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The organization and mutual interactions between endoplasmic
reticulum (ER) and mitochondria modulate key aspects of cell path-
ophysiology. Several proteins have been suggested to be involved
in keeping ER and mitochondria at a correct distance. Among them,
in mammalian cells, mitofusin 2 (Mfn2), located on both the outer
mitochondrial membrane and the ER surface, has been proposed to
be a physical tether between the two organelles, forming homotypic
interactions and heterocomplexes with its homolog Mfn1. Recently,
this widely accepted model has been challenged using quantitative
EM analysis. Using a multiplicity of morphological, biochemical,
functional, and genetic approaches, we demonstrate that Mfn2 ab-
lation increases the structural and functional ER–mitochondria cou-
pling. In particular, we show that in different cell types Mfn2 ablation
or silencing increases the close contacts between the two organelles
and strengthens the efficacy of inositol trisphosphate (IP3)-induced
Ca2+ transfer from the ER to mitochondria, sensitizing cells to a mi-
tochondrial Ca2+ overload-dependent death. We also show that the
previously reported discrepancy between electron and fluorescence
microscopy data on ER–mitochondria proximity in Mfn2-ablated cells
is only apparent. By using a different type of morphological analysis
of fluorescent images that takes into account (and corrects for) the
gross modifications in mitochondrial shape resulting from Mfn2 ab-
lation, we demonstrate that an increased proximity between the
organelles is also observed by confocal microscopy when Mfn2 levels
are reduced. Based on these results, we propose a new model for
ER–mitochondria juxtaposition in which Mfn2 works as a teth-
ering antagonist preventing an excessive, potentially toxic, prox-
imity between the two organelles.
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During the last decade, evidence has accumulated showing the
existence of a continuous flux of information between the

endoplasmic reticulum (ER) and mitochondria, two organelles
whose privileged interplay is essential, e.g., for lipid metabolism
and modulation of Ca2+ signaling (1, 2). As to the former, Vance
(3) firstly described a partially purified microsomal subfraction
pulled down with mitochondria (fraction X, later renamed
“mitochondria-associated membrane,” MAM) that was found to
be enriched in phosphatidylserine synthase and several enzymes in-
volved in lipid and glucose metabolism, cholesterol, and ceramide
biosynthesis (4, 5). As far as Ca2+ signaling is concerned, the ER–
mitochondria axis plays a critical role in cell Ca2+ homeostasis
(6–8). In parallel, increases of Ca2+ within mitochondria are
essential in tuning physiological organelle activity (9, 10) and in
modulating the process of cell death (6, 8, 11). ER–mitochondria
connections and Ca2+ signals are also critical for mitochondrial
fission (12, 13), for autophagosome generation (14), and for the
removal of damaged mitochondria by autophagy (15).
Several proteins have been suggested to be involved in main-

taining a given distance between ER and mitochondria (16),
allowing their correct organization, mutual interactions, and Ca2+

cross talk (17). In mammalian cells, mitofusin 2 (Mfn2), located
on both the outer mitochondrial membrane (OMM) and the ER
surface, has been proposed to take part at the level of MAMs in

homotypic interactions, and heterocomplexes engaging the Mfn2
homolog Mfn1 on mitochondria, that may contribute to ER–

mitochondria tethering (18). Recently, however, this widely accepted
model has been challenged by a quantitative EM analysis showing
an increase, not a decrease, in the close contacts between the two
organelles in Mfn2−/− cells, as compared with WT cells (19). No
explanation has been proposed so far for the contradictory EM
and fluorescence data or for the reduced transfer of Ca2+ from
the ER to mitochondria upon activation of IP3 receptors in
Mfn2−/− MEFs (18).
We here show that the discrepancy between these data is only

apparent and that cells in which Mfn2 is ablated (Mfn2−/−) or
silenced (Mfn2-KD) display increased ER–mitochondria
tethering, strengthened ER–mitochondria Ca2+ transfer, and
greater sensitivity to apoptotic stimuli linked to mitochondrial
Ca2+ overload toxicity. Based on these experimental data, we
propose a revised model for ER–mitochondria tethering in which
Mfn2 negatively modulates the number of close contacts between
the two organelles. Conditions or treatments that decrease Mfn2
expression remove its negative control on tethering, boosting
potentially toxic ER–mitochondria cross talk.

