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ABSTRACT Optic atrophy 1 (OPA1) is the A-kinase anchoring protein targeting the pool of
protein kinase A (PKA) responsible for perilipin 1 phosphorylation, a gatekeeper for lipolysis.
However, the involvement of OPA1-bound PKA in the downstream regulation of lipolysis is
unknown. Here we show up-regulation and relocation of OPA1 from mitochondria to lipid
droplets during adipocytic differentiation of human adipose stem cells. We employed various
biochemical and immunological approaches to demonstrate that OPA1-bound PKA phos-
phorylates perilipin 1 at S522 and S497 on lipolytic stimulation. We show that the first
30 amino acids of OPA1 are essential for its lipid droplet localization as is OMA1-dependent
processing. Finally, our results indicate that presence of OPA1 is necessary for lipolytic phos-
phorylation of downstream targets. Our results show for the first time, to our knowledge,
how OPA1 mediates adrenergic control of lipolysis in human adipocytes by regulating phos-
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phorylation of perilipin 1.
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INTRODUCTION

White adipose tissue (WAT) is the major energy storage organ in
humans where triacylglycerol (TAG) accumulates in lipid droplets
(LDs) through the process of lipogenesis. On energy demand, lipo-
lytic pathways are activated by sympathetic stimuli to hydrolyze tria-
cylglycerol into glycerol and free fatty acids (FFA), which in turn fuels
energy production (Frayn, 2002). Adrenergic stimuli acting through
intracellular cAMP signaling pathways are essential for lipolysis and
involve protein kinase A (PKA) phosphorylation of key targets such
as perilipin 1 (PLIN1), comparative gene identification-58 (CGI-58),
adipose triglyceride lipase (ATGL), and hormone-sensitive lipase
(HSL). On the other hand, PKA also phosphorylates phosphodiester-
ase 3B (PDE3B) to counteract lipolysis (Kawamura et al., 1981; Rahn
et al., 1996; Brasaemle, 2007).

Spatiotemporal regulation of PKA-mediated phosphorylation is
organized by A-kinase anchoring proteins (AKAPs), which direct the
PKA holoenzyme to specific subcellular microdomains close to its
substrates to enable their efficient phosphorylation (Tasken and
Aandahl, 2004; Scott et al., 2013). AKAPs target pools of PKA type |
and type I, distinguished by the type | or type Il regulatory (R) sub-
unit, Rl or RIl, respectively. The PKA isoforms display different sub-
cellular localization due to their affinity for specific AKAPs (Tasken
and Aandahl, 2004; llouz et al., 2017). AKAPs also scaffold supramo-
lecular signaling complexes with multiple signaling enzymes. All
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AKAPs contain an A-kinase-binding domain and a unique targeting
domain directing the PKA-AKAP complex to defined subcellular
structures, membranes, or organelles (Carr et al., 1992; Wong and
Scott, 2004; Gold et al., 2006; Kinderman, Kim, et al., 2006; Pidoux
and Tasken, 2010).

LDs can occupy up to 90-95% of the cell volume in mature adipo-
cytes and consist of a neutral lipid core consisting mostly of TAG
coated by a phospholipid and cholesterol monolayer with numerous
LD-associated proteins embedded. Proteomics and cellular biologi-
cal approaches have identified several hundred proteins that may be
involved in the regulation of LD formation and breakdown, although
at present only a fraction of these proteins have confirmed LD func-
tions (Guo, Walther, et al., 2008; Meex et al., 2009; Thiam et al.,
2013; Meyers et al., 2017). Perilipin 1, the most abundant protein on
the surface of LDs and a major substrate for PKA in adipose cells, is
known to function as a gatekeeper in catecholamine-stimulated
lipolysis by controlling the access of lipases to LDs in a phosphoryla-
tion-dependent manner (Greenberg et al., 1991; Blanchette-Mackie
etal., 1995; Subramanian et al., 2004; Miyoshi et al., 2006; Yamaguchi
et al., 2007; Kuo et al., 2017; Sztalryd and Brasaemle, 2017). Human
perilipin 1 has five established consensus PKA phosphorylation sites,
although recent phosphoproteomic analysis on 3T3-L1 and primary
murine adipocytes found as many as 27 phosphorylated S and T resi-
dues in perilipin 1, some of these being potential new PKA targets
(Sztalryd et al., 2003; Sztalryd and Brasaemle, 2017; Itabe et al.,
2017). However, at present it remains unclear whether all of the five
established sites are phosphorylated in vivo by PKA on lipolytic acti-
vation in humans. In mice, mutagenesis studies provide indirect evi-
dence for phosphorylation of at least three of the six PKA phosphory-
lation sites in perilipin 1 on stimulation of lipolysis. Moreover, studies
of monkey fibroblasts ectopically expressing mutated forms of the
perilipin 1 gene indicate that phosphorylation of the two C-terminal
PKA phosphorylation sites S492 and S517 (corresponding to S497
and S522 in the human orthologue) is essential for PKA-stimulated
lipolysis, as it is necessary for the release of CGI-58 from perilipin-1
and subsequent activation of ATGL (Granneman et al., 2009). At the
same time, simultaneous mutation of the three N-terminal PKA phos-
phorylation sites in perilipin 1 also reduces its ability to induce lipoly-
sis (Brasaemle et al., 2009; McDonough et al., 2013).

PKA phosphorylation alters perilipin 1 conformation, which al-
lows lipases to access LDs and degrade neutral fat. A consequence
of perilipin 1 phosphorylation by PKA is that comparative gene
identification-58 (CGI-58) binding to perilipin 1 is disrupted with
subsequent CGl-58-mediated activation and LD-translocation of
ATGL (Granneman et al., 2007, 2009; Yamaguchi et al., 2007), an
enzyme essential for the initial step of lipolysis involving triacylglyc-
erol hydrolysis to diacylglycerol (Zechner et al., 2005; Huijsman, van
de Par, et al., 2009; Zimmermann et al., 2009). Phosphorylation of
two residues in ATGL (S406 and S430) has been shown, and S406
has been indicated to be regulated both by AMP-activated kinase
(AMPK) and PKA (Ahmadian et al., 2011; Pagnon, Matzaris, et al.,
2012). Phosphorylation of ATGL on S406 is functionally important
in vivo as mutation of S406 abrogates adrenergic stimulation of
lipolysis (Pagnon, Matzaris, et al., 2012).

