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Abstract

Mfn2 is a mitochondrial fusion protein with bioenergetic functions
implicated in the pathophysiology of neuronal and metabolic
disorders. Understanding the bioenergetic mechanism of Mfn2
may aid in designing therapeutic approaches for these disorders.
Here we show using endoplasmic reticulum (ER) or mitochondria-
targeted Mfn2 that Mfn2 stimulation of the mitochondrial meta-
bolism requires its localization in the ER, which is independent of
its fusion function. ER-located Mfn2 interacts with mitochondrial
Mfn1/2 to tether the ER and mitochondria together, allowing Ca>*
transfer from the ER to mitochondria to enhance mitochondrial
bioenergetics. The physiological relevance of these findings is
shown during neurite outgrowth, when there is an increase in
Mfn2-dependent ER-mitochondria contact that is necessary for
correct neuronal arbor growth. Reduced neuritic growth in Mfn2
KO neurons is recovered by the expression of ER-targeted Mfn2 or
an artificial ER-mitochondria tether, indicating that manipulation
of ER-mitochondria contacts could be used to treat pathologic
conditions involving Mfn2.

Keywords Ca”*; ER-mitochondria tethering; Mfn2; neuritic growth
Subject Categories Membranes & Trafficking; Metabolism; Neuroscience
DOI 10.15252/embr.202051954 | Received 22 October 2020 | Revised 10 June
2021 | Accepted 23 June 2021 | Published online 23 July 2021

EMBO Reports (2021) 22: e51954

Introduction

Mitochondria are dynamic organelles whose morphology continu-
ously changes through fusion and fission events. This dynamism
affects mitochondrial bioenergetic properties, among other functions
(Liesa & Shirihai, 2013; Schrepfer & Scorrano, 2016). Mfnl and
Mfn2 are two proteins from the large GTPase family that mediate
outer mitochondrial membrane fusion. Despite their high degree of

. Manuel Reinal, Ofelia M Martinez-Estrada™* & Francesc X Soriano*?®

homology, there are functions that Mfnl and Mfn2 do not share, as
evidenced in the phenotypes of Mfnl and Mfn2 KO mice (Chen
et al, 2003; Chen et al, 2007). Mfnl has been shown to be more effi-
cient at mediating mitochondrial fusion; meanwhile, Mfn2 plays a
more prominent role regulating mitochondrial metabolism (Bach
et al, 2003; Chen et al, 2003; Eura et al, 2003; Ishihara et al, 2004;
Pich et al, 2005). The mechanism through which Mfn2 has a greater
impact on mitochondrial energetics than Mfnl does is not fully
understood, although several mechanisms have been proposed.
Mfn2 has been reported to regulate the levels of proteins in the
OXPHOS system (Pich et al, 2005) and the formation of supercom-
plexes (Segales et al, 2013). It has also been found to be necessary
for coenzyme Q biosynthesis (Mourier et al, 2015). The finding that
a small fraction of Mfn2, but not Mfn1, resides in the endoplasmic
reticulum (ER) where it interacts, both homo- and heterotipically,
with mitochondria-located Mfns and tethers the two organelles
together (de Brito & Scorrano, 2008) has also suggested a mecha-
nism by which Mfn2 could regulate mitochondrial metabolism via
modulation of Ca®" transfer from the ER to mitochondria (Chen
et al, 2012; Seidlmayer et al, 2019).

The ER and mitochondria establish functional contact in the area
called mitochondria-associated membrane (MAM). The thickness of
ER-mitochondria contact ranges 10-80 nm, with the distance
between the organelles being what determines MAM function
(Giacomello & Pellegrini, 2016; Herrera-Cruz & Simmen, 2017). The
three most studied functions of the MAM are as follows: (i) lipid
synthesis. Most of the enzymes involved in lipid biosynthesis are
localized in the ER membrane, but some are located in the mito-
chondrial membrane. Thus, it is necessary to transfer different lipid
intermediates from one organelle to other in order to complete the
biosynthetic pathway (Vance, 2014). (ii) Mitochondrial fission. It
has been observed that ER tubules mark sites of mitochondrial divi-
sion (Friedman et al, 2011). (iii) Regulation of Ca®" homeostasis.
The two main organelles responsible for maintaining the Ca** home-
ostasis are the ER and mitochondria. These two organelles exchange
Ca*" which affects their respective functionality. Mitochondrial Ca**
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uptake is produced through the mitochondrial calcium uniporter
(Baughman et al, 2011; De Stefani et al, 2011) (MCU); but given its
low Ca®" affinity, this takes place in microdomains with high Ca*"
concentrations in the proximity of the Ca**-releasing channels in the
ER (Rizzuto et al, 1993; Rizzuto et al, 1998). That is to say, it occurs
in the regions of close proximity between the ER and mitochondria.
The optimal separation between ER and mitochondria to generate
microdomains with high enough Ca®" concentrations to facilitate
Ca®" uptake by MCU is 12-24 nm (Giacomello & Pellegrini, 2016).
Mitochondrial Ca*" regulates the activity of dehydrogenases of the
tricarboxylic acid cycle (TCA) and promotes dephosphorylation,
hence activation of pyruvate dehydrogenase (Balaban, 2009). Thus,
Ca®" uptake by mitochondria following its release from ER is neces-
sary to maintain cellular bioenergetics (Cardenas et al, 2010).
However, this Ca*" transfer must be finely regulated since too little
or too much Ca®" transfer is noxious (Scorrano et al, 2003; Csordas
et al, 2006; Cardenas et al, 2016).

Observations of reduced mitochondrial Ca*" and increased ER
Ca*" levels in Mfn2 depleted cells (Chen et al, 2012; Seidlmayer
et al, 2019) support the view that Mfn2 regulates mitochondrial
metabolism by tethering the ER and mitochondria together and
thereby regulating mitochondrial Ca*". However, this has not been
studied thoroughly.

By expressing Mfn2 targeted at the ER or mitochondria in Mfn2
KO or Mfn1/2 DKO cells, here, we show that the presence of Mfn2
in the ER is needed in order to tether ER and mitochondria together
and enhance mitochondrial energetics. The reestablishment of ER-
mitochondria contact via the expression of ER-located Mfn2 or the
artificial tether ChiMERA (Kornmann et al, 2009) is sufficient to
correct the bioenergetic defects in Mfn2 KO fibroblasts. The rescue
of neuritic arbor abnormalities in Mfn2 KO neurons by ER-located
Mifn2 or ChiMERA provides a proof of concept that targeting the ER-
mitochondria contacts may be a suitable therapeutic option in
pathologic conditions in which Mfn2 is involved.

Results

Defects in mitochondrial bioenergetics in Mfn2 KO cells do not
depend on mitochondrial morphology

Mfn2 is a potent regulator of mitochondrial bioenergetics, but the
mechanism by which Mfn2 maintains mitochondria bioenergetics is
not well understood. Elongated mitochondria are associated with
increased mitochondrial bioenergetics (Liesa & Shirihai, 2013).
However, although Mfn1 KO fibroblasts (Appendix Fig S1A) showed
more globular mitochondria than Mfn2 KO fibroblasts (Fig 1A-D),
they did not show bioenergetic alterations (Fig 1E-I and
Appendix Fig S1B). Meanwhile, Mfn2 KO cells showed reduced
mitochondrial membrane potential (MMP) (Fig 1E) and lower basal
and maximal oxygen consumption rate (OCR) (Fig 1F) when
analyzed using a fluorescent O, sensor probe, which resulted in
reduced respiratory control ratio (RCR) and a reduced spare respira-
tory capacity (SRC) (Fig 1G and H). Analysis of the OCR using
Seahorse XF24 showed a similar pattern (Appendix Fig S1B).

Cells adjust metabolic pathways to maintain relatively constant
total ATP levels, and therefore, there were not differences in the
ATP levels between the different cell lines (Fig EV1A). However, in
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agreement with the reduced respiratory capacity in Mfn2 KO cells,
inhibition of glycolysis with 2-deoxy-D-glucose (2-DG) caused a
drop in ATP levels in Mfn2 KO cells with respect to WT and Mfn1l
KO cells (Fig 1I).

Mitochondrial morphology can affect uptake of cationic dyes
used to measure MMP (Kowaltowski et al, 2002). However, restora-
tion of mitochondrial morphology in Mfn2 KO cells by expressing
exogenous Mfnl or a dominant-negative mutant of the pro-fission
protein Drpl (DN-Drpl) (Fig EV1B-J) did not modify the MMP or
the basal oxygen consumption in Mfn2 KO cells (Fig EV1IK-N).

These results indicate that the potential for Mfn2 to maintain
mitochondrial bioenergetics is independent of its capacity to modify
mitochondrial morphology.

Mfn2 KO cells show alterations in ER and mitochondrial Ca2*
that may mediate impaired bioenergetic function

Mfn2 modulates the ER stress response (Ngoh et al, 2012; Munoz
et al, 2013) and ER stress regulates mitochondrial bioenergetics
(Bravo et al, 2011; Balsa et al, 2019; Carreras-Sureda et al, 2019).
We analyzed the three branches of the unfolded protein response
(UPR) and found increased activation of the ATF6 and Xbpl path-
ways but no changes in the PERK-elF2a pathway (Appendix Fig
S2A-C). Use of the chemical chaperone 4-phenylbutyric acid (4PBA)
blocked activation of the UPR in Mfn2 KO cells (Appendix Fig S2B
and C), but 4PBA had no effect on bioenergetics defects in Mfn2 KO
cells (Appendix Fig S2D-F).