Results
Mfn2 Ablation/Reduction Increases ER–Mitochondria Physical Proximity.
To investigate in detail the role played by Mfn2 in ER–mitochondria
physical interaction, we carried out quantitative EM analyses
of cells in which Mfn2 was ablated or transiently reduced by
an siRNA-based technique. We found a net increase in the
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number of close (≤15 nm) contacts between ER and mitochondria
inMfn2−/− mouse embryonic fibroblasts (MEFs) as compared with
WT MEFs (Fig. 1 A and B, Right) and electron-dense “bridges” in
the regions of close apposition between the organelles (Fig. 1B,
Left). The result was not merely a clonal feature of Mfn2−/− cells:
The number of close appositions between ER and mitochondria
increased in WTMEFs acutely knocked down for Mfn2 by specific
siRNAs (Fig. S1) as compared with controls (Fig. 1B, Right, and
Fig. 1C). Of note, Mfn2 ablation does not modify the averaged
extension of each contact significantly (110.35 ± 10.17 nm and
138.03 ± 12.82 nm in WT andMfn2−/− MEFs, respectively, mean ±
SEM of three independent experiments). In addition, a re-
duction in the number of mitochondria was observed in both
Mfn2−/− and Mfn2-KD cells as compared with controls (average
number of mitochondria per cell ± SEM: 24.5 ± 2.14 inWTMEFs
vs. 15.4 ± 1.69 in Mfn2−/− MEFs, P < 0.01, n = 30 and 20 cells,
respectively; for control and Mfn2-KD cells: 24.1 ± 3.77 and
12.4 ± 2.78, respectively, P < 0.05, n = 10 cells). Our results thus
confirm and extend the findings of Cosson et al. (19), compelling
more detailed studies on the tethering role of Mfn2. Moreover, a
close inspection of EM micrographs revealed that, in addition to
the classical close contacts, long-distance (50–100 nm) regions of
apposition between ER and mitochondria (with a mean length
extension of 250 nm; Fig. S2) are also observed. However, a
correlation between their number and the presence of Mfn2
has not been found. In particular, although the number of these
“loose” contacts was lower in Mfn2−/− MEFs than in controls, no
significant difference was observed between cells treated with
Mfn2-specific siRNAs and their controls, suggesting that these
structures are independent of Mfn2 and likely result from some
clonal adaptations.
In apparent contradiction to the EM observations, confocal

microscopy analyses of fixed cells expressing two fluorescent
proteins (an ER-GFP and a mitochondrial RFP, hereafter
“mit-RFP”) in both stable Mfn2−/− MEFs and Mfn2-KD MEFs
revealed a net decrease in the overlapping area between ER and
mitochondria (Fig. 2 A and B), confirming and extending data
previously reported (18). We obtained similar colocalization re-
sults in living cells (Pearson’s coefficients of 0.268 ± 0.018 and
0.081 ± 0.023 and Manders’ coefficients of 0.521 ± 0.014 and
0.321 ± 0.017 in WT and Mfn2−/− MEFs, respectively; P < 0.01,
n = 18 and 21 cells, respectively) and with a different fixation
protocol (the same used for EM; Pearson’s coefficients of
0.208 ± 0.019 and 0.068 ± 0.027; Manders’ coefficients of
0.529 ± 0.016 and 0.370 ± 0.024, in WT and Mfn2−/− MEFs,
respectively; P < 0.01, n = 20 and 17 cells, respectively), thus
excluding the possibility that differences between EM and con-
focal microscopy results were caused by artifacts linked to dif-
ferent methods of sample preparation.
Trying to explain this discrepancy, we reasoned that, in addition

to the very different spatial resolution of the two techniques, EM
and fluorescence microscopy differ in that EM evaluates the
number and size of the contacts between the perimeters of the
organelles, whereas fluorescence microscopy usually is carried out
using luminal fluorescent proteins; accordingly, the colocalization
algorithms provide a measure of the overlapping areas/volumes of
ER and mitochondria. This difference is irrelevant when the ap-
plied treatments or genetic manipulations do not markedly modify
the morphology of the organelles. However, given the resolution
of fluorescence microscopy, if the area of the organelles increases
more markedly than the perimeter (e.g., in mitochondrial swell-
ing), this differential increase could result in an apparent decrease
in ER–mitochondria tethering (see Fig. 2C for an artificial ex-
ample of the phenomenon). In particular, it has been shown (and
we confirmed here) that upon Mfn2 ablation or reduction there
are marked changes in the mitochondrial shape (fragmentation
and swelling with an increase in the mean length of the organelle
minor axis) and a strong reduction in the cellular area occupied by