Translocation of HSL from the cytosol to the surface of LDs and its
activation is essential for the second step of TAG breakdown from
diacylglycerol to monoacylglycerols and FFAs (Clifford et al., 2000;
Su et al., 2003; Sztalryd et al., 2003). Perilipin 1 has to be fully phos-
phorylated (in part by PKA) to enable HSL translocation to LDs and
its lipolytic activation (Sztalryd et al., 2003; Miyoshi et al., 2006). Sev-
eral reports indicate five PKA-phosphorylation sites in rat HSL, in-
cluding S659 and S660 (S649 and S650 in human HSL, respectively),
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considered to be the major PKA-phosphorylation sites required for
HSL localization and activation at LDs (Anthonsen et al., 1998; Krintel
etal., 2008). In contrast, the S563 (5552 in humans) PKA-phosphory-
lation site appears to be dispensable for LD localization, while
mutations in S655 (5554 in humans), a site not phosphorylated by
PKA but possibly by glycogen synthase kinase (GSK), AMPK, and
Ca?*/calmodulin-dependent protein kinase Il (CaMK Il) (Carmen and
Victor, 2006), also prevents HSL translocation to LDs. Although little
is known about HSL phosphorylation in humans, there is significant
sequence conservation in the regions where PKA phosphorylation
takes place, and available evidence indicates that S649 and S650 are
essential for lipolytic activation of human HSL (Contreras et al., 1998;
Watt et al., 2003; Talanian et al., 2006).

Genetic alterations in OPAT are responsible for autosomal domi-
nant optic atrophy (ADOA), a neurological disorder causing visual
defects and/or blindness and with a fraction of patients showing
more severe neurodegeneration leading to deafness, paralysis,
and/or myopathy (Delettre et al., 2001; Lenaers et al., 2012). OPA1
encodes a mitochondrial GTPase essential for proper organization
of mitochondrial fission—fusion events and regulation of apoptosis
(Olichon et al., 2002; Kamei et al., 2005; Gottlieb, 2006). OPA1 is
ubiquitously expressed with highest levels in neurons, heart, and
adipose cells, where we showed that OPA1 is targeted to LDs in ad-
dition to its mitochondrial targeting (Pidoux, Witczak, et al., 2011).
Moreover, in murine classical brown adipocytes, the OPA1 cleavage
(conversion of long to short form of OPA1) and energy expenditure,
induced by a combined norepinephrine and palmitate stimulation,
go together with Drp1-mediated fission and upstream of depolar-
ization in mitochondria (Wikstrom, Mahdaviani, et al., 2014).

The essential role of PKA in activation of lipolysis in adipocytes
has been known for decades; however, AKAPs responsible for tar-
geting PKA remains largely unknown. Prevention of isoproterenol-
stimulated PKA activation of lipolysis in adipose cells with the
PKA anchoring disruptor peptide Ht31 (Zhang et al., 2005; Pidoux,
Witczak, et al., 2011) strongly argues for an important role for AKAPs
in these cells. AKAP1 is up-regulated during adipogenesis although
the substrate for AKAP1-bound PKA remains unknown (Chaudhry
et al., 2002; Rodriguez-Cuenca et al., 2012). Recently, we identified
OPA1 as the adipocyte AKAP responsible for organizing a complex
consisting of OPAT1, perilipin 1, and PKA for anchoring PKA in close
proximity to perilipin 1 to enable its phosphorylation on lipolytic
stimulation in murine cells (Pidoux, Witczak, et al., 2011).

Here we describe how PKA control of lipolysis depends on OPA1
anchoring in human adipose stem cells (hASC) that have been dif-
ferentiated to adipocytes. We demonstrate, by the use of comple-
mentary immunological and biochemical approaches, that perilipin
1 5522 and S497 are phosphorylated by OPA1-anchored PKA on
adrenergic stimulation and the cascade effects on ATGL and HSL.

RESULTS

OPA1 is up-regulated during adipocyte differentiation and
forms a complex with perilipin 1, Rla, and RIIB

We first characterized the involvement of OPAT as an AKAP in the
process of lipolysis in human adipose cells derived from hASCs.
Localization of Rlo. and RIIB was examined in primary as well as cul-
tured hASCs (Figure 1, A and B). Rlo. is expressed at low levels and
localizes in the cytoplasm, and Rlla is robustly expressed and local-
izes to Golgi membranes as indicated by costaining with the Golgi
marker Giantin (Figure 1B). RIIB is expressed only in a minor fraction
of undifferentiated hASCs, where it localizes to Golgi membranes
(Figure 1B). The Golgi localization of the RIl regulatory subunits is
consistent with previous reports demonstrating that PKA is stored in
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Subcellular localization of PKA and OPA1 in hASCs.

Representative images show (A) uncultured isolated hASC stained
with Rlo. or RIIB (green) and DAPI (blue); (B) cultured hASCs (P7-8)
stained for Rla, Rllo, or RIIB (green) and Giantin (red); and (C) hASCs
(P7-8) stained for OPA1 (green) and Mitofilin, OMA1, perilipin, or HSL
(red). DAPI (blue) included in merged pictures (n = 3 donors). Scale
bar: 10 ym.

Golgi membranes in interphase at basal state (Muniz et al., 1997;
Keryer et al., 1999; Cabrera et al., 2003; Nigg and Raff, 2009).
Undifferentiated hASCs express low levels of OPA1 (Figure 1C).
OPAT1 displays a mitochondrial localization as indicated by costaining
with the mitochondrial markers (Mitofilin and OMA1). HSL and per-
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Regulation of OPA1 and adipocytic markers during
adipocyte differentiation of hASCs. (A) LDs in hACSs were visualized
with Nile Red at weeks 1 and 3 of adipocyte differentiation. (B) Levels
of endogenous OPA1, perilipin 1, HSL, RII, Rla, Rlla, Mfn2, Mitofilin,
OMA1, CGI-58, ATGL, CEBPo. and Actin detected by Western blot
analysis in one representative donor (Donor B) during adipocyte
differentiation (weeks 0, 1, 2, and 3). (C) Amalgamated data from
densitometric analysis of three donors (Donor B in panel B and Donors
A and C in Supplemental Figure 1) (mean + SEM, n = 3 donors).

ilipin 1 as markers for mature adipocytes are not expressed in undif-
ferentiated hASCs (Figure 1C). Thus, while mitochondrial proteins
are expressed at robust levels in undifferentiated hASCs, OPA1 and
the adipocyte proteins HSL and perilipin 1 are absent or expressed
at very low levels.