Mfn2 has also been reported to modulate mitophagy (Chen &
Dorn, 2013; Gong et al, 2015) which could be responsible for
reduced mitochondrial bioenergetics in Mfn2 KO cells. However, we
observed no changes in the colocalization of LC3 with mitochondria
in Mfn2 KO cells or in protein levels of VDAC and Hsp60, two well-
known markers of mitochondrial mass (Appendix Fig S2G and H).
Minl and Mfn2 are ubiquitinated by Parkin and degraded upon
induction of mitophagy (Gegg et al, 2010; Tanaka et al, 2010), but
protein levels of Mfnl remained unaltered in Mfn2 KO cells
(Appendix Fig S2H). Thus, alterations in ER stress or mitophagy do
not seem to be the mechanisms responsible for bioenergetics defects
in Mfn2 KO cells.

Ca*" transfer from the ER to mitochondria is essential to maintain
mitochondrial energetics (Cardenas et al, 2010). Ca*®" released from
the ER is taken up by mitochondria through the MCU in regions of
close contact between the two organelles (Rizzuto et al, 1993;
Rizzuto et al, 1998; Baughman et al, 2011; De Stefani et al, 2011). A
small fraction of Mfn2 (5-10%) localizes in the ER where it interacts
with mitochondrial Mfns and tethers the organelles together (de
Brito & Scorrano, 2008). However, whether Mfn2 tethers or
promotes separation of the ER and mitochondria has been ques-
tioned (Sugiura et al, 2013; Filadi et al, 2015; Leal et al, 2016; Naon
et al, 2016). Thus, under our experimental conditions, we tested
whether Mfn2 is a tether or a spacer using three different
approaches. First, we analyzed Mander’s coefficient, which quanti-
fies the degree of colocalization between fluorophores based on
pixel channel overlap. To this end, cells were co-transfected with
plasmids expressing RFP and GFP targeting the mitochondria and
the ER, respectively. Using this technique, Mfn2 KO cells showed
lower ER-mitochondria colocalization (Fig 2A and B). This result
was not an artifact as consequence of different mitochondrial
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Figure 1. Defects in mitochondrial bioenergetics in Mfn2 KO cells do not depend on mitochondrial morphology.

A-D (A) Representative images of WT, Mfn1 KO, and Mfn2 KO MEFs transfected for 48 h with a plasmid encoding mitochondria-targeted RFP (mt-RFP). Scale bar: 5 pm.
(B) Percentage of cells displaying globular mitochondria (n = 310-668 cells analyzed in 3-6 independent experiments). Data are presented as mean + SEM. (C)
Analysis of aspect ratio (AR) calculated as major axis/minor axis and (D) circularity calculated as 4*m*Area/Perimeter? (n = 300 mitochondria in three independent

experiments). Data are presented as mean £ SEM.

E Mitochondrial membrane potential (MMP) was determined by measuring TMRM fluorescence (n = 90 cells analyzed in three independent experiments). Data are
presented as mean + SEM.

F-H (F) Oxygen consumption rate (OCR) normalized to the amount of protein in WT, Mfn1 KO, and Mfn2 KO fibroblasts. Proton leak was measured after application of
oligomycin (1 uM), maximal after CCCP application (10 uM), and oligomycin (n = 3 independent experiments). Data are presented as mean £ SEM. (G) Respiratory
control ratio (RCR) was calculated as maximal oxygen consumption rate (OCR)/H" leak OCR (n = 3 independent experiments). Data are presented as mean =+ SEM.
(H) Spare respiratory capacity was calculated as maximal OCR-basal OCR (n = 3 independent experiments). Data are presented as mean + SEM.

| WT MEFs and Mfn1 or Mfn2 KO MEFs were incubated with 2-DG (10 mM) for 6 h, and ATP levels were measured (n = 3 independent experiments). Data are
presented as mean + SEM.

Data information: *P < 0.05, one-way ANOVA followed by Tukey’s post hoc test.

morphology in WT and Mfn2 KO cells since no changes were
observed in Mander’s coefficient in Mfnl KO cells (Fig EV2A),
whose mitochondria are even more globular than those of Mfn2 KO

© 2021 The Authors

cells (Fig 1A-D). Furthermore, the differences in Mander’s coeffi-
cient were maintained when mitochondrial morphology was
restored in Mfn2 KO cells by overexpressing DN-Drp1 (Fig EV2B).
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Figure 2. Mfn2 KO cells show alterations in ER and mitochondrial Ca?* that may mediate impaired bioenergetic function.

A B

LM

(A) Representative images of WT and Mfn2 KO MEFs co-transfected with plasmids encoding mitochondria-targeted RFP and ER-targeted GFP. Scale bar: 5 um. (B)
After 48 h, the cells were fixed and the degree of colocalization between ER and mitochondria based on red and green fluorescent pixel overlap was analyzed
using Mander’s coefficient (n = 30 cells analyzed in three independent experiments). Data are presented as mean + SEM. *P < 0.05, two-tailed Student’s t-test.
(C) Representative EM micrographs of WT and Mfn2 KO cells. Scale bar: 250 nm. (D) Average of ER-mitochondria distance (n = 111-168 mitochondria). *P < 0.05,
Mann-Whitney test. Data are presented as mean £ SEM. (E) Quantification of the percentage of mitochondria in contact with the ER distributed at the indicated
distance range (n = 3 independent experiments in which were analyzed 627-779 mitochondria from 68 to 98 cells). Data are presented as mean 4 SEM. *P < 0.05,
two-tailed Student’s t-test.

WT and Mfn2 KO MEFs were co-transfected with GFP and ERMITO-RLuc plasmids. After 24 h, the transfected cells were sorted and plated for another 24 h, after
which RLuc was analyzed, the activity of which requires the proper apposition of the ER and mitochondria to reconstitute the split RLuc (n = 3 independent
experiments). Data are presented as mean + SEM. *P < 0.05, two-tailed Student’s t-test.

etermination of mitochondrial Ca*". Fluorescence was recorded every second in WT and Mfn2 KO MEFs that were loaded with Rhod2. Mitochondrial Ca*" was
released with the addition of the uncoupler CCCP (10 uM) as indicated (n = 40 cells from 4 independent experiments).Data are presented as mean + SEM.
Determination of ER Ca®*. WT and Mfn2 KO MEFs were transfected with plasmid encoding the ER-located Ca*" sensor LAR-GECO1. After 48 h, fluorescence was
recorded every 3 s. ER Ca”" release was induced with caffeine (20 mM) as indicated (n = 30 cells from 3 independent experiments). Data are presented as

mean £ SEM.

Mitochondrial Ca®* was determined in WT and Mfn2 KO MEFs loaded with Rhod2. The effect of (I) caffeine-induced (20 mM), () IP3R activation with ATP-induced
(100 uM) and (K) histamine-induced (100 uM) ER Ca*" release on mitochondrial Ca*" was measured (n = 30 cells from 3 independent experiments). Data are
presented as mean + SEM.

(L) MMP potential was measured in WT and Mfn2 KO cells treated with vehicle or methyl-pyruvate (5 mM) for 24 h (n = 3 independent experiments). *P < 0.05,
one-way ANOVA followed by Tukey’s post hoc test. (M) Effect of methyl-pyruvate in mitochondrial Ca*" uptake after caffeine stimulation (n = 30 cells from three
independent experiments). Data are presented as mean + SEM.

Data information: Note that experiments in Figs 2D and 3C, and 2E and 3B were performed at the same time, so the values of WT and Mfn2 KO are the same but the
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figures have been split in two for the sake of linearity.

Second, we wused electron microscopy (EM). The ER-
mitochondria contacts showed greater separation between the
organelles in Mfn2 KO cells (Fig 2C and D) and the proportion of
mitochondria separated from the ER by a distance of < 25 nm was
diminished in Mfn2 KO cells (Fig 2E).

Third, we performed a split Renilla luciferase (RLuc) assay. This
method is based on the reversible auto-assembly of two non-
functional portions of RLuc (Stefan et al, 2007); when they are in
sufficient proximity, the active enzyme is reconstituted. It was
expressed ERMITO-RLuc, a plasmid encoding a split RLuc in which
the N-terminus of RLuc targets mitochondria and the C-terminus
targets the ER. The N- and C-terminuses are separated by an auto-
cleavable peptide P2A to ensure equal expression of both portions
of RLuc. ERMITO-RLuc also contains a flexible linker to allow
reconstitution of RLuc when the two organelles are separated by
between 12 and 23.5 nm, in the optimal range of separation for Ca*"
uptake by mitochondria when it is released from the ER (Giacomello
& Pellegrini, 2016). Activation of mTORC2 promotes MAM forma-
tion (Betz et al, 2013); hence, the mTOR pathway was manipulated
to validate the capacity of ERMITO-Rluc to detect changes in ER-
mitochondria contacts. We observed that mTOR inhibition
decreased RLuc activity; meanwhile, mTOR activation increased
RLuc activity (Fig EV2C and D).