the whole mitochondrial network (Fig. 3A, Fig. S1B, and Tables
S1 and S2) that could make classical colocalization methods of
analysis not suitable (20, 21). We thus chose a different approach
to quantify organelles’ colocalization (Materials and Methods),
taking into consideration only the perimeter of the mitochondrial
structures, not their entire area (Figs. 2D and 3B). Using this
method, we found the percentage of the mitochondrial perimeter
colocalizing with the ER increased, in accordance with the EM

Fig. 1. Mfn2 ablation/reduction increases close contacts between ER and
mitochondria. (A and C) Representative EM images of WT and Mfn2−/− MEFs
(A) or control siRNA and Mfn2-KD MEFs (C). Several close appositions
(≤15 nm, indicated by arrowheads) are visible between ER cisternae and mito-
chondria (m) in WT/control siRNA MEFs and, more frequently, in Mfn2−/− (A)
or Mfn2-KD (C) MEFs. (Scale bars, 0.5 μm.) (B, Left) Representative enlarged
EM image of electron-dense proteinaceous structures in the region of close
apposition between the organelles in Mfn2−/− MEFs. (Right) Average num-
ber of close contacts per mitochondrion observed in WT, Mfn2−/−, control
siRNA, and Mfn2-KD MEFs. n = 735, 308, 253, and 165 mitochondria for WT,
Mfn2−/−, control siRNA, and Mfn2-KD MEFs, respectively; results shown are
the mean ± SEM of three independent experiments; ***P < 0.001.
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data, in both Mfn2−/− and Mfn2-KD MEFs as compared with
controls (Fig. 3C) and that the reintroduction of Mfn2 in Mfn2−/−

MEFs rescued the mitochondrial morphology (Fig. 3A) and de-
creased the percentage of mitochondrial perimeter colocalized
with the ER (Fig. 3C). Importantly, the expression of a “mito-
chondrial only” Mfn2 (Mfn2ActA) (18) in Mfn2−/−MEFs, which
should not modify ER–mitochondria tethering while com-
pletely restoring organelles’ morphology (18), increases
classical colocalization indexes (Fig. 2A) but does not signifi-
cantly modify the extent of the ER–mitochondria overlapping

regions as calculated on the organelles’ perimeter (Fig. 3C). On
the other hand, when the presenilin 2 (PS2) familial Alzheimer
disease mutant PS2-T122R was expressed in HeLa cells [a treat-
ment shown to increase ER–mitochondria physical and functional
coupling without altering organelles’ morphology (Fig. S3A) (22)],
both types of analysis showed an increase in the organelles’
colocalization (Fig. S3B). Thus, for a correct evaluation of or-
ganelles’ surface apposition, classical Manders’ and Pearson’s
colocalization coefficients appear to be useful tools when
no marked changes in organelles’ morphology occur; in other

Fig. 2. ER–mitochondria colocalization analysis in Mfn2−/− and Mfn2-KD MEFs. (A and B) ER–mitochondria interactions in WT and Mfn2−/− (A) and control
siRNA and Mfn2-KD (B) MEFs upon expression of mit-RFP and ER-GFP, as shown by confocal microscopy. (Scale bars, 10 μm.) Manders’ and Pearson’s co-
efficients are shown for each condition. n = 51, 68, 25, 14, 75, and 80 cells for WT,Mfn2−/−, Mfn2−/− +Mfn2, Mfn2−/− +Mfn2ActA, control siRNA, and Mfn2-KD
MEFs, respectively. Results shown are the mean ± SEM of four independent experiments; *P < 0.05; ***P < 0.001. (C) The cartoon shows how marked changes
in the mitochondrial area could result in an artificial decrease in the classical Mander’s (M.) and Pearson’s (P.) colocalization coefficients. (C′) Cropped
fluorescence image (from a HeLa cell expressing mit-RFP and ER-GFP) showing a mitochondrion in contact with the ER. (C′′ and C′′′) Artificial reproductions of
the image in C′ showing that M. and P. coefficients are decreased upon mitochondrial swelling (C′′′), although the percentage of mitochondrial perimeter in
contact with the ER (Coloc. perimeter) is increased. (D) The images in A were analyzed with the perimeter plugin (Materials and Methods). Red pixels cor-
respond to the whole mitochondrial perimeter profiles; yellow pixels represent the points in which the mitochondrial perimeter is in contact with the ER.
Enlarged regions show increased perimeter colocalization (yellow pixels) in Mfn2−/− MEFs.
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circumstances, an additional, specific type of analysis is required
(21).