The majority of experiments aimed to unravel the role of OPAT in
lipogenesis and lipolysis have been conducted in mouse cells or in
vivo in murine models. Therefore, we first examined the expression
levels of these proteins during human adipocytic cell differentiation.
LDs, visualized by Nile Red, appear after ~1 wk of adipocytic differ-
entiation, and mature adipose cells with large (>5-10 um) LDs are
obtained after 3 wk of differentiation (Figure 2A). Cells were har-
vested after 0, 1, 2, and 3 wk of differentiation (Figure 2, B and C, and
Supplemental Figure 1) for Western blot analysis. We observed an
eight- to ninefold up-regulation of OPA1 during adipogenesis from
the low levels found in undifferentiated hASCs (Figure 2, B and C,
and Supplemental Figure 1). Markers of mature adipocytes such as
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perilipin 1, HSL, and RIIB are absent in undifferentiated hASCs but
become expressed at high levels during adipogenesis (Kawamura
etal., 1981; Greenberg et al., 1991; Planas, Cummings, et al., 1999).
We observed a more than threefold up-regulation of Rlo. while Rllo
levels remain constant throughout differentiation. As expected, the
early adipogenic marker CEBPa. shows a strong up-regulation after
1 wk of differentiation with expression decreasing to lower levels
during later stages of adipocyte maturation. ATGL initially shows
decreased levels on hormonal stimulation of adipogenesis, in agree-
ment with a previous observation (Chakrabarti et al., 2013), but

expression levels are restored during adipocyte maturation. In con-
trast, CGI-58 is not expressed in undifferentiated ASCs but becomes
up-regulated 1 wk into adipogenic stimulation. In addition, we
analyzed mitochondrial markers Mitofusin 2 (Mfn2), Mitofilin, and
OMA1 (Wilson-Fritch et al., 2003; Gandotra et al., 2011), which dis-
play increased protein levels in week 1 and are maintained through-
out adipogenesis (Figure 2, B and C, and Supplemental Figure 1).
Thus, OPAT1 levels increase during adipogenic differentiation con-
comitantly with perilipin 1 and before other adipocytic markers such
as HSL and RIIB.
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Association of OPA1 with perilipin and PKA in adipocyte-differentiated hASCs. Lysates from hASC-derived

adipocytes were immunoprecipitated with antibodies to OPA1

(A), RIIB (B)

, perilipin 1 (C), Rlo: (D), and CGI

-58 (E) and the

appropriate igg control (Mo/Rb/GP igg). Precipitates were analyzed for the presence of the indicated protein interaction
partners. Lysates from adipocytes incubated in the absence or presence of 10 nM isoproterenol were subjected to
immunoprecipitation for OPA1 (F) and ATGL (G) and blotted for presence of the indicated protein interaction partners.
Dotted lines indicate images merged from the same gel (different exposure time for input lysate) (n = 3 donors). In situ
proximity studies using PLA for the OPA1-perilipin 1, OPA1-CGI-58, and OPA1-ATGL associations (red, top and bottom
rows), lipid droplet visualization (green, top row), and DAPI (blue, top row) in hASC-derived adipocytes (H). Scale bars:
10 pm. Statistical analysis of in situ proximity experiments as in H of hASC incubated in the absence or presence of

100 nM of isoproterenol for 20 min and stained for OPA1-perilipin 1 (I), OPA1-CGI-58 proximity signal (J), and OPA1-
ATGL proximity signal (K); *p < 0.05, **p < 0.005, ***p < 0.0005. Fifty cells were counted from each condition and for

every donor (mean + SEM, n= 3 donors).
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To examine whether OPA1 forms a complex with perilipin 1 in
human differentiated adipocytes, we subjected adipose cell lysates
to immunoprecipitation with endogenous OPA1. Immunoblots for
presence of perilipin 1, RIIB, and Rla revealed their presence in the
precipitated protein complex (Figure 3A). Conversely, the other
macromolecular complex components are also coimmunoprecipi-
tated with RIIB (Rb) (Figure 3B) and perilipin 1 (GP) (Figure 3C). Thus,
OPAT1, perilipin 1, and RIIB form a physical complex in adipocyte-
differentiated hASCs.

As perilipin 1 also forms a complex with HSL, we examined
whether HSL is part of the OPAT-perilipin 1-PKA supramolecular com-
plex but did not observe its binding to OPA1 (Figure 3, A and F). In
contrast, OPA1, perilipin 1, and HSL are present in Rlo. immunopre-
cipitates which indicates that Rlo in addition to its binding to OPA1
also could partition into a macromolecular complex that phosphory-
lates HSL (Figure 3D). Moreover, ATGL does not coimmunoprecipi-
tate with OPAT despite its phosphorylation by PKA (Figure 3, F and
G). However, we observe the presence of perilipin 1 in ATGL immu-
noprecipitates after adrenergic stimulation (Figure 3G), suggesting
partition into the same complex. We also observe presence of CGI-58
in OPAT and RIIB immunoprecipitates (Figure 3, A and B) and vice
versa (Figure 3E). This indicates that CGI-58 is a part of the OPA1
(Pidoux, Witczak, et al., 2011)/perilipin 1/PKA complex prior to adren-
ergic stimulation, as expected since CGI-58 dissociates from perilipin
1 after S497 and S522 phosphorylation (Granneman et al., 2009).

Given the role of OPA1 in lipolysis and the above described su-
pramolecular complex of OPA1 and perilipin 1 in human differenti-
ated adipocytes, we used proximity ligation assay (PLA) (Soderberg
et al., 2008) to assess the spatial proximity of OPAT with perilipin 1/
CGI-58/ATGL at LDs (Figure 3, H-K). We found robust OPA1-perili-
pin 1 PLA signal, demonstrating that OPA1 and perilipin 1 are in
close proximity to each other at the LDs in adipocytes differentiated
from hASCs (Figure 3, H and I). Moreover, we found significant
OPA1-CGI-58 PLA signals under basal conditions supporting pres-
ence of CGI-58 in the OPA11-perilipin 1 supramolecular complex
under these conditions. Interestingly, OPA1-CGI-58 PLA signals are
absent after adrenergic stimulation (Figure 3J). We do not observe
OPA1-ATGL PLA signals over background levels neither under basal
nor stimulated conditions, strengthening our observation that OPA1
does not associate with ATGL at LDs.

OPAA1 relocalizes from mitochondria to perilipin 1-coated
LDs during adipocyte differentiation
Since OPA1 localizes to mitochondria in undifferentiated hASCs
(Figure 1) and to LDs in mature mouse adipose cells (Satoh et al.,
2003; Pidoux, Witczak, et al.,, 2011), we examined the subcellular
distribution of OPA1 during adipocytic differentiation. After 1 wk of
differentiation OPA1 displays a mitochondrial localization (Figure
4A, first row) with little or no colocalization with the small perilipin
1-coated LDs (=1 um) that now occur. Mitochondrial localization of
OPA1 was confirmed by costaining with Mitofilin and OMA1 (Sup-
plemental Figure 2, A and B). As the differentiating adipocytes
become filled with LDs in week 2, OPA1 localizes in the vicinity of
LDs and partly colocalizes with perilipin 1 (Figure 4A, second row).
Immunofluorescence also shows that the localization of OPA1 and
Mitofilin/OMA1 diverge (Supplemental Figure 2, A and B). After
3 wk of differentiation LDs with a diameter of more than 5-10 pm fill
the cytoplasm. At this stage OPA1 mainly colocalizes with perilipin
1 around LDs as also evident from the z-line scans and correlation
(R=0.91) (Figure 4A, third row).