The RLuc reconstitution approach also revealed a reduction in
ER-mitochondria contacts in Mfn2 KO cells (Fig 2F). This dimin-
ished RLuc activity in Mfn2 KO cells was not a consequence of
diminished accessibility of the substrate, since there were not dif-
ferences in RLuc activity between cell lines when full-length RLuc
was transfected (Fig EV2E). As expected, Mfnl KO cells did not
show any alterations in ER-mitochondria contact using this
approach (Fig EV2F). Since the results obtained with all three tech-
niques indicated that ER-mitochondria contact is reduced in Mfn2
KO cells, we therefore concluded that Mfn2 acts as an
ER-mitochondria tether.

© 2021 The Authors

Next, we analyzed whether as a consequence of diminished ER-
mitochondria contacts there are disturbances in mitochondrial and
ER Ca*' levels in WT and Mfn2 KO cells. The Mfn2 KO cells showed
reduced mitochondrial Ca** levels measured with the mitochondrial
Ca®" sensor Rhod2 (Fig 2G). This was not an effect of diminished
Rhod2 accumulation into mitochondria in Mfn2 KO cells because of
reduced MMP, since a diminished cytoplasmic Ca*" rise was also
observed in Mfn2 KO cells after depolarizing mitochondria
(Fig EV2G), as well as a reduced signal of the mitochondria-targeted
genetic Ca** sensor mt-CEPIA (Fig EV2H). Although Mfn2 KO cells
showed increased ER Ca®' levels (Figs 2H, and EV2I and J), Ca*'
release via ryanodine receptor (RyR) when caffeine was applied
resulted in lower Ca®" transfer from the ER to mitochondria (Fig 21).
The source of caffeine-induced Ca®" release was the ER, since it was
blocked by the RyR inhibitor dantrolene (Fig EV2K). Although there
have been reports of Ca®" transfer from the ER to mitochondria via
RyR (Szalai et al, 2000; Santulli et al, 2015; Guidarelli et al, 2019),
the best-known route of ER-mitochondria Ca®" transfer is via the
IP3R. Activation of the IP3R with ATP or histamine also showed
reduced mitochondrial Ca®* uptake in Mfn2 KO cells (Fig 2J and K).
Disturbances in ER and mitochondrial Ca*" in Mfn2 KO cells are in
agreement with results reported previously (de Brito & Scorrano,
2008). However, in contrast to the results of de Brito and Scorrano,
we observed reduced ER to mitochondria Ca*" transfer using equal
amounts of ATP (100 uM). However, de Brito and Scorrano had to
stimulate Mfn2 KO cells with 20 times less ATP than WT cells (10
and 200 pM, respectively) to achieve equal ER Ca®" release between
cell lines and observe reduced mitochondrial Ca*" uptake in Mfn2
KO cells.

MMP is a driving force for mitochondrial Ca*" uptake. Conse-
quently, reduced Ca*' transfer from the ER to mitochondria in
Mifn2 KO cells could be due to reduced MMP. To test this possibil-
ity, cells were treated with methyl-pyruvate, which freely perme-
ates the inner mitochondrial membrane (Rossi et al, 2020),
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Figure 3. Artificial ER-mitochondria tethering corrects Ca>" homeostasis and bioenergetics defects in Mfn2 KO cells.

WT and Mfn2 KO cells were transfected with plasmids encoding:

A mt-RFP, ER-GFP, and ChIMERA or control (CT). ER-mitochondria colocalization was analyzed using Mander’s coefficient (n = 15 cells analyzed in three

independent experiments). Data are presented as mean + SEM.

B,C GFP and ChiMERA or control (CT). After 24 h, the transfected cells were sorted and plated for another 24 h, after which were processed for EM. (B) Quantification
of the percentage of mitochondria in contact with the ER distributed at the indicated distance range (n = 3 independent experiments in which were analyzed
598-779 mitochondria from 68 to 98 cells). *P < 0.05, one-way ANOVA followed by Tukey’s post hoc test. (C) Average of ER-mitochondria distance (n = 111-193
mitochondria). Data are presented as mean + SEM. *P < 0.05, Kruskal-Wallis test followed by Dunn’s post hoc test.

D GFP, ERMITO-RIuc, and ChiMERA or control plasmid. After 24 h, the transfected cells were sorted and plated for another 24 h, after which RLuc was analyzed

(n = 3 independent experiments). Data are presented as mean + SEM.

E GFP and ChiMERA or control (CT) plasmid. Mitochondrial Ca?" was determined. Mitochondria were uncoupled with CCCP (10 pM) as indicated (n = 30 cells from 4

independent experiments). Data are presented as mean + SEM.

F LAR-GECO1 and ChiMERA or control (CT) plasmid. ER Ca*" was determined. ER Ca*" release was induced with caffeine (20 mM) as indicated (n = 30 cells from 3

independent experiments). Data are presented as mean + SEM.

G GFP and ChiMERA or control (CT) plasmid. The effect of caffeine-induced (20 mM) ER Ca?' release on mitochondrial Ca** was measured (n = 30 cells from three

independent experiments). Data are presented as mean + SEM.

H GFP and ChiMERA or control (CT) plasmids. The effect of ATP-induced (100 uM) ER Ca’ release on mitochondrial Ca*” was measured (n = 30 cells from three

independent experiments). Data are presented as mean + SEM.

| GFP and ChiMERA or control plasmid. MMP was determined. The values were normalized to surrounding untransfected cells (n = 90 cells analyzed in three

independent experiments). Data are presented as mean + SEM.

J GFP and ChiMERA or control plasmid. After 24 h, the transfected cells were sorted and plated for another 24 h, after which cells were treated with 2-DG (10 mM)
for 6 h, and ATP levels were measured (n = 3 independent experiments). Data are presented as mean + SEM.

K—M GFP and ChiMERA or control plasmid. After 24 h, the transfected cells were sorted and plated for another 24 h, when (K) oxygen consumption was measured and
(L) RCR and (M) SRC were calculated (n = 4 independent experiments). Data are presented as mean £ SEM.

N-Q mt-RFP and ChiMERA or control plasmid, and after 48 h, they were fixed. N) Representative images. Scale bar = 5 um. (O) The percentage of globular
mitochondria (n = 175-408 cells analyzed in three independent experiments), (P) aspect ratio, and (Q) circularity were calculated (n = 300 mitochondria analyzed

in three independent experiments). Data are presented as mean + SEM.

R-V  GFP and the indicated combination of non-targeting siRNA (siCT), siRNA targeting MCU (siMCU), ChiMERA, or control (indicated as WT or Mfn2 alone) plasmids.
(R) MMP was analyzed (n = 90 cells analyzed in three independent experiments). (S) ATP levels of GFP" cells was analyzed after 24 h treatment with 2-DG
(10 mM) (n = 3 independent experiments). (T) OCR was analyzed and (U) cell respiratory control ration and (V) spare respiratory capacity were calculated (n = 3

independent experiments). Data are presented as mean + SEM.

Data information: *P < 0.05, one-way ANOVA followed by Tukey’s post hoc test. Note that experiments in Figs 2D and 3C, 2E and 3B, 3G and 41, 3] and 4K, 3K and 4L, 3L
and 4M, and 3M and 4N were performed at the same time, so the values of WT and Mfn2 KO transfected with control plasmid are the same but the figures have been

split in two for the sake of linearity.

increasing the MMP of the Mfn2 KO cells to the same levels as
those in WT cells (Fig 2L). However, ER to mitochondria Ca®"
transfer in methyl-pyruvate treated Mfn2 KO cells remained lower
than in WT cells (Fig 2M), indicating that reduced MMP in Mfn2
KO cells is not the main cause of the reduced ER-mitochondria
Ca®' transfer.

These results suggest that defects in mitochondrial bioenergetics
in Mfn2 KO cells may be due to deregulation of the ER and mito-
chondrial Ca** levels.

Artificial ER-mitochondria tethering corrects Ca>* homeostasis
and bioenergetic defects in Mfn2 KO cells

The loss of ER-mitochondria contacts could be the cause of altered
mitochondrial and ER Ca*' levels. Thus, we wondered whether
restoration of ER-mitochondria apposition would be sufficient to
correct disturbed Ca** homeostasis in Mfn2 KO cells. To avoid cell
death caused by excessive ER-mitochondria contact (Scorrano et al,
2003; Csordas et al, 2006; Cardenas et al, 2016), we transfected the
MEFs with a yeast expression vector encoding the artificial ER-
mitochondria tether ChiMERA (Kornmann et al, 2009) to obtain low
expression of the artificial tether (Fig EV3A and B). ChiMERA
consists of GFP flanked by ER and mitochondria localization signals;
however although ChiMERA could be detected by three-step
immunofluorescence using anti-GFP antibodies, no GFP signal was
detected, confirming weak expression in MEFs (Fig EV3B).

© 2021 The Authors

ChiMERA expression restored ER-mitochondria contact (Fig 3A-D
and Appendix Fig S3A and B). Concomitant with the restoration of
ER-mitochondria contact, ChiMERA corrected mitochondrial and ER
Ca®*" levels (Fig 3E-H). In agreement with the hypothesis of
disturbed mitochondrial Ca*" being the cause of bioenergetics
defects, the restoration of mitochondrial Ca®" levels by artificially
tethering the ER and mitochondria corrected Mfn2 KO bioenergetics
defects (Fig 31-M) without modifying mitochondrial morphology
(Fig 3N-R).