Mfn2 Down-Regulation Increases ER–Mitochondria Ca2+ Cross Talk.
From a functional point of view, conditions that induce an in-
creased apposition of the two organelles should favor the uptake
of Ca2+ by mitochondria upon Ca2+ release from the ER, a pro-
cess that depends largely on the formation of Ca2+ hot spots in
regions where the two organelles are sufficiently close (23, 24).
Nevertheless, when we used cytosolic-targeted aequorin (cyt-Aeq)
or mitochondria-targeted aequorin (mit-Aeq) as probes for Ca2+

responses to the IP3-generating agonist ATP, MEF clones showed
a decreased mitochondrial Ca2+ uptake in Mfn2−/− cells as com-
pared with WT MEFs (Fig. S4) (18).
However, the efficacy of ER–mitochondria Ca2+ transfer upon

an IP3-generating stimulus depends not only on the distance be-
tween the organelles but also on the level of expression of the
mitochondrial Ca2+ uptake machinery. Therefore we measured
the expression level of the pore-forming subunit of the mito-
chondrial Ca2+ uniporter (MCU) (25, 26). The MCU was reduced
by about 50% inMfn2−/− cells as compared with controls (Fig. 4A).
Therefore, the reduced mitochondrial Ca2+ uptake in Mfn2−/−

cells is solely the result of MCU down-regulation. This con-
clusion is confirmed by the observation that, in the same cells
permeabilized with digitonin and perfused with medium at fixed
[Ca2+] (Materials and Methods), the rates and peaks of mito-
chondrial Ca2+ uptake are substantially reduced as compared with
WT MEFs (Fig. 4B). Under these conditions, the ER Ca2+ is
completely depleted, and no Ca2+ hot spots are generated on the
mitochondrial surface (23).
The opposite strategy, i.e., Mfn2 overexpression in WT cells,

cannot be used to investigate the role of the protein in ER–

mitochondria coupling, because this approach induces mitochon-
drial fragmentation and aggregation (Fig. S5 and Table S2),
leading to mitochondrial dysfunction and cell death (27–29).

Therefore we next investigated the effect of acute down-
regulation of Mfn2. Importantly, in this case we observed no dif-
ference in MCU expression levels compared with controls (Fig.
4A), while, in response to stimulations with ATP, which cause
similar [Ca2+]cyt rises in control siRNA and Mfn2-KD cells (Fig.
4D, Inset), the [Ca2+]mit peaks of Mfn2-KD MEFs were sub-
stantially higher (Fig. 4D), suggesting that this condition favors
Ca2+ transfer from the ER to mitochondria. In support of the
conclusion that the increased mitochondrial Ca2+ uptake in re-
sponse to an IP3-induced Ca2+ release is caused by an in-
creased number of ER–mitochondria appositions, control
siRNA and Mfn2-KD cells showed very similar [Ca2+]mit increases
upon plasma membrane permeabilization and perfusion with fixed
[Ca2+] (Fig. 4C). The phenomenon was siRNA and cell-type in-
dependent, since it was also observed in Mfn2-KD SH-SY5Y cells
using a different, human-targeted siRNA (Fig. S6). Importantly,
the potentiation of ER–mitochondria Ca2+ cross talk observed in
Mfn2-KDMEFs was abolished by Mfn2 reexpression (Fig. 4D and
Fig. S1A).
Because Mfn2 ablation/reduction causes gross mitochondrial

morphological alterations, we wondered whether such conditions
could induce changes in mitochondrial bioenergetics that might
contribute to the different mitochondrial Ca2+ responses we
observed. We thus evaluated mitochondrial membrane potential,
oxygen consumption, and cellular ATP levels in WT and Mfn2-KD
MEF cells, avoiding the direct comparison of different MEF
clones (WT and Mfn2−/−) because they are prone to adaptation
phenomena (see above). Respiration and ATP levels are in-
distinguishable in control and Mfn2-KD cells, although a mar-
ginal reduction in mitochondrial tetramethyl rhodamine methyl
ester (TMRM) fluorescence was found in Mfn2-KD cells (Fig.
S7). Overall, Mfn2 deficiency has no, or only a very modest,
direct effect on mitochondrial bioenergetics (as also suggested by
the measurement of mitochondrial Ca2+ uptake in permeabilized
cells; Fig. 4C).

