiments in the ORP2-KO cells, it is possible that the knock-down of VAP-
A/-B in Weber-Boyvat ef al. (2015b) affected the TAG synthesis via a different
mechanism that is at least partially independent of their interaction with ORP2.

One of the main functions of glycolysis is to provide carbons and energy to be used
for fatty acid synthesis. Hence, it not surprising that the reduced glycolytic capacity of
ORP2-KO cells also results in a reduced content of TAGs. It is, however, important to
take into account that glycolysis also provides precursors for glycerophospholipid and
cholesterol synthesis, the concentrations of which were not affected in the KO cells.
Moreover, the TAG synthesis of ORP2-KO cells from externally added fatty acids
was also significantly reduced, but the uptake of fatty acids to KO cells was shown
not be affected (III, Figure 5C). This suggests that ORP2 affects the regulation of
TAG synthesis also at a later stage independent of the availability of glycolytic
substrates. However, it is possible that the impaired synthesis of TAGs correlates with
the reduced release of glycolytic energy utilized for the de novo lipogenesis.
Moreover, the observed reduction in the levels of basal TAGs and in the TAG
synthesis could be a result of down-regulation in TAG synthesizing enzymes GPAT4
and Lipin1-2 in the ORP2-KO cells.

5.3.4 ORP2-KO and ER-Ilipid droplet contacts (III)

ORP2 is previously suggested to enhance MCSs between LDs and ER when in
complex with VAP-A (Weber-Boyvat et al., 2015b). We analysed the quantity of ER—
LD MCSs in ORP2-KO and control cells under basal conditions or after 3 h fatty acid
loading by transmission electron microscopy. The analysis showed that the total LD
area or the total length of the ER-LD contacts per cell were both increased in the
ORP2-KO cells compared to the control cells. (III, Figure 6B,C). Moreover, after
fatty acid loading, these parameters were significantly increased in the control cells,
but remained unaltered in the KO cells, suggesting that the ER-LD contacts are not
directly dependent on the LD area. Importantly, these results indicate that the ORP2—
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VAP complexes at ER-LD interfaces are not a requirement for MCS formation, but
vice versa, under the basal culture conditions the quantity of the ER-LD contacts was
greater in the KO cells than within the controls.

These results do not support the earlier observation, which was also made in the
HuH7 cell model (Weber-Boyvat et al., 2015b). It is however important to take into
account that these studies were carried out by different methodological approaches.
Here we used ORP2-KO cells and in the previous study the ER-LD contacts were
measured after ORP2-VAP-A BiFC overexpression. The problem of the BiFC
approach in the analysis of MCS is its irreversible nature (Kerppola, 2008; Kodama
and Hu, 2012). MCSs are suggested as highly dynamic and temporal connections, but
when using the BiFC approach with two interacting proteins which localize to the
apposing membranes, the protein interaction formed between the two membranes is
stabilized by the BiFC complex, which once formed can no longer dissociate
(discussed in the section 5.1.1). Thus the MCSs containing BiFC protein complexes
are transformed to stable contacts, and during 24 h overexpression carried out in the
earlier study, the number of contacts presumably accumulates over the time. We
speculate that the measurement of contacts sites in ORP2-KO cells provides a more
accurate perspective to the intrinsic MCSs as compared to the BiFC overexpression.
Considering this, the involvement of ORP2 in the ER-LD contact site formation is
not sufficiently justified.

5.4 Novel ORP2 interaction partners and cell signalling

5.4.1 ORP2 interacts with Hsp90 and Cdc37 (I111)

In addition to gaining novel understanding on the intracellular role of ORP2 by
analysing the ORP2-KO effects on the global mRNAs, the putative ORP2-related
functions were studied by screening of novel ORP2 protein—protein interactions. The
identification of ORP2 interaction partners was performed by transient expression of
HA-ORP2 construct in HuH7 cells followed by HA co-immunoprecipitation and
identification of eluted proteins by mass spectrometry proteomics. The interactome
analysis identified 107 putative novel interaction partners for ORP2 (II: Supplemental
data).