ER-located IP3R releases Ca®" that is taken up by mitochondria
through the MCU. To verify that ChiMERA reestablishes mitochon-
drial energetics in Mfn2 KO cells by allowing Ca*" transfer from ER
to mitochondria, we knocked down MCU (Fig EV3C), which abol-
ished the transfer of Ca®" from the ER to mitochondria (Fig EV3D).
In agreement with the need for the transfer of ER Ca** to mitochon-
dria for the reestablishment of mitochondrial energetics by
ChiMERA, MCU KD completely abolished the ChiMERA-mediated
bioenergetics recovery of bioenergetics and caused bioenergetic
defects in WT cells (Fig 3R-V).

Inhibition of ER to mitochondria Ca*" transfer through the
IP3R with two unrelated inhibitors, 2-aminoethoxydiphenylborane
(2APB) and xestospongin C (XeC) (Fig EV3E and F), also
blocked the bioenergetics rescue by ChiMERA (Fig EV3G-I). The
effect of the IP3R inhibitors was not due to loss of cell viability
(Fig EV3J and K) or to a decrease in mitochondrial mass
(Fig EV3L).
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Figure 4. ER-located Mfn2 is necessary to maintain mitochondrial bioenergetics.

WT and Mfn2 KO MEFs were co-transfected with plasmids encoding:

A mt-RFP and ER-GFP and ER-targeted Mfn2 (ER-Mfn2) or a control plasmid (CT). Mitochondria-ER colocalization was analyzed using Mander’s coefficient (n = 15
cells analyzed in three independent experiments). Data are presented as mean + SEM.
B GFP and ERMITO-RLuc and ER-Mfn2 or control plasmid. After 24 h, the transfected cells were sorted and plated for another 24 h, after which RLuc was analyzed

(n = 4 independent experiments). Data are presented as mean + SEM.

C-F mt-RFP and ER-Mfn2 or control (CT) plasmid. After 48 h, the cells were fixed. (C) Representative images. Scale bar = 5 um. (D) Mitochondrial morphology was
analyzed (n = 113-422 cells analyzed in three independent experiments) and (E) aspect ratio and (F) circularity calculated (n = 360 mitochondria analyzed in three

independent experiments). Data are presented as mean + SEM.

G GFP and ER-Mfn2 or control (CT) plasmid. Mitochondrial Ca?* was determined. Mitochondria were uncoupled with CCCP (10 uM) as indicated (n = 30 cells from

three independent experiments). Data are presented as mean + SEM.

H LAR-GECO1 and ER-Mfn2 or control (CT) plasmid. ER Ca®" levels were determined. ER Ca®" release was induced with caffeine (20 mM) as indicated (n = 35 cells

from four independent experiments). Data are presented as mean + SEM.

| GFP and ER-Mfn2 or control (CT) plasmid. The effect of caffeine-induced (20 mM) ER Ca' release on mitochondrial Ca*" was measured (n = 30 cells from three

independent experiments). Data are presented as mean 4 SEM.

J-N  GFP and ER-Mfn2 or control (CT) plasmid. (J) MMP was determined. The values were normalized to surrounding untransfected cells. (n = 90 cells analyzed in three
independent experiments). (K) After 24 h, the transfected cells were sorted and plated for another 24 h, after which cells were treated with 2-DG (10 mM) for 6 h,
and ATP levels were measured (n = 3 independent experiments). (L) Oxygen consumption was measured, and (M) RCR and (N) SRC were calculated (n = 4

independent experiments). Data are presented as mean + SEM.

Data information: *P < 0.05, one-way ANOVA followed by Tukey’s post hoc test. Note that experiments in Fig 4A and Appendix Fig S4E, Fig 4D and Appendix Fig
S4B, Figs 4K and 3, 4L and 3), 4M and 3K, 4N and 3L, 4G and Appendix Fig S4G, Fig 4H and Appendix Fig S4H, and Fig 4] and Appendix Fig S4) were performed
at the same time, so the values of WT and Mfn2 KO transfected with control plasmid are the same but the figures have been split in two for the sake of

linearity.

There are conflicting reports regarding whether MCU expression
levels are diminished in Mfn2 KO MEFs (Filadi et al, 2015; Naon
et al, 2016), probably because its expression changes with cell
density (Naon et al, 2016). In our experimental conditions, we
observed reduced MCU levels in Mfn2 KO cells; however, these
were not recovered by ChiMERA expression (Fig EV3M). Therefore,
although MCU levels may contribute to reduced mitochondrial Ca**
uptake in Mfn2 KO cells, our results suggest that MCU expression
levels are sufficient for Ca®" uptake and that the limiting factor is
the ER-mitochondria apposition.

The role of Mfn2 as regulator of mitochondrial metabolism in
different cell types is generally accepted. We tested whether the
restoration of ER-mitochondria contacts could also rescue the
bioenergetics phenotype in a cell type other than MEFs. Mfn2
was deleted in primary astrocyte cultures of tamoxifen-inducible
Mfn2 KO mice (Fig EV3N). Mfn2 KO astrocytes showed bioener-
getics defects that were also rescued by ChiMERA expression
(Fig EV30-Q).

These results indicate that Mfn2 regulates mitochondrial bioener-
getics by allowing ER-mitochondria apposition and proper Ca*
exchange between these organelles.

ER-located Mfn2 and mitochondrial Mfns are necessary to
maintain mitochondrial bioenergetics

As expected, expression of Mfn2 rescued the ER-mitochondria
contacts, and consequently, Ca®" disturbances and bioenergetics
in Mfn2 KO cells (Appendix Fig S4A-I). The ER-mitochondria
tethering role of Mfn2 requires the presence of Mfn2 in the ER
to form homo- and heterotypic interactions with Mfns located in
mitochondria (de Brito & Scorrano, 2008). Given that the
expression of Mfnl is unaffected in Mfn2 KO fibroblasts
(Appendix Figs S1A and S2H), we reasoned that expression of
ER-targeted Mfn2 could reestablish mitochondrial bioenergetics in
Mfn2 KO cells through its interaction with endogenous Mfnl. As

© 2021 The Authors

expected, expression of an Mfn2 construct in which the C-
terminus, after the transmembrane domain, had been replaced
by the stretch of hydrophobic amino acids (IYFFT) that targets
Mfn2 at the ER (ER-Mfn2; (Rojo et al, 2002; de Brito & Scor-
rano, 2008) in Mfn2 KO cells, showed ER localization and could
not be detected in mitochondria (Fig EV4A and B). ER-Mfn2
increased ER-mitochondrial contact in Mfn2 KO cells (Fig 4A and
B, Appendix Fig S4A) without affecting mitochondrial morphol-
ogy (Fig4C-F). In agreement with the importance of ER-
mitochondria apposition for mitochondrial bioenergetics, ER-Mfn2
partially normalized mitochondrial and ER Ca*" levels (Fig 4G-1)
as well as mitochondrial bioenergetics in Mfn2 KO cells (Fig 4J-
N). The bioenergetic effect of ER-Mfn2 in Mfn2 KO cells
depended on contact with mitochondrial Mfnl, since expression
of ER-Mfn2 in double Mfnl/2 KO cells had no effect on ER-
mitochondria contacts (Fig 5A and B, Appendix Fig S5A) and
consequently did not restore ER and mitochondrial Ca*" levels
(Fig 5SC-E) or mitochondrial bioenergetics (Fig SF-J). However,
co-expression with the ER-located Mfn2 of an Mfn2 in which the
Ct had been switched with the ActA mitochondrial localization
peptide (Pistor et al, 1994), i.e., a mitochondrial only Mfn2 (mt-
Min2; Fig EV5A and B) (de Brito & Scorrano, 2008), completely
restored ER-mitochondria contact (Fig SA and B) and reversed
the ER and mitochondrial Ca*" disturbances and the bioenerget-
ics defects (Fig 5C-J), as did expression of full-length Mfn2 did
(Appendix Fig S5A-I). mt-Mfn2 restored mitochondrial morphol-
ogy to the same extent as Mfn2 in Mfnl/2 DKO cells
(Fig EV5C-F), but had no effect on mitochondrial bioenergetics
on its own (Fig 5F-J). This provides further evidence that Mfn2
bioenergetic properties rely on its ER-mitochondria tethering
rather than on its mitochondrial fusion function. The lack of
effect of the expression of Mfn2 targeting a single organelle
suggests that the rescue observed when mt- and ER-targeted
Mfn2 are expressed together is not consequence of the overex-
pression.

EMBO reports  22:e51954]2021 9 of 20
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Ca?*" homeostasis and mitochondrial bioenergetics in Mfnl/2 these results indicate that the presence of Mfn2 in the ER is neces-
DKO cells were also restored by ChiMERA, further supporting the sary to establish ER-mitochondria communication through homo-
notion that Mfn2 primarily controls mitochondrial bioenergetics by and heterotypic interactions with mitochondrial Mfns, which are

regulating ER-mitochondria contact (Fig SC-J). Taken together, required for the Mfn2 bioenergetics function.
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Figure 5. ER-located Mfn2 and mitochondrial Mfns are necessary to maintain mitochondrial bioenergetics.