Fig. 3. Mfn2 ablation/reduction increases ER–mitochondria surface juxtaposition. (A) Representative fluorescence images of the indicated MEF types
expressing mit-RFP. Enlarged regions show the increased dimension of the minor axis of individual mitochondria. (Scale bars, 10 μm.) (B) Representative
mitochondrial perimeter profile of the Mfn2−/− cell shown in A. (C) ER–mitochondria signal colocalization indexes, calculated as the ratio (R) between mi-
tochondrial perimeter pixels colocalized with the ER and total mitochondrial perimeter pixels (Materials and Methods) for the indicated MEF types (n = 51, 68,
25, 14, 75, and 80 cells for WT, Mfn2−/−, Mfn2−/− + Mfn2, Mfn2−/− + Mfn2ActA, control siRNA, and Mfn2-KD MEFs, respectively). Data shown represent the
mean ± SEM of four independent experiments; *P < 0.05; **P < 0.01; ***P < 0.001.
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Mfn2 Ablation Does Not Alter the Dynamics of ER–Mitochondria
Interactions. To characterize better the role of Mfn2 in ER–mito-
chondria contacts, we decided to monitor their dynamics in WT or
Mfn2−/− living MEFs expressing an ER-GFP and a mit-RFP. In-
deed, as previously observed in other cell types (30), despite their
continuous rearrangements, ER and mitochondria are persistently
kept in contact in specific regions over time. We observed that in
Mfn2−/− MEFs, as in WT cells, when both organelles are moving,
the dynamics of a mitochondrion in the cell periphery (where the
ER is better resolved) are tightly coordinated, interconnected, and
maintained with those of the corresponding neighbor ER tubule
(Fig. 5A and Movie S1). We reasoned that the dynamic analysis of
the ER–mitochondria colocalization profile (calculated from the
entire cell, as described above, considering only the mitochondrial
perimeter; Figs. 2D and 3 B and C) could provide additional
information about the stability of the contacts between the two
organelles. Indeed, if contacts (white overlapping pixels in
Fig. 5A) are unstable or accidental, a variable, inconstant profile
should be obtained; vice versa, whenever contacts are maintained
over time, a more constant, nonoscillating profile is expected as
outcome of the analysis. As shown in Fig. 5C, Left, the overlapping
pixel profiles obtained over time from the entire cell (calculated as
described in Fig. 5B; also see Materials and Methods) were found
to be indistinguishable between WT and Mfn2−/− cells, suggesting
that, despite their increased number, the stability of the contacts is
unaffected by the absence of Mfn2 and thus further challenging
the model of an Mfn2-based tether between the two organelles.
To validate the assay, a synthetic ER–mitochondria linker known

to cause tighter and wider organelles associations (31) was ex-
pressed in WTMEFs. This artificial linker, which formed a single-
protein bridge connecting the OMM and the ER, stably forced the
two organelles together. As predicted, the overlapping pixel pro-
files over time show a 30% reduction in the oscillations of the
colocalization signal as compared with control cells expressing a
truncated linker inserted only in the OMM but not bound to the
ER (OMM-RFP) (Fig. 5C, Right).

Mfn2 Down-Regulation Increases ER and Mitochondria Membrane
Association and Leads to Higher Sensitivity to Mitochondrial Ca2+-
Dependent Cell Death. We further biochemically evaluated the
association of the two organelles by quantifying, after partial mi-
tochondria purification by differential centrifugation, the MAMs
that remain associated with them (17). The amount of ER pro-
teins contaminating crude mitochondria fractions is an indirect
value of the ER–mitochondria physical association. In this case, as
in the experiments described in Fig. 4, we avoided directly com-
paring WT and Mfn2−/− MEFs because cell clones frequently are
prone to adaptive phenomena that can lead to changes in the total
expression levels of several proteins without any correlation with
the molecule under investigation (see the previous discussion of
MCU and Fig. 4A). Fig. 6A shows the results obtained in crude
mitochondria isolated from WT MEFs in which Mfn2 was acutely
down-regulated by a specific siRNA: When their total expression
level is considered, all the ER/MAM proteins tested were
enriched in Mfn2-KD mitochondrial fractions, as compared with