Among the 107 identified proteins, one of the putative new partners of ORP2 was
Cdc37. Cdc37 is a co-chaperone of heat shock protein 90 (Hsp90), which adapts
client protein kinases to Hsp90 kinase activation system (Silverstein et al., 1998). To
confirm the validity of the interaction we carried out pull-down experiments from
HuH?7 cell lysates using purified recombinant GST-ORP2 or plain GST as negative
control. The experiments indicated a direct interaction between endogenous Cdc37
and GST-ORP2. Interestingly, the pull-downs also showed an interaction of ORP2
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with Hsp90 and Akt (III, Figure 2F). Akt is one of the Hsp90—Cdc37 chaperone
clients, and disruption of Akt-Hsp90 interaction promotes Akt dephosphorylation and
kinase inhibition via protein phosphatase 2A (Sato et al., 2000). Moreover, Akt and
its phosphorylating kinase PDK1 are sensitive to Hsp90 inhibitors (Basso et al.,
2002).

As Hsp90 and Cdc37 are found within cells as a binary complex and thus it is
possible that Hsp90 was recognized in the pull-down sample due to its affinity for
Cdc37. However, in the ORP2 pull-down sample compared to the starting lysate the
band intensity was stronger for Hsp90, but with Cdc37 the band intensity was rather
similar in both samples, suggesting that ORP2 may interact with Hsp90 directly and
not via Cdc37. The interaction was further confirmed by treating the HuH7 cells with
Withaferin A prior to the pull down — a drug which reportedly disrupts the Cde37—
Hsp90 complex (Yu et al., 2010). The pull-down showed that the interaction of
neither Hsp90 nor Cdc37 with ORP2 was abolished or reduced compared to the
untreated cell control, indicating that both Cdc37 and Hsp90 interact directly with
ORP2 (III, Figure 2G).

No similar drug that would abolish the interaction between Hsp90 and Akt is known,
complicating the identification of direct interaction of Akt with individual proteins in
the Hsp90—Cdc37-ORP2 ternary complex. However, Akt was only barely visible in
the ORP2 pull-down sample, which could indicate that ORP2 does not directly
interact with Akt, but through Hsp90. The pull-down experiments also showed that
the Withaferin A treatment promoted Akt dephosphorylation, detected initially by a
band-shift and confirmed by lambda phosphatase treatment (III, Figure 2G,H).
Importantly, in the GST-ORP2 pull-down sample only the hyperphosphorylated form
of Akt was detected (III, Figure 2H). This finding strongly suggests that ORP2 does
not interact with the inactive form of Akt but is physically involved in a complex in
which Akt adopts its phosphorylated form, since dephosphorylated Akt was not
detected in GST-ORP2 pull down. Hence it is possible that ORP2 is involved in the
Akt activation process.

5.4.2 ORP2-KO inhibits PI3K/Akt-signalling (111)

To further analyse the role of ORP2 in the Akt activation, the Akt-signalling activity
was assessed in ORP2 knock out cells with Akt(Ser473) and with its down-stream
target GSK-3B(Ser9) antibodies in both basal and fatty acid starved conditions
followed by insulin stimulations. Western blot analysis of KO cells showed a
significant reduction in the phosphorylation of both Akt and GSK-3f in all conditions
(II1, Figure 1A,B,C,D), indicating suppression of Akt signalling in ORP2 depleted
cells compared to controls. The knock out cells were, however, not completely
immune to the insulin stimulus, as insulin was able to increase the protein
phosphorylations in the KO cells. Furthermore, the ORP2-KO cells’ transcriptome
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analysis showed dysregulation of 20 mRNAs of the PI3K/Akt signalling pathway (III,
Figure 1A,B), IPA analysis of which indicated PI3K/Akt signalling as a significant
ORP2-associated pathway and predicting it to be suppressed due to the loss of ORP2,
consistent with the observed reduction in the Akt and GSK-3f phosphorylations.