WT and Mfn1/2 double KO were transfected with:

A mt-RFP, ER-GFP, and plasmids expressing the indicated proteins. Mitochondria-ER colocalization was analyzed using Mander’s coefficient (n = 15 cells analyzed in
three independent experiments). Data are presented as mean + SEM.

B GFP and ERMITO-RLuc and indicated expression vectors. After 24 h, the transfected cells were sorted and plated for another 24 h, after which RLuc was analyzed
(n = 3 independent experiments). Data are presented as mean + SEM.

C  GFP and the indicated plasmids. After 48 h, mitochondrial Ca*" was determined (n = 30 cells from 3 independent experiments). Data are presented as mean =+ SEM.

D LAR-GECO1 and the indicated plasmids. After 48 h ER Ca®" was released with caffeine (20 mM) as indicated (n = 25-27 cells from three independent experiments).
Data are presented as mean + SEM.

E  GFP and the indicated plasmid. After 48 h, the effect of caffeine-induced (20 mM) ER Ca®" release on mitochondrial Ca** was measured (n = 25 cells from three
independent experiments). Data are presented as mean + SEM.

F-J GFP and the indicated plasmids. (F) After 48 h, mitochondrial membrane potential was determined by measuring TMRM fluorescence. The values were normalized
to surrounding untransfected cells. (n = 90 cells analyzed in three independent experiments). (G—I) After 24 h, the transfected cells were sorted and plated for
another 24 h. (G) Cells were treated with 2-DG (10 mM) for 6 h, and ATP levels were measured (n = 3 independent experiments). (H) Oxygen consumption was
measured and (1) RCR and (J) SRC were calculated (n = 3 independent experiments). Data are presented as mean + SEM.

Data information: The red dashed line indicates the WT cells results. *P < 0.05 versus Mfn1/2 DKO cells, one-way ANOVA followed by Tukey’s post hoc test. Note that
experiments in Fig 5A and Appendix Fig S5B, Fig 5C and Appendix Fig S5G, and Fig 5D and Appendix Fig S5H were performed at the same time, so the values of WT and

Mfn2 KO transfected with control plasmid are the same but the figures have been split in two for the sake of linearity.

Mfn2-mediated ER-mitochondria tethering is necessary for
neurite outgrowth

In order to strengthen these results obtained in fibroblasts, we
sought a physiological process in which the ER-mitochondria tether-
ing role of Mfn2 is necessary. Neurite outgrowth requires increasing
amounts of energy to fuel the anabolic pathways needed to enlarge
neuronal processes (Mattson et al, 2008; Oruganty-Das et al, 2012).
Primary cortical neurons show extensive neurite growth between
days 3 and 7 (Dotti et al, 1988). Throughout this period of
neurite outgrowth, neurons increase ER-mitochondria colocalization
(Fig 6A and Appendix Fig S6A), which correlates with increased
mitochondrial mass and Mfn2 expression (Fig 6B). Deletion of the
Mfn2 gene from primary cortical cultures of tamoxifen-inducible
Mifn2 KO neurons (Fig 6C) resulted in less ER-mitochondria colocal-
ization (Fig 6D) with no change in mitochondrial mass (Fig 6C),
which suggests that increased levels of Mfn2 in more mature
neurons may play a key role in increased ER-mitochondria colocal-
ization during neuronal maturation. The co-expression of ER-Mfn2
and mt-Mfn2, or ChiMERA, led to the complete rescue of ER-
mitochondria colocalization in Mfn2 KO neurons (Fig 6D and
Appendix Fig S6B).

We have previously shown that Mfn2 KD causes reduced MMP
in neurons (Martorell-Riera et al, 2014). In agreement with the
results shown here in fibroblasts, co-expression of ER-Mfn2 plus mt-
Min2, or ChiMERA, reversed the reduction in MMP in Mfn2 KO
neurons (Appendix Fig S6C). These results indicate that, as in
fibroblasts, Mfn2 localization in the ER is necessary to maintain
mitochondrial metabolism in neurons, although additional bioener-
getic parameters should be analyzed to confirm this conclusion.

The neuritic growth defects observed in vivo in Mfn2 KO mice
(Chen et al, 2007) were confirmed in in vitro primary culture of
Mfn2 KO neurons (Fig 6E-G). Mfn2 KO cortical neurons did not
exhibit mitochondrial motility defects (Appendix Fig S6D); thus, it is
highly unlikely that neuritic growth defects in Mfn2 KO neurons are
due to alterations in mitochondrial trafficking. Reduced neurite
complexity and length in Mfn2 KO neurons were completely
reversed by overexpression of ER-Mfn2 plus mt-Mfn2, or by
ChiMERA expression (Fig 6E-G). Interestingly, mt-Mfn2 expression

© 2021 The Authors

alone had no effect on neuronal architecture or length, whereas
ER-Mfn2 expression led to a partial reversal of the neurite
defects. Together, these results indicate that Mfn2-dependent
ER-mitochondria tethering is necessary for neuronal maturation
in vitro.

Discussion

Mfn2 mutations are the most common cause of the neuropathy
Charcot-Marie-Tooth disease type 2A (CMT2A) (Zuchner et al,
2004). Alterations in Mfn2 expression have also been observed in
chronic neurodegenerative disorders, acute traumatic episodes such
as stroke, and cardiometabolic diseases (Bach et al, 2003; Bach
et al, 2005; Wang et al, 2009; Shirendeb et al, 2011; Marsboom et al,
2012; Martorell-Riera et al, 2014). Given the well-established role of
Min2 as a regulator of mitochondrial metabolism (Bach et al, 2003;
Sebastidn et al, 2012; Schneeberger et al, 2013; Segales et al, 2013;
Martorell-Riera et al, 2014; Boutant et al, 2017; Tur et al, 2020; Xu
et al, 2020) and the importance of mitochondrial metabolism in the
physiopathology of these disorders, understanding the bioenergetic
mechanism of Mfn2 may aid in the design of therapeutic approaches
for disorders in which Mfn2 is involved.

In this study, we show that Mfn2 regulation of mitochondrial
metabolism requires its location in the ER, where it regulates ER-
mitochondria tethering. This allows Ca?" transfer from the ER to
mitochondria, which enhances mitochondrial metabolism.

Mfn2 is primarily a mitochondrial protein. However, around 5—
10% of Mfn2 is located in the ER, where it establishes homo- and
heterotypic contact with Mfns located in the mitochondria (de Brito
& Scorrano, 2008). Nonetheless, controversial remains over whether
Mifn2 tethers or separates ER and mitochondria (Sugiura et al, 2013;
Filadi et al, 2015; Leal et al, 2016; Naon et al, 2016). Under our
experimental conditions, Mfn2 acts to tether them, as indicated by
the results obtained using three different techniques. Mfn2 must be
located in the ER for it to play its bioenergetic role, but the localiza-
tion of Mfns, either Mfn1 or Mfn2, in mitochondria is also necessary
to establish contacts between the ER and mitochondria. This is
supported by our findings that ER-targeted Mfn2 restores
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mitochondrial energetics in Mfn2 KO cells but not in Mfn1/2 DKO
cells, unless an Mfn2 targeting only mitochondria is also expressed.
In the absence of ER-located Mfn2, this latter mitochondrial only
Mifn2 has no effect on mitochondrial energetics. Interestingly, it has
previously been shown that a cytosolic Mfn2 lacking the transmem-
brane domain, which is defective in terms of fusion, enhances mito-
chondrial respiration but the effect is completely lost in Mfn2 KO
cells (Segales et al, 2013). This observation could be explained if
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cytosolic Mfn2 stabilizes contact between the ER and mitochondrial
Mfns. A redox-dependent oligomerization of Mfn2 has been
reported that induces mitochondrial fusion (Shutt et al, 2012), but
there are no data indicating whether cytosolic Mfn2 can stabilize
transorganelle Mfn contact or its oligomerization.

Soon after the discovery of mitofusins, it was observed that
expression of Mfn2 maintains mitochondrial bioenergetics more effi-
ciently than expression of Mfnl, despite Mfn1 being more efficient
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Figure 6. Mfn2-mediated ER-mitochondria tethering is necessary for neurite outgrowth.

A Primary cortical neurons were transfected 48 h before the indicated day in vitro (DIV) with mt-RFP and ER-GFP, fixed at the indicated DIV, and mitochondria-ER
colocalization was analyzed using Mander’s coefficient (n = 21 neurons were analyzed in three independent experiments). Data are presented as mean + SEM.
B Representative Western blots of the indicated proteins during the neuronal maturation in vitro (n = 3 independent experiments).

(@}

Representative Western blots of the indicated proteins of WT and Mfn2 KO neurons at DIV7 (n = 3 independent experiments).

D Primary neurons of tamoxifen-inducible Mfn2 KO mice were transfected at DIV3 with ER-GFP, mt-RFP plus the indicated plasmids. Tamoxifen-treated (for 72 h)
and vehicle-treated neurons (WT; red dashed line) were fixed, and mitochondria-ER colocalization was analyzed using Mander’s coefficient (n = 15 neurons
analyzed in three independent experiments). Data are presented as mean + SEM.