Fig. 4. Mfn2 down-regulation increases ER–mitochondria Ca2+ transfer. (A, Left) MCU, MFN2, Actin and COX-IV expression levels in the indicated MEF types.
(Right) Ratios (R) of the level of MCU expression and the level of COX-IV or actin protein in the different MEF types normalized to controls. Data shown
represent the mean ± SEM of five independent experiments. ***P < 0.001. (B) [Ca2+]mit peaks (Right) and maximal Ca2+ uptake rate (Middle) obtained in MEFs
of the indicated genotypes upon permeabilization of the plasma membrane with digitonin and perfusion with an intracellular-like medium containing
different (7, 15, or 25 μM) fixed [Ca2+]. Representative traces (Left) of WT and Mfn2−/− cells are shown upon the addition of 15 μM [Ca2+]. Data shown
represent the mean ± SEM of 13, 12, and 9 independent experiments for [Ca2+] concentrations of 7, 15, and 25 μM, respectively, *P < 0.05; **P < 0.01; ***P <
0.001. (C) [Ca2+]mit peaks (Right) and maximal Ca2+ uptake rate (Left) obtained in permeabilized control siRNA and Mfn2-KD MEFs obtained as in B. Data
shown represent the mean ± SEM of six independent experiments for each condition. (D) [Ca2+]mit (Left) and [Ca2+]cyt (Left, Inset) changes in intact control
siRNA and Mfn2-KD MEFs. Representative cytosolic and mitochondrial Ca2+ traces in control siRNA (black), Mfn2-KD (red), and predepleted Mfn2-KD+Mfn2
(blue) MEFs bathed in Ca2+-free, EGTA-containing medium and challenged with 200 μM ATP. (Right) Mean [Ca2+]mit and [Ca2+]cyt (Right, Inset) peaks upon
ATP stimulation in the different conditions. For cytosolic Ca2+ measurements, data shown represent the mean ± SEM of 14, 18, and 5 independent exper-
iments for control siRNA, Mfn2-KD, and predepleted Mfn2-KD+Mfn2 MEFs, respectively. For mitochondrial Ca2+ measurements, the data shown represent the
mean ± SEM of 17, 19, and 8 independent experiments for control siRNA, Mfn2-KD, and predepleted Mfn2-KD+Mfn2 MEFs, respectively. *P < 0.05.
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controls, confirming an increased ER–mitochondria interaction
upon Mfn2 down-regulation.
It has been proposed that mitochondrial Ca2+ uptake upon

treatment with specific apoptotic stimuli can sensitize cells to a
mitochondrial Ca2+ overload-dependent cell death associated with
the release of cytochrome c from mitochondria (32). We found
that the increased ER–mitochondria physical proximity and the
increased mitochondrial Ca2+ uptake caused by Mfn2 down-reg-
ulation result in a greater sensitivity to apoptotic stimuli that imply
a mitochondrial Ca2+ overload-dependent toxicity. In Mfn2-KD
SH-SY5Y cells, the fraction of annexin-V+ cells is increased
markedly after treatment with C2-ceramide (plus an IP3-gener-
ating stimulation) (Materials and Methods) compared with the
fraction found in control cells (Fig. 6 B and C). Moreover, cyto-
chrome c release was also increased in these cells compared with
controls, as revealed by the reduced colocalization indexes be-
tween its immuno-signal and that of a mit-RFP (Materials and
Methods and Fig. 6D). On the other hand, when another cell-death
stimulus such as etoposide, which acts independently of mito-
chondrial Ca2+ overload toxicity (33, 34), was applied to control
and Mfn2-KD cells, no difference was found in the number of
annexin-V+ cells (Fig. 6C), strongly suggesting a causal relation-
ship between Mfn2, ER–mitochondria Ca2+ transfer, and cell-
death sensitivity.