The analysis was expanded to non-cancerous cells, to avoid effects which could be
caused by a point mutation in the p53 tumour suppressor gene of HuH7 cells. ORP2
was knocked down with a lentivirus expressing ORP2-specific shRNA in primary
human umbilical vein endothelial cells (HUVECs), followed by epidermal growth
factor stimulation and analysis of Akt(Ser473) phosphorylation. Moreover, HUVECs
were subjected to transduction using lentiviral vectors expressing wild type or two
previously described ORP2 mutants, followed by the Akt(Ser473) quantification.
Similar to HuH7 cells, depletion of OPR2 reduced the phosphorylation of Akt (-65%)
in HUVECs (111, Figure 2E), and on the contrary, ORP2 overexpression increased the
Akt phosphorylation by 18-fold (Supplemental Figure S1A). Importantly, similar to
the TAG synthesis rescue in the ORP2-KO cells, both VAP- and PIP-binding
deficient mutants were able to increase the Akt(Ser473) phosphorylation in HUVECs.
The results imply that the role of ORP2 in the stimulation of Akt phosphorylation is
not limited to immortalized cancer cells, and neither is the affinity of ORP2 for PIPs
nor VAPs necessary for this function.

The analysis of GSK-33 phosphorylation also provided a plausible explanation of the
observed reduction of glycogenesis in the KO cells. Insulin/Akt signalling is
designated as the main regulator of glycogenesis via GSK-3 phosphorylation at Ser9,
which directly activates GYS. Impaired GSK-3 phosphorylation results in the
inactivation of GYS and reduced glycogen synthesis, which was shown in section
5.3.2.

5.4.3 ORP2 interacts with components of Racl and RhoA signalling pathways (II)

As described previously, the ORP2-KO cells’ transcriptome analysis revealed
dysregulation in dozens of components involved in the RhoA and the Racl signalling
pathways. Consistently, analysis of the ORP2 interactome revealed 107 potential
ORP2 protein interactions, of which the IPA analysis suggested ‘RhoA signalling’ as
the most significant putative ORP2-associated pathway. The proteins identified in the
ORP2 interactome and involved in RhoA signalling were Septin 9, ezrin, myosin light
chain 12 (MLC12), Rho GTPase activating protein 12 (Arhgap12) and PI4Ka (II,
Figure 4A). Furthermore, IQGAP1 of the Racl signalling was suggested as an
interaction partner of ORP2 (II, Supplemental Figure S5). The interaction of ORP2
with Septin 9, MLC12, Arhgap12 and IQGAP1 were validated by independent pull-
down or co-immunoprecipitation assays (I, Figure 4B,C; Supplemental Figure S5).
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Septins are filament forming GTP-binding proteins, which are indicated as regulators
of cytokinesis. Septin 9 localizes to the contractile ring of mitotic cells and disruption
of septin 9 function is found to cause an arrest in cytokinesis (Chircop, 2014).
Arhgap12 is a member of Rho GTPase activating proteins which negatively regulates
the activity of Rho GTPases by promoting the hydrolysis of GTP and hence have an
important role in cytoskeletal regulation (Moon and Zheng, 2003). Furthermore,
myosins constitute a large family of actin binding proteins. MLCI2 is one of
regulatory light chains of the non-muscle myosins, the phosphorylation of which
controls actin—myosin interaction and provides the contraction force for the cell. MLC
phosphorylation is regulated by ROCK downs-stream of RhoA, and in non-muscle
cells the acto-myosin bundles produce force for cell division through the contractile
ring, and for cell migration in the form of stress fibers. Consistently, MLC12 knock
down is shown to disrupt actin stress fiber formation (Park et al., 2011). Moreover,
IQGAPI1 is a protein scaffold down-stream of Racl/Cdc42 and suggested as an
important factor in the regulation of cadherin-mediated cell adhesions, cell
polarization, lamellipodia formation and cell migration (Noritake ef al., 2005; Owen
et al., 2008). Interestingly, the scaffolding function of IQGAP1, which brings protein
kinases in close proximity, was found to be important for regulation of Akt signalling.
IQGAP1 was found to scaffold PI3K, PI4KIIla and PIPKIa for efficient production of
PI(3,4,5)P; and secondly, to scaffold PDK1 and Akt to provide functional proximity
for PI3K/Akt signalling activation (Choi et al., 2016).