E-G (E) Sholl analysis and (F) neurite length measurement and representative tracings (G) of primary cortical neurons of WT and Mfn2 KO mice co-transfected at DIV4
with GFP and the indicated plasmids. After 72 h, the neurons were fixed, immunofluorescence with anti-GFP antibodies was performed and neurite length was
measured (n = 30 neurons from three independent experiments). Data are presented as mean + SEM.

Data information: *P < 0.05 versus WT; #P < 0.05 versus Mfn2 KO neurons, one-way ANOVA followed by Tukey’s post hoc test. Scale bar: 500 um.

at mediating mitochondrial fusion (Bach et al, 2003; Eura et al,
2003; Ishihara et al, 2004). Diminishment of Mfn2 expression as
well as Mfn2 deletion have been shown to reduce mitochondrial
respiration in different cell types (Bach et al, 2003; Sebastidn et al,
2012; Schneeberger et al, 2013; Martorell-Riera et al, 2014; Boutant
et al, 2017; Li et al, 2019; Tur et al, 2020; Xu et al, 2020), including
fibroblasts (Yao et al, 2019; Hu et al, 2020). However, Kawalec et al
(2015) have reported increased oxygen consumption in Mfn2 KO
MEFs, although they did not observe changes in RCR and found
reduced MMP and mitochondrial ATP production, concluding that
Mfn2 KO MEFs have impaired bioenergetics. The reason for this
discrepancy in oxygen consumption remains unclear. One explana-
tion could be that Kawalec et al measured the oxygen consumption
in suspension cells after trypsinization. Interestingly, another two
studies measuring oxygen consumption in suspension cells also
found increased OCR in Mfn2 KO MEFs (Thaher et al, 2018; Wolf
et al, 2019). Loss of cell-matrix contact modifies mitochondrial
metabolism (Werner & Werb, 2002; Irwin et al, 2003; Gough et al,
2009; Wegrzyn et al, 2009). One proposed mechanism regulating
cell-matrix-dependent mitochondrial metabolism is through non-
canonical Stat3 functions, in which Stat3 localizes in mitochondria,
the ER and MAM via integrin signaling (Gough et al, 2009; Wegrzyn
et al, 2009; Visavadiya et al, 2016; Avalle et al, 2019). Consequently,
it is possible that loss of cell anchorage specifically reduces respira-
tion in WT cells but not in Mfn2 KO cells. However, further research
is required to determine whether Mfn2 KO cells are insensitive to
respiratory changes due to loss of outside-in signaling and the mech-
anisms involved. Discrepancies have also been reported on how
Mfn2 deletion affects mitochondrial respiration in brown adipocytes
(Boutant et al, 2017; Mahdaviani et al, 2017). The reason for this
discrepancy is unclear, but appears to be caused by systemic effects
involving feeding, sex, and the temperature at which the mice were
housed.

Several mechanisms have been proposed to explain how Mfn2
regulates mitochondrial metabolism. These include Mfn2 expression
increasing the levels of different proteins in the electron transport
chain (Pich et al, 2005); that Mfn2 stabilizes the formation of super-
complexes (Segales et al, 2013); and that it promotes the synthesis
of coenzyme Q (Mourier et al, 2015). With the discovery that Mfn2
acts as an ER-mitochondrial tether, it was shown that Mfn2 regu-
lates Ca*" transfer from the ER to mitochondria with the subsequent
bioenergetic effect (de Brito & Scorrano, 2008; Chen et al, 2012;
Seidlmayer et al, 2019). The increase in mitochondrial Ca®" activates
isocitrate dehydrogenase and o-ketoglutarate dehydrogenase of TCA
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and PDH, which catalyze the conversion of pyruvate to acetyl-CoA,
which in turn fuels the TCA (Balaban, 2009). Mitochondria uptakes
Ca*" through the MCU, which has a low affinity for Ca*". Thus, to
be functional, microdomains with high Ca®" concentrations are
required. These are achieved via close apposition of the ER releasing
channels with the MCU (Rizzuto et al, 1993; Rizzuto et al, 1998).
The data reported here using organelle-specific forms of Mfn2 and
the artificial ER-mitochondria tether ChiMERA strongly suggest that
the main factor regulating mitochondrial energetics via Mfn2 is the
promotion of ER-mitochondria tethering, and therefore, the presence
of Mfn2 in the ER is necessary. These results do not rule out the
participation of the other mechanisms; in fact, they could be down-
stream effects of alterations in ER-mitochondria contact. For
instance, mitochondrial cristae remodeling in postprandial liver is
produced through a mechanism linked to Mfn2-mediated ER-
mitochondria tethering (Sood et al, 2014), and coenzyme Q biosyn-
thetic proteins assemble into domains at ER-mitochondria contact
(Subramanian et al, 2019).

Our results are in contrast with the MCU KO mice grown in a
mixed DC1 background being viable and with no remarkable bioen-
ergetics deficit (Pan et al, 2013). However, inbreed MCU KO mice
with a C57BL/6 background dies at E10.5-13.5 (Pan et al, 2013).
The different background could explain the metabolic phenotype in
Mfn2 KO MEFs, which come from a C57BL/6 background (Chen
et al, 2003). In fact, liver-specific MCU KO in the C57BL/6 back-
ground showed reduced respiratory capacity (Tomar et al, 2019).
The fact that MCU KO mice from a DC1 background is not born
at Mendelian rate (Pan et al, 2013) also suggests a significant
amount of embryonic lethality and adaptations in the surviving
embryos during development. Indeed, extramitochondrial adapta-
tions, including transcriptional reprogramming, have been described
in transgenic mice expressing dominant-negative MCU in myocar-
dium from a CD1 background (Rasmussen et al, 2015).

Here, we show that the bioenergetic function of Mfn2 is indepen-
dent of its pro-fusion activity, in agreement with other results (Pich
et al, 2005; Segales et al, 2013). This is supported by data showing
that Mfn2 targeting the ER restores mitochondrial bioenergetics in
Mifn2 KO fibroblasts without affecting mitochondrial morphology or
transient expression of a dominant-negative mutant of Drpl, and
overexpression of Mfn1 restores mitochondrial morphology in Mfn2
KO fibroblasts without affecting the mitochondrial bioenergetics.
Moreover, ER-mitochondria tethering with the artificial tether
ChiMERA restores mitochondrial bioenergetics in Mfn2 KO and
Mfnl/2 DKO cells without affecting mitochondrial morphology.
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These results shown here refer to the mechanism by which Mfn2
regulates mitochondrial bioenergetics and explains why Mfn2, with
a lower degree of fusion activity than Mfnl, is more efficient at
enhancing mitochondrial bioenergetics.

ER-mitochondria contact is an important regulator of Ca*>" home-
ostasis in non-neuronal and neuronal cells (Rizzuto et al, 2012).
Therefore, disturbances in ER-mitochondria contacts have profound
effects on neuronal physiology. Knocking down the ER-resident
tether PDZD8 shows dysregulated Ca?* dynamics in dendrites
(Hirabayashi et al, 2017) whose morphogenesis and maturation
constitute an important process affecting the cognitive abilities of an
organism (Mauceri et al, 2011). The scaffold protein disrupted-
in-schizophrenia 1 (DISC1) which is linked to cognitive and
emotional deficits is located in the MAM, where it interacts with
IP3R and modulates ER-mitochondria Ca*" transfer (Park et al,
2017). Mitochondria and ER dysfunction has been linked to the
progression of neurodegenerative disorders. In recent years, several
reports have associated disturbances in ER-mitochondria contact
with neurodegenerative disorders such as Alzheimer’s disease and
ALS (Stoica et al, 2014; Krols et al, 2016; Paillusson et al, 2016; De
Mario et al, 2017; Area-Gomez et al, 2018). The involvement of
Mfn2 in ER-mitochondria disturbances in these neurodegenerative
disorders has not been studied, but interestingly, reductions in Mfn2
levels have been reported in these diseases (Wang et al, 2009;
Manczak et al, 2011; Russell et al, 2013). Future research should
study the role of Mfn2 in establishing ER-mitochondria contact in
these neurodegenerative disorders.

Axon and dendritic outgrowth requires high energy provision to
support the considerable anabolic effort involved in generating new
biomass to extend neurites” supposes. Here we show that, in agree-
ment with the reduction in dendritic branching in Purkinje cell-
specific Mfn2 KO mice (Chen et al, 2007), deletion of Mfn2 in the
period a maximal neurite outgrowth results in diminished neurite
growth and complexity in cortical neurons. Restoration of the Mfn2-
dependent ER-mitochondria contact established during neuronal
maturation in Mfn2 KO neurons by expression of ER-targeted Mfn2
or the artificial tether ChiMERA completely rescued the neurite
growth defects. These results indicate that restoration of ER-
mitochondria contact could be used as a therapeutic strategy when
Mfn2 expression is impaired. For these purposes, it is critical to
continue to advance our knowledge of how ER-mitochondria tether-
ing is regulated.