Discussion
Despite recent EM evidence (19) demonstrating that Mfn2 abla-
tion results in an increase of the tight contacts between ER and
mitochondria, the idea that Mfn2 is the key molecular component
tethering the two organelles continues to be widely accepted (16,
17, 35, 36). This classical model is based not only on morpho-

logical data obtained by confocal microscopy but also on func-
tional evidence, in particular the reduced Ca2+ transfer from the
ER to mitochondria in Mfn2−/− cells (18). Here, however, we
demonstrate that reduced Ca2+ transfer is the result of the lower
expression in the Mfn2−/− MEF clone of the molecule (MCU) re-
sponsible for mitochondrial Ca2+ uptake and is independent of ER–
mitochondria juxtapositions.
To the best of our knowledge, no explanation has been provided

so far for the reported discrepancy between EM and fluorescence
data regarding the tether function of Mfn2 (19). Here we dem-
onstrate that the contradiction between the two types of mor-
phological data is only apparent and is the result of the gross
morphological alterations caused by Mfn2 ablation/reduction. In-
deed, if a different approach that takes morphological alterations
into account is used to analyze the fluorescent images, an increased
ER–mitochondria apposition upon Mfn2 ablation/reduction
is seen.
Importantly, our findings clearly show that an increased appo-

sition between the two organelles is found upon acute silencing of
Mfn2, i.e., independently of any possible clonal characteristics.
This conclusion is strongly supported by functional/biochemical
data: (i) the ER–mitochondria Ca2+ transfer is increased by Mfn2
down-regulation; (ii) Mfn2 expression modulates the number but
not the extension and the dynamics of ER–mitochondria connec-
tions, suggesting that their molecular composition may be un-
affected by its presence; (iii) Mfn2 reduction results in an increased
amount of ER vesicles associated with mitochondria in subcellular
fractionation experiments; (iv) Mfn2 down-regulation sensitizes
cells to a mitochondrial Ca2+ overload-dependent cell death.
It has been reported very recently that an impaired mitochon-

drial respiratory capacity (caused by coenzyme Q reduction) is

Fig. 5. Mfn2 ablation does not alter the dynamic of ER–mitochondria contacts. (A) Fluorescence image (modified as described inMaterials and Methods) of a
mit-RFP– and ER-GFP–expressingMfn2−/− MEF with enlarged regions (boxes) corresponding to a time-lapse imaging of its stable ER–mitochondria interactions
(white pixels indicated by cyan arrows) at the indicated time points (see also Movie S1). (Scale bar, 10 μm.) (B) Kinetics of the ratio (R, calculated as described in
Fig. 3) on the entire Mfn2−/− cell shown in A but without any image modification. ΔR represents the difference between the R of one image (frame) and that
of the previous one; frames were taken every 30 s; only two ΔRs are shown as an example. (C) Mean ΔR/R0 values (where R0 is the R of the first frame of each
pair) of 100 frames from 10 different WT orMfn2−/− MEF cells (Left) or of 60 frames from six different WTMEF cells expressing either an OMM-RFP (as control)
or an artificial ER–mitochondrial linker (Right) (SI Materials and Methods). Data are shown as mean ± SEM; *P < 0.05.

Filadi et al. PNAS | Published online April 13, 2015 | E2179

CE
LL

BI
O
LO

G
Y

PN
A
S
PL

U
S

D
ow

nl
oa

de
d 

at
 U

N
IV

 D
E

G
LI

 S
T

U
D

I P
A

D
O

V
A

 o
n 

A
pr

il 
16

, 2
02

1 

http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1504880112/video-1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504880112/-/DCSupplemental/pnas.201504880SI.pdf?targetid=nameddest=STXT


observed both in cardiomyocytes from Mfn2 conditional knockout
mice and Mfn2−/− MEFs (37). These results are in contrast with
our findings demonstrating that acute Mfn2 down-regulation does
not significantly modify mitochondrial bioenergetic parameters
and suggest that the observed decrease in coenzyme Q results
from an adaptation phenomenon to prolonged Mfn2 knockout
rather than being a primary effect of Mfn2 ablation.
Based on this evidence, suggesting that Mfn2 cannot contribute

to the formation of close contacts between the two organelles since
the contacts actually increased upon Mfn2 ablation/reduction, we
propose a different role for Mfn2 in ER–mitochondria coupling in
which the protein, rather than being a component of the tethering
complex, acts as a negative regulator of organelle apposition. How-
ever, its action is crucial for cell life, possibly preventing an excess of
close contacts between the two organelles that might result in a toxic
transfer of Ca2+ to mitochondria during cell stimulation (31) and
eventually in cell death (38–40).
Our findings demonstrate that the original model for ER–