OPAT1 and RIIB (Rb) show a good overlap in their subcellular dis-
tribution around LDs in mature adipose cells (Figure 4B, first line).
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Since the existence of fragmented mitochondria (defined as <0.3
pm) has been reported between mature LDs (Zhang et al., 2009;
Goldman et al., 2011), we costained for OPA1 and Mitofilin in
mature adipose cells to distinguish OPA1 pools in LDs and mito-
chondria. We observe that while OPAT mainly localizes to LDs, the
majority of Mitofilin-stained mitochondria localizes at the edges of
the adipocytes. We detect some fragmented mitochondria in be-
tween LDs where they partly colocalizes with OPA1 (Figure 4B, sec-
ond line). Thus, the majority of OPA1 colocalizes with perilipin 1 and
RIIB to LDs in mature adipocytes.

OPA1 phosphorylates perilipin 1 at p$522 and pS497 to
induce lipolysis

Human perilipin 1 has five established PKA phosphorylation sites, of
which S497 and S522 are shown to be essential for lipolytic induc-
tion (Greenberg et al., 1993; Tansey et al., 2001; Souza et al., 2002;
Sztalryd et al., 2003; Tansey et al., 2003; McDonough et al., 2013).
We therefore examined whether phosphorylation at these two sites
requires an OPA1-bound pool of PKA by transient OPA1 small inter-
fering RNA (siRNA) knockdown in human differentiated adipose
cells followed by stimulation with 0-100 nM of isoproterenol. In cells
transfected with scrambled control, a concentration-dependent in-
crease in the phosphorylation levels of perilipin 1 S522 and S497 is
observed (Figure 5, A and B). Consistent with a previous study in
mouse adipocytes (McDonough et al., 2013), maximum was reached
after 3 min stimulation with 10 nM isoproterenol (Figure 5, A, right,
and B). In OPA1 knocked-down cells, basal phosphorylation of per-
ilipin 1 S522 is absent and isoproterenol-stimulated phosphoryla-
tion of both S522 and S497 are abrogated or strongly inhibited
(Figure 5, A, left, and B).

Similarly, examination of phosphorylation levels of perilipin 1
$522 and S497 by immunofluorescence revealed an effective phos-
phorylation-response in control-transfected cells on adrenergic
stimulation with perilipin 1 in 75-80 and 90% of cells being phos-
phorylated at S522 and S497, respectively. This in sharp contrast to
OPA1 knockdown conditions where only 3-5 and 15% of the cells
display full phosphorylation of perilipin 1 S522 and S497, respec-
tively (Figure 5, C and D). Collectively, these results demonstrate
that OPAT1 is essential for perilipin 1 $522 and S497 phosphorylation
upon adrenergic stimulation of lipolysis.

Amino acids 1-30 of OPA1 are essential for LD localization

To map the region of OPA1 responsible for the targeting to LDs,
various truncation variants of OPA1 were generated. We trans-
fected either full-length OPA1-Flag, OPA1A1-30-Flag lacking the
first 30 amino acids or OPATAMTS-Flag lacking the mitochondrial
targeting domain (1-87) (Misaka et al., 2002) into differentiated
adipocytes (Figure 6, A and B). To distinguish LD and mitochon-
drial localization of the Flag-tagged OPA1 variants, dual-immuno-
fluorescence staining of the OPA1 truncations with perilipin 1 as
LD marker and Mitofilin as mitochondrial marker was performed
24 h posttransfection. While full-length OPA1-Flag localizes to
both LDs and mitochondria (Figure 6, A and B, left panels), the
OPA1A1-30-Flag truncation variant loses LD localization while
mitochondrial targeting is retained (Figure 6, A and B, middle pan-
els). As anticipated from previous reports OPATAMTS-Flag is nei-
ther targeted to mitochondria nor LDs (Figure 6, A and B, right
panels). Transfection of differentiated adipocytes with either of
the OPA1-Flag, OPA1A1-30-Flag or OPATAMTS-Flag constructs
together with a GFP-tagged truncated mitochondrial deadbox he-
licase (AMDDX28-GFP) as another mitochondrial marker confirm
the localization pattern observed with Mitofilin (Supplemental
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Figure 3). Collectively, these observations show that OPA1 local-
ization to LDs depends on its first 30 amino acids.

OMAT1 expression is required for OPA1 LD-localization and
perilipin 1 S522 phosphorylation

A recent report indicated that knockdown of OMA1, a mitochon-
drial zinc metallopeptidase that cleaves OPA1, is required for OPA1
localization to mitochondrial-ER contact points (Anand, Wai, et al.,
2014). To investigate whether OMA1 cleavage of OPAT could affect
its LD localization, we transiently knocked down OMA1 72 h prior to
immunolocalization analysis of OPA1 (green) and OMA1 (red)
(Figure 7A). OMAT1 silencing leads to a shift in subcellular localiza-
tion of OPA1 from LDs in scrambled control cells (95% LD staining)
to a mitochondrial localization pattern for OPA1 in cells with OMAT1
knockdown (75% mitochondrial staining, Figure 7B). Furthermore,
OMAT1 knockdown leads to a change in the OPA1 long to short
isoform ratio with the longer OPA1 isoform being most prominent in
OMA1 knocked down cells, whereas the opposite is the case in cells
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transfected with scrambled siRNA (Figure 7, C and D) as observed
previously (Anand, Wai, et al., 2014). Thus, OMA1 cleavage of OPA1
is necessary for LD association of OPAT.

To explore whether the presence of OMA1 affected perilipin 1
$522 phosphorylation, we knocked down OMA1 before stimulation
with 0-100 nM of isoproterenol for 3 min (Figure 7C). While cells
transfected with scrambled siRNA have strong perilipin 1 S$522
phosphorylation in response to isoproterenol, perilipin 1 S522 phos-
phorylation is ablated in cells with OMA1 knockdown as evident
from immunoblot analysis (Figure 7, C and E) and immunofluores-
cence staining (Figure 7, F and G). Collectively, these data suggest
that OPA1 maturation by OMAT in mitochondria is a prerequisite for
the LD association of OPA1 and perilipin 1 S522 phosphorylation.