Materials and Methods

Cell culture and transfections

WT, Mfnl KO, Mfn2 KO, and Mfn1/2 DKO mouse embryonic fibrob-
lasts (MEFs) (Chen et al, 2003) and HeLa cells were maintained in
DMEM, 1 g/l glucose supplemented with 10% fetal bovine serum
(FBS) in subconfluent cultures. Transfections were performed with
Lipofectamine 2000 (Thermo Scientific) in DMEM without FBS. Four
hours after transfections, medium was replaced for fresh DMEM
with 10% FBS. The experiments were performed 48 h after transfec-
tion. For knockdown experiments, 25 ng of mouse MCU (M-062849-
01) or a non-targeting control (D-001810-01-05) siRNA-SMART pool
(Dharmacon) containing a pool of 4 siRNAs was used.
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Cortical mouse neurons were cultured as described previously
(Papadia et al, 2008) from E17.5 Mfn2-floxed UBC-CRE-ERT2 mice
with neurobasal growth medium (NBA) supplemented with B27
(Invitrogen) and 1% FBS. These mice ubiquitously express a
tamoxifen-inducible CRE recombinase (cre-ERT2) that allows global
inactivation of the Mfn2 locus, flanked by two LoxP sites upon (Z)-
40H-tamoxifen treatment. 40H-Tamoxifen (1 pM) was added to the
neuronal cultures at DIV3; 72 h later was analyzed neuritic length
and complexity. Transfections were performed with Lipofectamine
2000 (Thermo Scientific). Prior to transfection, the neurons were
transferred from growth medium to a medium composed of 10%
MEM (Invitrogen) and 90% salt-glucose-glycine (SGG) medium
(SGG: 114 mM NaCl, 0.219% NaHCO;, 5.292 mM KCIl, 1 mM
MgCl,, 2 mM CaCl,, 10 mM HEPES, 1 mM glycine, 30 mM glucose,
1 mM glutamine, 0.5 mM sodium pyruvate, 0.1% phenol red;
osmolarity 325 mosm/l). After 2.5 h, the transfection medium was
replaced with NBA. Experiments were performed 72 h after trans-
fection.

Cortical mouse astrocytes were cultured from brain homogenates
of P0-P1 Mfn2-floxed UBC-CRE-ERT2 mice. Astrocytes were grown
in DMEM, 4.5 g/l glucose supplemented with 1% glutamine, and
10% FBS. After approximately 10 days, astrocytic cultures were
agitated on a mechanical shaker at 200 rpm for 3 h to eliminate
superficial microglia, washed twice with PBS, detached with
Trypsin/EDTA, and re-seeded. Transfections were performed with
Lipofectamine 2000 (Thermo Scientific) 3 days before trypsiniza-
tion. After transfection, tamoxifen (1 pM) was added to the
medium.

Plasmids and cloning

DN-Drpl (Addgene plasmid 26049; Drp1-K38A-myc) and Mfn1-Myc
(Addgene plasmid 23212) were a gift from Dr. David Chan (Chen
et al, 2003). ER-LAR-GECO1 (Addgene plasmid 61244) was a gift
from Dr. Robert Campbell (Wu et al, 2014). ER-GFP (Addgene
plasmid 15108; pAC-GFPC1-Secl6f) was a gift from Dr. Tom
Rapoport. ATF6-Luc (Addgene plasmid #11976; pSxATF6-GL3) was
a gift from Dr. Ron Prywes (Wang et al, 2000). The ChiMERA was a
gift from Dr. Benoit Kornmann (Kornmann et al, 2009). pCMV-
CEPIA3mt was a gift from Masamitsu Iono (Suzuki et al, 2014).
ER-Mfn2, Mfn2, and mt-RFP were gifts from Dr. Manuel Rojo
(Rojo et al, 2002). GFP-LC3 was a gift from Dr. Antonio Zorzano
(Sancho et al, 2012).

For construction of mt-Mfn2 nucleotides from 404 to 1,842 of
human Mfn2, cDNA was amplified with the primers: forward 5'-ggg
tag agg gca cag atg gcc atg-3’ and reverse 5'- aaa gga tcc tgc aag ctt
ggt cct gga tgt caa gga ggc cag —3’. The amplified product contains
sequences that produce BamHI (italics) and HindIIl (bold) restric-
tion sites at the 3’ end. Next, it was substituted from nucleotide 430
to the 3’ end from Mfn2 plasmid with the PCR product digested with
the same enzymes. To this construct, lacking transmembrane and
C-terminus of Mfn2, it was ligated an oligonucleotide with BamHI
and Hindlll sticky ends codifying for the mitochondrial targeting
signal of ActA (amino acids 613-639).

Split Renilla luciferase plasmid (ERMITO-RLuc) was synthesized
and cloned in pCDN3.1(+) (Thermo Fisher Scientific) based in the
split RLuc targeting the ER and mitochondria designed by Lim et al
(2015), but both portions of the split RLuc are expressed in the same
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plasmid separated by an autocleavable peptide P2A (ATNFSLLK-
QAGDVEENPGP). The construct contains the N-terminus of the
RLuc (amino acids 1-91) fused at the N-terminus to a flexible linker
(GGGGS)6 and the mitochondrial targeting sequence of AKAP1
(amino acids 34-63) as well as the RLuc C-terminus (amino acids
92-311) fused to the ER localization sequence of UBC6 (amino acids
233-250).
All newly generated constructs were confirmed by sequencing.

Oxygen consumption assay

Extracellular oxygen consumption was measured with the
MitoXpres Xtra Oxygen Consumption Assay kit (Agilent) following
the manufacturer’s instructions. Briefly, cells were grown in 96-well
plates to confluence. In the case of transfected cells, they were co-
transfected with GFP in 6-well plates, and 48 h later, they were cell
sorted with transfected cells seeded in 96-well plates and assayed
24 h later. Before the assay, the culture medium was replaced by
fresh DMEM 10% FBS plus MitoXpress Xtra reagent (diluted 1:10)
and two drops of mineral oil were promptly added. Plate was read
at 380 nm excitation and 650 nm emission, every minute for 3 h.
Proton leak and maximal OCR was assayed after the addition of
oligomycin (1 pM) and CCCP (10 pM) and oligomycin, respectively.
For analysis, after 2040’ initial decrease in fluorescence due to O,
back diffusion through the body of the microplate reader (Will et al,
2006), the fluorescence signal starts to increase in a linear way for
at least the following 2 h. Fluorescence values were plotted against
time, and the slope of the linear portion was determined. The values
were normalized by total protein levels, quantified using a Pierce
BCA Protein Assay Kit (Thermo Scientific).

For OCR using the Agilent Seahorse XF24, 30,000 MEFs were
plated in Seahorse XF24 Cell Culture Microplate. After 24 h, oxygen
consumption was measured. Injection ports on the sensor cartridge
were loaded with 5 pM oligomycin (oli; complex V inhibitor) to
distinguish the percentage of oxygen consumption devoted to ATP
synthesis and the percentage of oxygen consumption needed to
overcome the natural proton leak across the inner mitochondrial
membrane, 2 pM FCCP to calculate the maximal respiratory capac-
ity of cells, 5 uM rotenone (complex I inhibitor), and 15 pM anti-
mycin A (complex III inhibitor) to calculate the remaining
respiration due to residual oxygen consumption. During the sensor
calibration, cells were kept in a 37°C incubator without CO2 in
450 pl of respiration buffer (Seahorse XF Base Medium supple-
mented with 5 mM glucose, 2 mM glutamine, and 0.5 mM pyru-
vate). Plates were immediately placed into the calibrated Seahorse
XF24 flux analyzer for mitochondrial bioenergetic analysis. OCR
was normalized for total protein/well.

ATP measurement

ATP levels were measured using the ATPlite Luminescence Assay
System (Perkin-Elmer) on the Infinite 200 PRO multimode reader
(TECAN) following the manufacturer’s instructions. Cells were
previously treated with 10 mM 2-deoxy-D-glucose (2-DG) for 6 h to
inhibit glycolytic ATP production. ATP levels were normalized by
total protein levels, quantified using Pierce BCA Protein Assay Kit
(Thermo Scientific).
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Luciferase reporter assay

Cells were transfected with ATF6-driven firefly luciferase-based
reporter plasmid along with a Renilla expressing vector (CMV-RL;
Promega). Forty-eight hours after transfection, luciferase assays
were performed using the Dual Glo Luciferase Assay system
(Promega) with firefly luciferase-based reporter gene activity
normalized to the Renilla control.

Cell viability

Cell viability was determined by counting the number of 4/,6'-
diamidino-2-phenylindole = (DAPI)-stained non-pyknotic/necrotic
nuclei as a percentage of the total. For each treatment, 550-1,000
cells were scored across several random fields within three indepen-
dent experiments.

Imaging studies

Cells were visualized using a Zeiss LSM 880 confocal microscope.
For MMP analysis, cells were visualized using Leica DMIRB micro-
scope equipped with Leica DFC550 camera (Leica Lasertechnik
GmbH, Mannheim, Germany). Images were taken and analyzed
with the same settings. The analysis was performed using ImageJ
software (Schneider et al, 2012).