5.5 ORP2 and the actin cytoskeleton

5.5.1 ORP2 impacts actin organization (ILIII)

IPA analysis of the >500 gene transcripts with at least 2-fold expression changes in
the ORP2-KO cells as compared to controls suggested a close link between the ORP2
and a number of cellular functions involving actin cytoskeleton dynamics. Moreover,
RhoA and Racl signalling, additionally connected to ORP2 by the identification of
novel protein interactions, are important factors in the regulation of actin dynamics.
To analyse the putative effects of ORP2 depletion on the actin organization, the KO
cells were stimulated with insulin and the F-actin was visualized with fluorescent
phalloidin. Interestingly, the fluorescence microscopy analysis showed that the cells
lacking ORP2 had a significant defect in the formation of lamellipodia (II, Figure 2C).
As HuH7 cells are not described as highly migrating cells, the fluorescence
microscopy analysis was expanded to HUVECs. Consistent with the results in the
ORP2-KO cells, the overexpression of ORP2 in HUVECs displayed a significant
enhancement of lamellipodia formation compared to the controls (II, Supplemental
Figure S4). The formation of lamellipodia requires active Racl (McCarty et al.,
2005), suggesting that ORP2 depletion interferes with Racl signalling. Presumably
the dysregulated mRNAs of the Racl signalling components and/or the impeded

63



interaction of IQGAP1 with ORP2 results in unbalanced Racl signalling
consequently disturbing lamellipodia formation in the ORP2 depleted cells.

Moreover, the fluorescence microscopy analysis of F-actin showed a significant
induction of cell surface blebs in the ORP2-KO cells, which were only seldom
detectable in the control cells (II, Figure 2D). Knock down of ORP2 in the HUVECs
resulted in the same phenotypic increment in bleb formation, suggesting that this
ORP2 disruption phenotype is not limited to HuH7 cells. The bleb-based cell motility
is associated with a high amount of active RhoA (Charras and Paluch, 2008). Some
cells are found to switch to bleb-based motility under higher mechanical resistance of
the substratum, which requires myosin I mediated actomyosin contractility (Ruprecht
et al., 2015; Zatulovskiy et al., 2014), concomitant with increased RhoA activity. The
interactome and transcriptome analyses strongly imply involvement of ORP2 in
RhoA signalling, but further studies are required to confirm the putative enhancement
in the RhoA signalling activity due to loss of ORP2.

Moreover, the effect ORP2 overexpression to the F-actin organization in the KO cells
was analysed accompanied with the VAP- or PIP-binding deficient mutants.
Intriguingly, the overexpression of wild type ORP2 and the VAP-binding deficient
mutant resulted in an enhancement in formation of filopodia-like cell surface
protrusions (II, Figure 3A,B,D), suggesting increased actin polymerization. However,
the F-actin of the KO cells transfected with the ORP2 mutant incapable of PIP-
binding did not differ from the untransfected KO cells (I, Figure 3C). This indicates
that the ability of ORP2 to bind PIPs is important for its actin regulatory function.

Further analysis of insulin stimulated HuH7 cells and HUVECs showed that GFP-
ORP2 localized in cortactin-positive lamellipodia, accompanied with phosphorylated
Akt(Serd73) and Cdc37 (Ill, Fig 3A,B; Supplementary Figure S2). It is already
previously suggested that PI3K and active Akt localize to the lamellipodia of
migrating cells, and facilitate cell migration by inducing actin polymerization and
actin reorganization into lamellipodia and filopodia (Qian et al., 2004; Ridley et al.,
2003; Xue and Hemmings, 2013). Furthermore, PI3K and Akt are found to activate
Racl (Henderson et al., 2015; Scita et al., 2000). Hence, the suppression of PI3K/Akt
signalling mediated by ORP2-KO is fully consistent with the dysregulation of
mRNAs involved in Racl signalling and with the observed inhibition of lamellipodia
formation.
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5.5.2 ORP2-KO impairs cell adhesion and proliferation (Il)

The RNA sequencing and the IPA analysis uncovered, as a result of ORP2 depletion,
dysregulation in 194 mRNAs encoding proteins involved in cell migration, 50
mRNAs involved in cell adhesion and 223 mRNAs involved in cell proliferation
processes, suggesting involvement of ORP2 protein in these cell physiological
functions.