OPA1 impacts on HSL recruitment to LDs and its activation

It has been shown that phosphorylated perilipin 1 is required for HSL
to translocate from the cytoplasm to LDs and become fully activated
for lipolysis by PKA at the lipid droplet. Therefore, we investigated
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hASC-derived adipocytes were transfected with OPA1 siRNA or
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with 0-100 nM isoproterenol for 3 min before immunoblotting for the
presence of OPA1, perilipin 1 pS522 and pS497, perilipin 1, mitofilin,
and actin (A). Densitometric analysis of perilipin 1 phosphorylation
levels at S522 and S497 as in A normalized against actin (mean = SEM
from 3 donors) under scrambled control (m) or siOPA1 (a) conditions
(B). Immunofluorescence staining for perilipin 1 pS522 or pS497
(green) and DAPI (blue) in hASC-derived adipocytes transfected with
OPAT1 siRNA or scrambled control, + 10 nM of isoproterenol for 3 min
(C). Scale bars: 10 pm. Statistical analysis of experiments as in C;

***p < 0.0005, *p < 0.05 (D). One hundred cells were scored from each
condition and for every donor (mean + SEM, n= 3 donors).

the localization of HSL in differentiated human adipocytes in the
presence or absence of OPAT. We stimulated lipolysis with 10 nM
isoproterenol for 3 min before fixation and staining of OPA1T and HSL.
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While HSL translocates to LDs on lipolytic induction in more than 90%
of the control cells transfected with scrambled siRNA, only 15% of
OPA1 siRNA-transfected cells (siOPA1 cells) display LD localization of
HSL (Figure 8, A and B). Thus, expression of OPAT appears to be
necessary to get HSL translocation to LDs on induction of lipolysis.

Perilipin 1 and HSL must both be phosphorylated prior to lipo-
lytic translocation and activation of HSL and it has been shown that
double mutations of the two C-terminal phosphorylation sites in
mouse HSL (5659 and S660 [human S650]) prevent HSL transloca-
tion and lipolytic activity (Su et al., 2003). For this reason, we inves-
tigated HSL S650 phosphorylation in the presence and absence of
OPAT1 after stimulation with 0-100 nM of isoproterenol for 5 min to
induce lipolysis (Figure 9A, right panel). Cells transfected with
scrambled siRNA shows a concentration-dependent increase in HSL
S650 phosphorylation upon stimulation, while both basal and stimu-
lated HSL S650 phosphorylation are absent in OPA silenced cells
(Figure 9A). We next evaluated HSL phosphorylation at S650, S552
as well as the PKA-independent phosphorylation at S554 by immu-
nofluorescence in OPAT knockdown cells and scrambled control in
combination with adrenergic stimulation. While the majority of
scrambled siRNA-transfected adipocytes are phosphorylated at HSL
S650 and S552 upon stimulation (80% or more), only 10-15% of
OPA1 knockdown cells display phosphorylation at HSL S650 and
S552 (Figure 9, B and C, and Supplemental Figure 4, A and B). As
expected, the PKA-independent phosphorylation at HSL S554 is not
affected by OPA1 knockdown (Supplemental Figure 4C). Collec-
tively, these results indicate that OPA1 is indispensable for HSL
translocation to LDs and its phosphorylation on S650 and S552.
Similarly, phosphorylation of ATGL on S404 in response to adrener-
gic stimulation requires presence OPA1 (Figure 9A).

DISCUSSION

Here we demonstrate that OPA1 in its function as an AKAP is neces-
sary for perilipin 1 phosphorylation on S522 and S497 and indis-
pensable for phosphorylation of ATGL and HSL, which catalyzes the
breakdown of TAGs.

The human perilipin 1 protein has five established consensus
PKA phosphorylation sites. Although only a few studies have been
performed in human cells, the two C-terminal phosphorylation sites
S497 and S522 (5492 and S517 in mice) have been demonstrated to
be essential for PKA-stimulated lipolysis (Greenberg et al., 1993;
Tansey et al., 2003; Brasaemle et al., 2009; Granneman et al., 2009).
Studies in mouse fibroblasts ectopically expressing perilipin 1 mu-
tants indicated that coordinated mutation of the three N-terminal
PKA- phosphorylation sites also may reduce the ability of perilipin 1
to induce lipolysis but does not affect basal lipolysis (Souza et al.,
2002). Here we show that OPA1 knockdown abolishes both basal
and isoproterenol-induced perilipin 1 phosphorylation at S522 and
S497. Lack of specific antibodies to the three N-terminal sites pre-
cluded us from studying the phosphorylation status of these sites
separately. However, this does not exclude their potential role in the
lipolytic activation of HSL (Zhang et al., 2003; Aboulaich et al.,
2006). Given the dominant role of OPAT knockdown, we speculate
that OPA1 may also play a role in phosphorylation of one or more of
the N-terminal phosphorylation sites.

By immunoblotting we observe that while OPA1 knockdown
abolishes perilipin 1 phosphorylation at $522 under all isoprotere-
nol-stimulated conditions, we still observe some phosphorylation of
S497 after stimulation with the higher concentrations of isoprotere-
nol. This finding could be explained by the easier accessibility of
perilipin 1 S497 for phosphorylation. Alternatively, residual OPA1
protein at low levels may be sufficient to facilitate some degree of
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Effect of N-terminal truncations on localization of OPA1. hASC-derived adipocytes
were transfected with OPA1-Flag, OPA1A1-30-Flag, or OPA1AMTS-Flag and immunostained
for Flag (green in A, red in B) together with endogenous perilipin 1 (red) (A) or mitofilin (green)
(B). Zoomed images with details from split channels (A and B, bottom). DAPI is included in

merged pictures (representative of n= 3 donors). Scale bars: 10 pm.

pS497 phosphorylation on stimulation. However, it is tempting to
speculate that the binding of CGI-58 at the S522 phosphorylation
site could hinder unspecific phosphorylation at this site and, conse-
quently, a complete absence of phosphorylation is observed. As it
recently has been shown that CGI-58 also becomes phosphorylated
by PKA on lipolytic stimulation (Sahu-Osen et al., 2015), it would be
interesting to examine whether OPA1 could function as the AKAP
that facilitates this PKA phosphorylation.

We observed that HSL is retained in the cytoplasm and remains
unphosphorylated at S650 and S552 on adrenergic stimulation in
cells with transient OPA1 knockdown. Consistent with this observa-
tion, both perilipin 1 and HSL have to be phosphorylated to enable
HSL translocation from the cytoplasm to LDs and lipolytic activation
(Su et al., 2003; Sztalryd et al., 2003). It has been shown that mouse
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HSL S660 becomes phosphorylated rapidly
in the cytosol, while HSL S563 occurs at the
lipid droplet probably after HSL relocalizes to
the LDs (Martin et al., 2009). However, a vari-
ant of perilipin 1 that cannot be phosphory-
lated on any of the known phosphorylation
sites was also reported to relocalize HSL to
LDs, suggesting that part of the LD targeting
could be independent of perilipin 1 phos-
phorylation under some conditions (Miyoshi
et al., 2006). Moreover, a study in rat showed
direct interaction between HSL and perilipin
1 through amino acids 463-517 (S517 corre-
sponding to the S522 phosphorylation site in
the human protein), which is particularly im-
portant for LD localization of HSL on lipolytic
stimulation (Shen et al., 2009). Whether HSL
is retained in the cytoplasm of OPA1-silenced
cells due to their inability to phosphorylate
perilipin 1 on S522 (or potentially some of
the N-terminal phosphorylation sited) or be-
cause sustained binding of CGI-58 to perili-
pin 1 prevents LD localization of HSL remains
to be elucidated.