Mitochondrial membrane potential

To quantify MMP, cells were loaded for 30 min at 37°C with tetram-
ethylrhodamine methylester (TMRM; Sigma) at non-quenching
concentration (6 nM) in phenol red-free HBSS with 10 mM HEPES
and 5.5 mM glucose (Gibco, 14025-050). Transfected cells were
identified by co-transfecting with GFP expression plasmid. Single
cells were monitored, TMRM was excited at 540 nm and emission
was measured using a 570-nm filter. For analysis, ROIs of the same
surface were drawn in areas completely occupied by mitochondria
and fluorescence intensity was analyzed using ImageJ (Schneider
et al, 2012). Background values obtained after mitochondrial depo-
larization with CCCP (10 uM, concentration that in titration experi-
ments completely depolarized mitochondria in all the cell lines
used) were subtracted from the TMRM fluorescence values. The
MMP was compared to that observed in surrounding untransfected
cells and subsequently expressed as a percentage of that observed in
untransfected cells.

Mitochondrial morphology

Cells were transfected with mitochondria-targeted RFP. After 48 h,
cells were fixed, and nuclei were stained with DAPI. The cells with
tubular or globular mitochondria were counted. Aspect ratio (AR)
was calculated as major axis/minor axis, and circularity was calcu-
lated as 4*n* Area/Perimeter?.

Mitophagy

WT and Mfn2 KO MEFs were transfected with plasmids expressing
GFP-LC3 and mt-RFP. After 48 h, cells were fixed in 4%
paraformaldehyde in phosphate-buffered saline. Images were taken
at 63x magnification and the number of GFP*/RFP" (yellow) puncta
per cell were counted.
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Immunofluorescence

Cells were fixed with 4% paraformaldehyde, permeabilized,
blocked, and incubated overnight at 4°C with primary antibodies
anti-Myc (1:500, M4439, Sigma) o anti-GFP (1:750, A11122, Life
technologies). For anti-myc, binding was visualized using Alexa 488
secondary antibody; anti-GFP binding was visualized using biotiny-
lated secondary antibody/Cy3-conjugated streptavidin.

ER-mitochondria co-localization

Cells were co-transfected with plasmids expressing mitochondria-
targeted RFP and ER-targeted GFP. Cross-sectional images from
fixed cells were taken at 63x magnification using a Zeiss LSM 880
confocal microscope (Life Imaging Services) and analyzed using
JaCoP software (Bolte & Cordelieres, 2006) and Manders’ algorithm
(Manders et al, 1993).

Mitochondrial mobility

Cortical neurons were transfected with a plasmid expressing mt-
RFP at DIV3. After 72 h, series of confocal images using 63x
magnification of axonal mitochondria from neurons kept in
medium with 5 mM glucose were taken every 2 s for 5 min.
Images were taken in an area approximately 50 pm away from
the soma. Kymographs showing the temporal positioning of
mitochondria through the axon were generated. Axons were
straightened using the Straighten plugin in ImageJ, resliced, and
then z-projected (sum intensities). Immobile mitochondria were
identified as straight lines and moving mitochondria were identi-
fied as diagonal lines.

Neuronal morphometric analysis

Cortical neurons were transfected with a plasmid expressing GFP at
DIV3; the neurons were then fixed 72 h later with 4% paraformalde-
hyde, permeabilized, blocked, and incubated over-night at 4°C with
anti-GFP antibody (1:750, A11122, Life Technologies). Antibody
binding was visualized using a Alexa 488-conjugated secondary
antibody (1:500, Thermo). Preparations were mounted in VECTA-
SHIELD Mounting Medium with DAPI (Vector Laboratories).

Images were taken blindly at 4x magnification using an Olympus
BX61 microscope equipped with an Olympus DP70 camera. Neurites
were manually traced and analyzed using the Simple Neurite Tracer
software (Longair et al, 2011). For Sholl analysis, the shell interval
was set at 10 pm.

Ca®>* measurement

Cells were cultured in 14-mm round glass bottom microwell dishes
(MatTek Corporation). Images were taken at 40x magnification
using a Zeiss LSM 880 confocal microscope (Life Imaging Services)
and analyzed using Fiji software.

For mitochondrial Ca*" analysis, cells were loaded with 5 uM
Rhod2 (Life Technologies) for 30 min at 4°C followed by extensive
washout of the dye for 20 additional minutes with phenol red-free
HBSS medium at 37°C. Rhod2 was excited at 540 nm, and emission
was measured using a 570-nm filter. Images were taken every
second. Mitochondria were uncoupled with CCCP (10 pM) to
release matrix Ca*" which allows an estimation of mitochondrial
Ca®' content.

For ER Ca*" analysis, the cells were transfected with the ER-
targeted red fluorescent genetically encoded calcium indicator
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protein LAR-GECOL1. Caffeine (20 mM), ATP (100 uM), or histamine
(100 uM) was applied to induce ER Ca*' release.

Cytoplasmic Ca®" was monitored with Fluo-4 (Life Technologies).
Cells were loaded 2 pM Fluo-4 for 30 min at 37°C, after 2 washes
with HBSS were incubated for additional 45 min at room
temperature and excited at 488 nm and emission captured with a
516-nm filter.

Electron microscopy

Cells were fixed in 2.5% glutaraldehyde in 0.1 M Sorensen’s phos-
phate buffer (0.1 M NaH2PO4/Na2HPO4, pH 7.2) for 1h at room
temperature. A pellet was obtained followed by washing three times
in Sorensen’s phosphate buffer. Cell pellets were postfixed in 1%
osmium tetroxide, 0.8% potassium ferricyanide in Sérensen’s phos-
phate buffer for 2 h at 4°C, washed four times with Milli Q water,
and placed overnight in Sorensen’s phosphate buffer at 4°C.
Samples were then dehydrated with graded series of acetone solu-
tions: 50, 70, 90, 98%, and 100%. Samples were gradually infil-
trated with series of epon resin:acetone (1:3, 1:1, 3:1, and pure epon
resin) and polymerized in the oven at 60°C for 48 h. The blocks
were sectioned (60 nm) using an ultramicrotome. Stained sections
with uranyl acetate and lead citrate were observed using a Jeol 1010
Transmission Electron Microscope, and pictures were taken using a
1Kx1K Megaview CCD camera. Mitochondria separated from the ER
by < 80 nm were analyzed in blind fashion.

Renilla complementation

Cells were co-transfected with ERMITO-RLuc and GFP. After 48 h,
the transfected cells were cell sorted and seeded in 96-well plates.
24 h after plating, ViviREN™ Life Cell Substrate (Promega) was
added, following the manufacturer’s instructions, and luciferase
activity was read after 5 min. Luciferase values were normalized
according to total protein levels, quantified using the Pierce BCA
Protein Assay Kit (Thermo Scientific).

Western blot

Total cell lysates were boiled at 100°Cfor 5 min in 1.5x sample
buffer (1.5 M Tris pH 6.8; 15% Glycerol; 3% SDS; 7.5% B-
mercaptoethanol; 0.0375% bromophenol blue). Gel electrophoresis
was performed using 9% polyacrylamide gels. The gels were blotted
onto PVDF membranes, which were then blocked for 1 h at room
temperature with 5% (w/v) non-fat dried milk in PBS with 0.05%
Tween 20. The membranes were then incubated overnight at
4°Cwith the primary antibodies diluted in blocking solution as
follows: Mfn2 (1:2,000; Ab56889; Abcam), Mfn1 (1:250; sc-50330;
Santa Cruz Biotechnology), Drp1 (1:1,000, 611112, BD Biosciences)
VDAC1 (1:1,000; Ab14734; Abcam), HSP60 (1:2,000; Ab190828;
Abcam), MCU (1:1,000; #14997; Cell Signaling Technology), p-
elF2alpha (1:200; sc-101670; Santa Cruz Biotechnology), elF2alpha
(1:1,000; ab242148; Abcam), myc (1:500, M4439, Sigma), GFP
(1:1,000, A11122, Life Technologies), RFP (1:500, 600-401-379,
Rockland), GFAP (1:500, Z0334, Dako), and actin (1:10,000, A4700,
Sigma). To visualize Western blots, HRP-based secondary antibod-
ies were used followed by chemiluminescent detection on Kodak
X-Omat film.

© 2021 The Authors



Sergi Casellas-Diaz et al

RNA isolation, RT-PCR, and qPCR

RNA was isolated using a PureLink™ RNA mini kit (Life Technolo-
gies). For qPCR, cDNA was synthesized from RNA using the Super-
Script® III First-Strand Synthesis SuperMix (Thermo Scientific)
following the manufacturer’s instructions. qPCR was performed in a
StepOne Real-Time PCR System (Applied Biosystem) using the
GoTaq qPCR Master Mix (Promega) according to the manufacturer’s
instructions. The primers used were: MCU-F: 5-AGA GGA GGA
TCG GGG AAT CG —3’, MCU-R: 5'- TCT TCA CGT CGT TCA GCG
TC -3/, Xbp1-F: 5'- GAG TCC GCA GCA GGT G-3/, Xbp1-R: 5'- GTG
TCA GAG TCC ATG GGA-3’ and 18S-F: 5- GTG GAG CGA TTT GTC
TGG TT -3/, 185-R: 5’- CAA GCT TAT GAC CCG CAC TT -3'.

Statistical analysis

Statistical testing involved two-tailed Student’s t-tests. For any
multiple comparisons within data sets, we used one-way ANOVA
followed by Tukey’s post hoc test. For nonparametric test, Mann—
Whitney test was used for two comparisons, and for multiple
comparisons, we used Kruskal-Wallis followed by Dunn’s post hoc
test. All data are presented as mean + SEM of at least three inde-
pendent experiments (n).

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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