The ORP2-KO effects on cell adhesion and proliferation were measured using the
xCELLigence® Real-Time Cell Analysis system. During the 5 h measurement, cell
adhesion to the substratum was decreased in ORP2-KO cells by 44-49% as compared
to control (II, Figure 6B). Additionally, the slope of cell proliferation curve during the
45 h measurement was reduced by 38—-64% (II, Figure 6D). These results indicate that
ORP2 is required for cell adhesion and proliferation, and the defects in these
processes due to ORP2 depletion most likely result from disturbed expression of
necessary genes and disrupted actin organization. Moreover, Septin9 is suggested to
be important for cytokinesis and MLC phosphorylation in the contractile ring
producing the force for the cell to divide, hence it is possible that ORP2 also
participates in cell proliferation via its novel protein interactions.

5.5.3 ORP2-KO mediated inhibition of cell migration (II)

The migration of ORP2-KO cells was studied using a wound healing assay and
xCELLigence® trans-filter migration application. Both analyses showed a significant
defect in the migration of ORP2-KO cells as compared to ORP2 expressing control
cells. The trans-filter migration analysis showed 65-77% reduction in the slopes of
ORP2-KO cells” migration curves (I, Figure 5E), and consistently, ORP2-KO cells’
wound closure was inhibited by 30-49% (11, Figure 5B). The impact of ORP2 on cell
migration was further studied by overexpression analysis. Wild type ORP2 and
mutants deficient in VAP- or PIP-binding were overexpressed in the ORP2-KO cells.
Overexpression of the wild type ORP2 and the VAP-binding deficient mutant
facilitated the wound closure by 74-130% compared to ORP2-KO cells, further
supporting an important role for ORP2 in cell migration (I, Figure 5C). However, the
ORP2 PIP-binding deficient mutant was unable to rescue the wound healing defect of
the ORP2-KO cells (II, Figure 5C). This indicates an important role for ORP2 PIP
liganding in the cell migration process, which is consistent with the observed defect
of PIP-binding mutant to induce filopodia formation described above. Of note, it is
possible that the phenotypic feature of ORP2-KO cells to grow as ‘islet-like’ cell
clusters (described on page 53) is also a result of impaired migration of the cells, as
one could postulate that the atypical clustering of cells upon culture is a consequence
from proliferating cells’ inability to migrate apart after cell division.
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The observed cell migration defect is consistent with the described defect of
lamellipodia formation by the ORP2-KO cells, a process that is dependent on active
Racl. Altogether 194 mRNAs involved in cell migration and 16 mRNAs of Racl
signalling were found to be dysregulated in ORP2-KO cells, which possibly explains
the defect in lamellipodia formation resulting in reduced cell locomotion. In addition,
the inhibition of lamellipodia formation and cell migration can be a result of
supressed PI3K/Akt signalling of the ORP2 KO cells.

A number of studies connect PI3K/Akt signalling to the regulation of actin
cytoskeleton organization and to cell migration. Both PI3K and Akt are found to
induce actin filament reorganization and increase lamellipodia formation, as well as
cell migration. On the contrary, drugs inhibiting PI3K and Akt are found to have the
opposite effects. (Kim et al., 2001; Qian et al., 2004; Usatyuk et al., 2014; Zhao et al.,
2016) In fibroblasts the Akt mediated enhancement in cell motility is suggested occur
via Rac/Cdc42 (Higuchi et al., 2001), and PI3K/Akt are suggested to activate Racl
(Henderson et al., 2015; Scita et al., 2000). Furthermore, Enomoto et al. (2005)
showed that Akt phosphorylates an actin binding protein girdin, the phosphorylation
of which increases migration of kidney epithelial cells. Furthermore, the study
showed that Akt and phosphorylated girdin localizes to the lamellipodia of migrating
cells, and in line, silencing of girdin disrupted the lamellipodia formation (Enomoto et
al., 2005). Girdin also induces the migration of glioblastoma cells via PI3K/Akt (Gu
etal.,2014; Ni et al., 2015). These studies indicate that the suppressed Akt signalling
of ORP2-KO cells may be responsible for the inhibition of cell migration, and
intriguingly, girdin was one of the putative ORP2 interaction partners identified in the
interactome analysis. The interaction between ORP2 and girdin, however, is not yet
confirmed.