In OPA1 knockdown cells we observe that
lack of phosphorylation of perilipin 1 at $522
and S497 is associated with abolished phos-
phorylation of HSL S650 and S552. However,
OPA1 and HSL do not coimmunoprecipitate
(Figure 3). Thus, the inability of HSL to be
phosphorylated by PKA in OPA1 knockdown
cells is probably not due to lack of substrate-
binding to the AKAP but could be an indirect
consequence of loss of perilipin 1 phosphor-
ylation. These results are in line with the
observation that phosphorylation of both
perilipin 1 and HSL is required to facilitate
phosphorylation of HSL at S660 and S563
(S650 and S552 in the human protein) (Miyo-
shi et al., 2006; Shen et al., 2009). Another
observation in mice shows rapid phosphory-
lation of HSL in the cytoplasm before its
translocation to LDs on lipolytic stimulation,
while S563 phosphorylation is suggested to
regulate sustained lipolytic activation of HSL
at the LDs (Martin et al., 2009). As our results
indicate that OPA1 does not directly affect
HSL phosphorylation and is not functioning
as the AKAP facilitating the lipolytic phosphorylation of HSL, the
downstream effect on HLS phosphorylation our observations make it
tempting to speculate that OPAT’s role in the lipolytic initiation is
upstream of HSL S650 and S552 phosphorylation.

Perilipin 1 S522 phosphorylation is a prerequisite for CGI-58
translocation to the cytoplasm, which is essential for activation of
ATGL (Zechner et al., 2005; Granneman et al., 2007; Pagnon,
Matzaris, et al., 2012). We show that CGI-58 is in close proximity to
the OPA1-perilipin 1 complex under basal conditions but is absent
after lipolytic activation, supporting the established mechanism with
release of CGI-58 from the perilipin 1 complex on lipolytic activa-
tion. Interestingly, CGI-58 is also a substrate for PKA, but further
analysis would be required to reveal potential effects of OPA1
knockdown on CGI-58 subcellular distribution and ATGL activation.
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ATGL was recently suggested to be phos-
phorylated by PKA or AMPK upon stimula-
tion of lipolysis. In agreement with this, we
observed ablated ATGL S404 phosphoryla-
tion in response to adrenergic stimulation
on OPA1 knockdown. As with HSL, ATGL
coprecipitation with OPAT1 was neither ob-
served under basal or stimulated condi-
tions; in situ proximity experiments further
strengthened this observation as no proxim-
ity between OPA1 and ATGL was seen un-
der basal or stimulated conditions. These
results indicate that OPA1 does not form a
complex with ATGL as a substrate for PKA.
OPA1 was previously shown to be a dual-
specificity AKAP with the ability to complex
with both type | and type Il PKA (Pidoux,
Witczak, et al., 2011). Here we observed
up-regulation of both Rlo. and RIIB during
adipogenesis, and both isozymes coimmu-
noprecipitated with OPAT in mature adipo-
cytes. Since OPA1 has affinity for both isoen-
zymes, availability and/or ratio between the
two isoenzymes could determine the relative
level of Rloe and RII bound to OPA1 (Pidoux,
Witczak, et al., 2011). In our experiments,
OPA1 displayed clear colocalization with RII
in differentiated hASC adipocytes (Supple-
mental Figure 2C). The adipocytic differenti-
ation used in the present study is considered
to yield cells that resemble white adipocytes,
and RIIB has been shown to control lipolysis
in WAT, making it tempting to speculate that
OPA1-bound RIIB could initiate the lipolysis
in our system (Beebe et al., 1984; Robinson-
Steiner et al, 1984; Park et al, 2014).
Whether lipolysis is controlled by type | or

donor and condition; shown mean + SEM of

n =3 donors, **p < 0.005) (B). hASC-derived
adipocytes transfected with OMA1 siRNA or
scrambled control were stimulated with 0-100
nM isoproterenol as indicated to assess the
presence of OMA1, perilipin 1 pS522, OPA1,
and actin (C). Statistical analysis of the
presence of the long vs. the short OPA1
isoforms in scrambled control vs. OMA1
knockdown as in C (shown mean + SEM of
n=18, ***p < 0.0005 of scrambled control vs.
OMAT1 knockdown) (D). Densitometric
analysis of perilipin 1 $522 phosphorylation as
in C normalized to actin expression under
scrambled control (w) or siOMA1 (a)
conditions (mean + SEM of n= 3)

(E). Immunofluorescence of perilipin 1

pS522 (green) in hASC-derived adipocytes
transfected with OMA1 siRNA or scrambled
control incubated with or without 10 nM of
isoproterenol counterstained with DAPI (blue)
(F). Scale bars: 10 pm. Statistical analysis of
immunostained cells as in F (100 cells counted
for each donor and condition; shown mean *
SEM of n= 3 donors) (G).
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Effect of OPA1 knockdown on HSL translocation to LDs upon adrenergic stimulation. hASC-derived
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followed by immunostaining for OPA1 (green) and HSL (red). Right: Zoomed images with details are shown from the
areas indicated by dotted squares in the original image. DAPI is included in merged pictures (A). Scale bars: 10 pm.
Statistical analysis of cells immunostained for HSL as in A. HSL localization in cells was categorized as 1) cytoplasmic
(stained strongest in the cytoplasm) or 2) LD associated (strongest staining around LDs). One hundred cells were
counted for each donor and condition (shown mean + SEM of n = 3 donors); ***p < 0.0005 (B).

type Il PKA appears to be important as the activation constant (K,
for the two isozymes differ (50-100 and 200-400 nM for type | and
type I, respectively). In turn, this affects the sensitivity to catechol-
amine-stimulated lipolysis as exemplified in RIIB knockout mice
where rescue by up-regulation of Rla. providing type | PKA to control
lipolysis results in lean mice (Cummings et al., 1996). Furthermore,
regulation of Rla: levels may be a way to control adipocyte sensitivity
to cAMP-regulated lipolysis. This was demonstrated in mice with
high expression levels of transcription factor FoxC2, which controls
Rlo. expression, resulting in mice protected against diet-induced
obesity and insulin resistance (Cederberg et al., 2001).