Hsp90 is also suggested to bind and crosslink actin filaments via the N-WASP and
ARP2/3 complexes (Koyasu et al., 1986; Park et al., 2007), and Hsp90 is found to
promote filopodia formation via N-WASP (Park et al., 2007). Furthermore, inhibition
of Hsp90 is found to decrease actin polymerization and the formation of filopodia and
lamellipodia, as well as to inhibit cell motility (Taiyab and Rao, 2011). Hence, it is
possible that dysfunctional Racl signalling and supressed PI3K/Akt signalling
together impair the lamellipodia formation and migration of the ORP2 depleted cells,
which, on the other hand, can be a result of impeded ORP2 protein interactions.
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6 SUMMARY AND CONCLUSIONS

In my thesis, I examined the effects of ORPs’ high-affinity oxysterol ligands and
modulation of the cellular cholesterol content on the intracellular localization and
distribution of ORP—VAP-A BiFC complexes, to understand how the fluctuation in
the intracellular sterol concentrations regulates the association of these complexes
with distinct MCSs. In our investigations we did not observe alterations in the
subcellular distributions of ORPIL-VAP-A or ORP9L-VAP-A upon sterol
manipulations, suggesting that these complexes are not under the regulation of the
cellular sterol content, or alternatively, these protein complexes are sensitive to
regulation by sterol(s) not analysed in this study.

The OSBP-VAP-A BiFC complexes were found to translocate to the trans-Golgi
upon 250HC loading or upon cellular cholesterol depletion, and the LDL treatment
was found to have the opposite effect, resulting in a diffuse ER localization of OSBP—
VAP-A BiFC, consistent with earlier observations on the regulation of OSBP
localization via sterols (Mesmin ef al., 2013; Mesmin et al., 2017; Nhek et al., 2010;
Ridgway et al., 1992; Storey et al., 1998). The effect of 250HC on OSBP Golgi
targeting was found to be dependent on the OSBP ligand-binding domain, suggesting
that the ligand binding causes a conformational change in the OSBP that facilitates
PI4P-targeting by the PH domain. In summary, our results provide strong evidence
that the 25SOHC or cholesterol depletion enhances the OSBP—VAP-A tethering at ER—
trans-Golgi MCSs. Importantly, Mesmin et al. (2013) indicated, that in the ER-Golgi
interfaces, OSBP exchanges PI4P and cholesterol bi-directionally between these
organelles. It is reasonable that upon low cellular cholesterol, enhanced de novo
cholesterol synthesis at the ER promotes cholesterol transport to the trans-Golgi, but
what could be the functional rationale of the effect of 250HC on OSBP Golgi
targeting? To continue, Mesmin et al. also indicated that the 250HC binding inhibits
the OSBP counter-transport activity, hence it is unlikely that the 250HC mediated
Golgi targeting of OSBP is important for the maintenance of the adequate Golgi
cholesterol levels. It is possible, despite their similar impacts on OSBP Golgi
targeting, that cholesterol depletion and 250HC regulate distinct properties of OSBP.
To support this, 250OHC was found to increase the association of CERT with trans-
Golgi via OSBP, required for the transport of ceramides from ER to the Golgi
apparatus for SM synthesis (Banerji et al., 2010; Hanada ef al., 2003; Perry and
Ridgway, 20006).

Similar to OSBP, ORP4L-VAP-A was found to be susceptible to regulation by
250HC or cellular cholesterol manipulations. In basal conditions the ORP4L-VAP-A
complexes were found to localize to vimentin filaments and to the ER-PM MCSs, but
the vimentin targeting was reduced upon all of the sterol treatments. The 250HC
treatment or the cellular cholesterol depletion were found to strengthen the ORP4L—
VAP-A association with the ER, and in turn, the LDL treatment caused enhanced PM

67



targeting of ORP4L-VAP-A. ORP4L is suggested to be important for cell
proliferation, which is apparently independent of its property to localize to vimentin
(Charman et al., 2014). Hence, it is possible that the PM localization of ORP4 is
important for its function in the maintenance of cell proliferation, possibly for its
involvement in signal transduction.

Furthermore, we observed that the ORP2-VAP-A complexes exclusively localized to
the interfaces of LDs and the ER, but the ER-LD targeting was severely
compromised by the 22(R)OHC treatment, which caused the dispersal of the
interaction along the ER network and also translocated ORP2—VAP-A complexes to
ER-PM MCS:s. The diverse localizations of ORP2 are consistent with our functional
observations, that the cellular role of ORP2 is not limited to the TAG metabolism, but
involves a wide spectrum of cell physiological functions the connections of which to
LDs are unknown or even unlikely.

The ubiquitous expression pattern of ORPs in eukaryotic tissues and their capacity to
target MCSs of various different organelles in complex with VAPs provides an
interesting hypothesis that these protein complexes could be important for the
formation of new contacts. However, our investigations in the ORP2 knock out
hepatocytes do not support a role for ORP2 in the formation of ER-LD MCSs, but it
does not exclude that ORP2 could play a role in the inter-organelle communication at
the ER-LD interfaces. This is not necessarily the case for all ORPs, since Mesmin et
al. have indicated that OSBP does not only execute a lipid transfer function at the
ER-Golgi interfaces but it is also involved in the formation of new contacts (Mesmin
etal.,2013; Mesmin et al., 2017).

In our analysis of the stable ORP2 knock out cells, we revealed new evidences of the
metabolic functions of ORP2. We observed that the ORP2 depletion reduced the
cellular TAG content and acute TAG synthesis, but the levels of membrane lipids and
sterols remained unaffected, implicating a role of ORP2 in the maintenance of cellular
energy reservoirs rather than in the homeostasis of membrane lipid compositions.
This was further endorsed by the findings that the ORP2 depletion additionally
reduced the uptake and the cellular processing of glucose, implicating a functional
role of ORP2 in cellular anabolic processes. Importantly, our observations indicated
that ORP2 depletion affects the TAG and glucose homeostasis by inhibiting the
transcription of TAG and glucose metabolic enzymes as well as the transcription
factor SREBP-1, and it also reduces the phosphorylation of GSK-33 — down-stream
of PI3K/Akt signalling.

The PI3K/Akt signalling route is an important regulator of cellular glucose and fatty
acid metabolism, and intriguingly, we detected a novel connection of ORP2 with the
PI3K/Akt signalling. We were able to show that ORP2 physically interacts with the
Hsp90—Cdc37 chaperone complex, which promotes Akt phosphorylation and
activation of the signalling cascade. Consistently, the ORP2 knock out resulted in
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dysregulation of the mRNAs of various PI3K/Akt signalling components and reduced
the activating phosphorylation of Akt at Ser473.