The mitochondrial localization of OPA1 and its essential role in
mitochondrial dynamics is well characterized (Hall et al., 2014). We
have previously demonstrated that OPA1 is also localized to LDs in
mice adipocytes (Pidoux, Witczak, et al., 2011). By immunolocaliza-
tion studies of endogenous OPAT in human adipose stem cells we
show that OPAT expression increases and its localization shifts from
mitochondria to LDs during adipocyte maturation as LDs increase in
size. Previous reports have indicated presence of fragmented mito-
chondria (mitochondria <0,3 pm) localized in close proximity to LDs
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in adipocytes (Kita et al., 2009), a phenomenon we also observe
here. This phenotype is characterized by small mitochondria with
clearly defined organelle structure distinct from the more uniform
staining of LDs observed for OPA1. In addition, we observe a major
part of the mitochondrial network in the peripherally localized cyto-
plasm of the adipocytes. A recent finding shows that OPAT was re-
distributed from membranes to extending membrane tubulations
depending on the lipid binding properties of OPA1 (Ban et al.,
2010) or lost during ER stress (Zhang et al., 2008), indicating some
mobility of OPA1 after mitochondrial maturation. It is tempting to
speculate that OPA1 localization on both mitochondria and LDs
could coordinate the positioning of LDs in close proximity to mito-
chondria to facilitate the supply of FFA from lipolysis to mitochon-
dria for beta-oxidation to support ATP synthesis while avoiding toxic
effects of liberated FFAs. Interestingly, OPA1 knockdown in mouse
models show accumulation of LDs in muscle biopsies (Sarzi et al.,
2012). Moreover, inducible reduction of OPA1 expression in murine
skeletal muscle has been shown to not only cause progressive mito-
chondrial dysfunction and loss of muscle mass but also resistance
towards age- and diet-induced weight gain and insulin resistance in
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Requirement of OPA1 for HSL phosphorylation on adrenergic stimulation. Adipocyte-
differentiated hASCs were transfected with OPA1 siRNA or scrambled control, stimulated with
0-100 nM of isoproterenol, and subjected to immunoblot analysis for the presence of OPA1, HSL
$650 phosphorylation and actin (A). Cells as in A with or without 10 nM of isoproterenol were
analyzed by immunofluorescence for endogenous HSL pS650 (red) and OPA1 (green) (B). DAPI is
included in merged pictures. Scale bars: 10 pm. (C) Statistical analysis of experiments as in B
(100 cells counted for each condition and donor, mean £ SEM, n = 3 donors); ***p < 0.0005.

(D) Schematic illustration of our proposed model for induction of lipolysis. When lipolysis is
induced through the B-adrenergic receptor, OPA1-anchored PKA phosphorylates perilipin 1
leading to recruitment and activation of HSL at the lipid droplets and start the breakdown of
triglycerides. When OPA1 is knocked down, perilipin 1 cannot be fully phosphorylated, and HSL
is trapped in the cytoplasm, unable to become translocated and activated for lipolysis.
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related diseases has great interest from a
public health perspective. Several of the
genes encoding key proteins implicated in
lipolysis, like perilipin 1, CGI-58, HSL, and
ATGL, harbor known mutations that cause
lipodystrophies in humans for which there,
at present, is no treatment that targets
the pathogenic mechanisms (Lefevre et al.,
2001; Gandotra et al., 2011; Wu et al., 2015).
Thus, more in-depth knowledge in the area
of control of fat storage and breakdown is
needed. We report for the first time, to our
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knowledge, on how OPA1-anchored PKA controls lipolysis in human
adipocytes by regulating phosphorylation of perilipin 1 S522 and
S497 on adrenergic stimulation and the cascade effects on the trans-
localization and activation of the lipolytic lipases ATGL and HSL.

MATERIALS AND METHODS

Isolation of adipose stem cells from human adipose tissue
ASCs (CD45-CD31-CD34*CD105%) were isolated from the stromal
vascular fraction of human adipose tissue as described previously
(Boquest et al., 2005). In short, lipoaspirates obtained from the hip
or thigh regions of female donors less than 40 yr of age were di-
gested with collagenase and DNase |, and adipocytes were sepa-
rated from stromal vascular cells by centrifugation. Stromal cells
were strained through filters and CD45- CD31- cells were retrieved
by negative selection for both cellular markers. Isolated ASCs are
CD34*CD105* so no negative selection was performed for these
markers (Boquest et al., 2005).

The collection and preparation of hASC for research from
liposuction material was approved by the regional ethics commit-
tee (REK S-06387) and samples were collected after informed
consent.

Cell culture and adipocyte differentiation

Cells were cultured at 37°C in an atmosphere of 5% CO5 in humidi-
fied air. Cells were passaged approximately every 7th day (1:5) by
trypsination and cultured in DMEM/F12 Glutamax (Life Technolo-
gies, Thermo Fisher Scientific, MA) containing 10% fetal calf serum
(FCS) and 1% Pen/Strep. Undifferentiated hASCs were passaged at
around 60% confluence. For adipogenic differentiation, cells were
grown to confluence before addition of adipose differentiation
medium (DMEM/F12 Glutamax containing 10% FCS, 0.5 mM
1-methyl-3 isobutylxanthine (IBMX), 1 pM dexamethasone (DEX),
10 pg/ml insulin and 200 pM indomethacin (Sigma-Aldrich, St.
Louis, MO) for 3 wk as described (Boquest et al., 2005). For isopro-
terenol induction experiments and immunofluorescence staining,
IBMX, DEX and Indomethacin were removed from the differentia-
tion medium the last 5 d before the start of experiments.

Extract preparation

To prepare total cell lysates cells were lysed by addition of RIPA buffer
(50 mM Tris-HCI, pH 8.0, 1% NP-40, 0.5% Na-deoxycholate, 0.5%
Triton X-100, 100 mM NaCl, 2 mM EDTA [Sigma], and Protease Inhibi-
tors [Roche, Basel, Switzerland)]) directly into the well, cells were left
5 min to swell before harvesting by cell scraping. Cell suspension was
homogenized for 30 s while still at room temperature with a Pellet
Pestle homogenizer (Sigma). Protein concentration was measured us-
ing BCA protein assay kit (Pierce, MA) and 10 ug protein extract was
run on SDS-PAGE and immunoblotted against indicated antibodies.

Cloning and expression of OPA1 proteins

Human OPA1 clones (full length and truncations) were created using
the gateway cloning system. OPAT fragments were amplified by
PCR and inserted into a pENTR vector with ATG start site intact N
terminally and without stop codon C terminally. Subsequently, the
OPA1 fragments from the pENTR clones were digested with appro-
priate restriction enzymes and cloned into a pDEST-CMV5-Flag vec-
tor. For mutagenesis, we used the Quick change Site-Directed Mu-
tagenesis Kit (Stratagene).