Intriguingly, ORP2 was found to co-localize with phosphorylated Akt and Cdc37 at
lamellipodia, and consistently, the formation of lamellipodia were severely
compromised in the ORP2-KO cells, which also displayed a defect in migration.
Furthermore, ORP2-KO was found to interact with components of the RhoA and the
Racl signalling routes, and various mRNAs of the components of these signalling
pathways were dysregulated as a result of ORP2-KO. In fact, the impaired
lamellipodia formation and migration suggest compromised Racl signalling as a
result of ORP2-KO, but most likely these phenotypic effects are also connected with
the impaired Akt signalling. Various studies implicate to functional connections of
PI3K and Akt with lamellipodia formation, cell migration or Racl regulation
(Henderson et al., 2015; Kim et al., 2001; Qian ef al., 2004; Ridley et al., 2003; Scita
et al., 2000; Usatyuk ef al., 2014; Xue and Hemmings, 2013; Zhao et al., 2016). On
the other hand, ORP2 was also found to associate with the Racl effector IQGAPI,
with an established role in the cell migration (Noritake et al., 2005), but which is also
suggested to scaffold phosphoindositide kinases, PDK1 and Akt into functional
proximity, by which it permits PI(3,4,5)P; formation and Akt activation (Choi et al.,
2016). In relation to the previous, ORP2 is indicated to bind PI(3,4,5)P; (Hynynen et
al., 2005), and here we observed that the ORP2 mutant defective in PIP-binding was
unable to rescue the ORP2 depletion effects on cell migration. This indicated that the
PIP-binding property is important for the actin regulatory function of ORP2. For
example, it is possible that due to its PI(3,4,5)P; binding capacity, ORP2 is involved
in the regulation of PI(3,4,5)P; second messaging and consequently the abolishment
of ORP2 results in disrupted down-stream signalling processes observed as actin-
based cell regulatory defects described here. The PIP-binding mutant of ORP2 was,
despite this, able to increase the phosphorylation of Akt in HUVECs, suggesting that
the mutation in the PIP-binding cleft may not prevent interaction of ORP2 with the
Hsp90—Cdc37 chaperone complex. This hypothesis, however, requires future
investigations.

ORP2 depletion also interfered with the cell adhesion and proliferation, and
furthermore, the KO cells displayed increased formation of cell surface blebs, which
indicates an impaired association of F-actin with the plasma membrane (Charras et
al., 2006). The increased blebbing implicates a high activity of RhoA (Aoki ef al.,
2016; Charras and Paluch, 2008), and in addition to altered mRNA levels of RhoA
signalling components, ORP2 was found to physically interact with several RhoA
down-stream targets. Moreover, interaction of ORP2 with mDial is previously shown
(Li et al., 2013). Together these observations suggests that via various protein
interactions, ORP2 plays important roles in several cell signalling processes, and the
abrogation of ORP2 results in severe defects in cell physiology, indicating that
disturbed function of ORP2 may contribute to pathological conditions. In support of
this notion, our bioinformatics analyses revealed a significant up-regulation in ORP2
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in malignant chromophore kidney cancer.
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Figure 5. A schematic model of novel ORP2 interaction partners and the putative role of ORP2
interactions in different cellular processes. ORP2 was found to interact with Hsp90—Cdc37 complex,
IQGAPI, Septin9, Arhgapl2 and MYL12, molecular components of PI3K/Akt, Racl and RhoA
signalling. ORP2 knock out was found to reduce the synthesis of glycogen and triglycerides, inhibit
glucose uptake and glycolysis, and furthermore, impair lamellipodia formation, cell migration,
adhesion and proliferation, suggesting a functional role of ORP2 in these cell physiological processes.

Finally, the present observations of the novel connections of ORP2 with the actin
cytoskeleton, and the previously reported causation of an autosomal dominant hearing
loss as a result of a frameshift mutation in OSBPL2 encoding ORP2 (Thoenes et al.,
2015; Xing et al., 2015), strongly suggests that ORP2 plays an important role in the
regulation of actin polymerization in hair cell stereocilia, which could depend on the
observed interaction of ORP2 with mDial (Li et al., 2013), since mutations in
DIAPHI similarly result in an autosomal dominant non-syndromic hearing loss (Kang
et al.,2017; Neuhaus ef al., 2017, Stritt et al., 2016).

To conclude, the present series of studies implicates a novel function of ORP2, which
via PI3K/Akt signalling, acts as a regulatory link between cellular energy metabolism
and cytoskeletal organization, and hence plays important roles in various cell
physiological processes. Interestingly, a very recent study by Du et al (2018)
suggested that also ORPS is involved in cell migration and proliferation, raising the
possibility that this is a more general property among the OSBP/ORP family.
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