Antibodies
Antibodies for immunoblotting (WB) or immunofluorescence (IF)
generated in the mouse (Mo), guinea pig (GP), or rabbit (Rb) to
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indicated proteins were obtained and used at dilutions as follows:
OPA1 (Mo) (1:1000 WB, 1:100 IF; BD Biosciences, CA), Perilipin 1
(GP) (1:1000 WB; Fitzgerald Industries, MA), Perilipin 1 (Rb) (1:300
IF; Fitzgerald Industries), HSL (Rb) (1:1000 WB, 1:100 IF; Cell Signal-
ing, MA), pHSL (p660) (Rb) (1:1000 WB, 1:100 IF; Cell Signaling cat.
no. 4126), pHSL (p563) (Rb) (1:100 IF; Cell Signaling cat. no. 4139),
pHSL (p565) (1:100 IF; Cell Signaling cat. no. 1437), Mitofilin (Rb)
(1:2000 WB, 1:500 IF; Abcam, Cambridge, UK), pPerilipin 1 (Mo)
(Ser522) (1:5000 WB, 1:1000 IF; Vala Sciences, CA), pPerilipin 1
(Serd97) (Mo) (1:1000, 1:100 IF; Vala Sciences), Mfn2 (Mo) (1:1000
WB, 1:100 IF; Abcam), Rlo. (Mo) (1:1000 WB, 1:100 IF; BD Biosci-
ences), Rllo. (Mo) (1:1000 WB, 1:100 IF; BD Biosciences), RII (Mo)
(1:1000 WB, 1:100 IF; BD Biosciences), CEBPa. (Rb) (1:2000; LifeS-
pan BioSciences, WA), ATGL (Rb) (1:1000; Novus Biologicals, CO,
cat. no. 2138), CGI-58 (Rb) (1:2000; Novusbio cat. no NB110-41576),
PATGL S406 (Rb) (1:1000; Abcam) and Flag (Rb) (1:300 IF, Cell Sig-
naling cat. no. 2368S).

Immunoprecipitation

Protein G magnetic beads (Invitrogen, CA) were washed two times
in lysis buffer before preincubation with 5 pg antibodies against
OPA1 (Mo) (BD Biosciences), Rlo. (Mo) (BD Biosciences), RIIf (Mo)
(BD Biosciences), Perilipin 1 (GP) (Fitzgerald Industries), or IGG
(Mo)/(GP) (Jackson laboratories, ME, USA) for 1 h (+ cross-linking
before proceeding with immunoprecipitation (Pierce)). Cell lysates
were prepared as above in RIPA buffer or IPB (10 mM HEPES, pH
7.5, 100 mM NaCl, 1% NP40, 2 mM EDTA and protease inhibitors)
(=250 mM sucrose) or lysis/wash buffer (from IP Cross-Linking Kit,
Pierce) depending on the protein immunoprecipitated. Lysates
(500-1000 pg) were added to the antibody/beads complexes and
incubated at 4°C overnight or following the instructions from the
manufacturer of the IP Cross-Linking Kit (Pierce) on a rotating wheel.
Immune complexes were washed three times in lysis buffer before
SDS-PAGE and immunoblotting with indicated antibodies.

Immunoblot analysis

After sample preparation proteins were resolved by SDS-PAGE
gel (BioRad Criterion Gels) and transferred to polyvinylidene difluo-
ride membranes (1 h, 100 W). Membranes were blocked in 5% fatty
acid free milk or 3% bovine serum albumin (BSA) for 30 min before
probing with indicated antibodies. After incubation with appropriate
horseradish peroxidase-conjugated secondary antibody (1:10,000;
Jackson laboratories), blots were washed five times and then devel-
oped using Super Signal West Pico/Dura substrate (Pierce).

Immunolocalization studies

Immunofluorescence stainings were performed on undifferentiated
and adipocyte-differentiated ASC at 1, 2, and 3 wk under adipogenic
differentiation. Cells were fixed for 30 min in 3% paraformaldehyde,
permabilized for 15 min with 0.1% saponin (Sigma), blocked for
15 min in phosphate-bufferend saline (PBS) with 0.01% Tween-20
(PBST) with 3% (fatty acid free) BSA and 0.1% saponin (PBST-BSA-
SAP) (#3 min incubation with 6 M guanidine HCI (Sigma) in 50 mM
Tris, pH = 7.5), and washed four times in PBS before reblocking in
PBST-BSA-SAP for 30 min. Primary antibody solution containing the
indicated antibody or Nile Red (as described in Fink et al., 2004)
were prepared in PBST-BSA-SAP incubated over night at room tem-
perature. Coverslips were washed three times in PBST-BSA-SAP be-
fore incubation in secondary Alexa fluor 488 donkey anti-mouse
(1:500) (Invitrogen), Alexa fluor 546 donkey anti-rabbit (1:500) (Invit-
rogen), and/or Alexa fluor 488 anti-rabbit (1:500) (Invitrogen) anti-
bodies for 5 h. Coverslips were washed three times for 5 min in PBS
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with 0.1% Saponin, incubated 5 min with 4,6-diamidino-2-phenylin-
dole (DAPI) (Sigma), rinsed in dH,0, and mounted with Fluromount
G. Images were acquired with an LSM510 META confocal micro-
scope (Zeiss, Oberkochen, Germany) fitted with a 100x NA 1.45 oil
plan Apochromat objective and using Zen 2009 software.

In situ proximity ligation studies

Cells were fixed and immunolabeled as for immunolocalization
studies described above until incubated with primary antibodies
(OPA1 1:100), perilipin1 (Rb) (1:100), CGI-58 (Rb) (1:100), and ATGL
(Rb) (1:100) before being exposed to PLA linkers (Duolink In Situ
PLA Probe Anti-Goat MINUS Affinity purified Donkey and Duolink In
Situ PLA Probe Anti-Rabbit PLUS Affinity purified Donkey; Sigma)
and Duolink In Situ Detection Reagents Orange (Sigma, Darmstadt,
Germany) according to the manufacturer's instruction. Imaging was
performed using a 60x/1.4 DIC oil immersion objective on a LSM800
airyscan confocal microscope (Zeiss). Pictures of cells included in
PLA statistics were subjected to maximum intensity projections of
z-stack pictures (maximal resolution, 0.2 pm slicing) manual integra-
tion of cellular regions of interest were established and in situ prox-
imity signals registered.

siRNA, overexpression, and transfection

siRNA transfection was performed using Effectene Transfection Re-
agent (Qiagen, Hilden, Germany) according to the manufacturer's
protocol. We transfected 1.2 pg siOPA1 or siOMA at O, 24, and 48
h before harvesting the cells at 72 h. Knockdown efficiency for OPA1
and OMA1 was 80-90% and 50-60%, respectively. For overexpres-
sion experiments, hASCs were trypsinized and detached before
transfected with 2 pg OPA1-Flag, OPA1A1-30-Flag, or OPATAMTS-
Flag and/or 1 pg AMDDX28-GFP with the Human MSC Nucleofec-
tor Kit (Lonza, Basel, Switzerland) according to the manufactured
protocol before the cells were replated and incubated 24 h before
immunofluorescence staining.

Statistics

Quantitative data are presented as average + SEM. Differences were
identified by analysis of variance and considered significant when
p <0.05.
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