mitochondria tethering, based on Mfn homo/heterodimers with a
bimolecular structure of 9 nm (41) (currently widely reported even
in review literature; see, for example, refs. 16, 17, 35, and 36), is no
longer tenable and needs to be revised. Hints that Mfn2 homo/
heterodimers could not be responsible for organelles’ tethering
were already present in the original paper by Scorrano’s group (18):
The ER-targeted Mfn2 (Mfn2IYFFT), used by the authors, lacks
the HR2 domain at its C-terminal, e.g., the critical domain origi-
nally proposed for mitochondrial Mfns’ homotypic interactions (41).
Moreover, the same authors reported that high-molecular-weight
complexes coimmunoprecipitate with Mfn2 (18), thus further sug-
gesting the existence of multimeric/heterogeneous structures bound
to the protein. Consequently, the data presented should drive the
research community pursuing these themes toward new avenues.

Materials and Methods
Cell Culture and Transfection. MEFs (WT, Mfn2−/−) were grown as previously
described (18), as were SH-SY5Y and HeLa cells (22). All materials were from
Sigma-Aldrich unless otherwise specified. MEFs and SH-SY5Y cells were trans-
fected using Lipofectamine 2000 Transfection Reagent (Life Technologies).
HeLa cells were transfected using TransIT-LT1 (Mirus Bio). For RNAi experi-
ments, the growth mediumwas replaced 1 h before transfection with antibiotic-
free medium. Control siRNA (MISSION siRNA Universal Negative Control #1
SIC001; Sigma-Aldrich) or Mfn2-siRNA [NM_133201 SASI_Mm01_00027313
(Sigma-Aldrich) for mouse sequences or NM_001127660 SASI_Hs02_00330014
(Sigma-Aldrich) for human sequences] were added to the transfection mixes
to a final concentration of 40 nM. RNAi experiments were performed 48 h
after transfection.

Aequorin Measurements. Aequorin measurements were carried out as de-
scribed (22) and are summarized in SI Materials and Methods.

Mitochondrial and ER Morphology Analysis. Images for investigating mito-
chondrial morphology and ER–mitochondria contact sites were taken on a
Leica TCS-SP5-II equipped with a PlanApo 100×/1.4 numerical aperture objective.

Fig. 6. Mfn2 down-regulation increases ER–mitochondria membrane associa-
tion and sensitizes cells to mitochondrial Ca2+-dependent death. (A) Western
blot of the specified proteins in total lysates and crude mitochondrial fractions
isolated from the indicated MEFs. The relative protein levels in the mitochon-
drial fraction were calculated as described in Materials and Methods, taking

into account their expression level in the total lysate. Data shown represent
the mean ± SEM of five different experiments from three independent prepa-
rations; **P < 0.005, ***P < 0.001. (B) Representative fluorescence images of SH-
SY5Y cells cotransfected with mit-RFP and either control siRNA orMfn2-specific
siRNA (Mfn2-KD), treated or not with 40 μM C2-ceramide + 100 nM bradykinin
(BK) (Materials and Methods) and stained with Annexin-V-FLUOS (green). (C)
The percentage of SH-SY5Y+ cells with both mit-RFP and Annexin-V-FLUOS
staining treated as in B (n = 4 independent experiments) or with 60 μM eto-
poside (SI Materials and Methods). Data shown represent the mean ± SEM of
three independent experiments; ***P < 0.001. (D) Pearson’s and Manders’
colocalization coefficients between endogenous cytochrome c (Left) and mit-
RFP (Right) signals (Materials and Methods) in SH-SY5Y cells of the indicated
type treated as described (n = 36, 37, 74, and 93 cells for control siRNA +
DMSO, Mfn2-KD + DMSO, control siRNA + C2-ceramide + bradykinin, and
Mfn2-KD + C2-ceramide + bradykinin treatment, respectively). Data shown
represent the mean ± SEM; *P < 0.05, **P < 0.01.
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An argon laser line (488 nm) was used to excite GFP or Alexa Fluor 488, and
the signal was collected in the 492- to 537-nm range. RFP was excited by the
543-nm HeNe laser, and its emission was collected in the 555- to 700-nm range.
For each image, photomultiplier gain was adjusted slightly to maximize signal
and avoid saturation. Once acquired, images were not modified further and
were analyzed with ImageJ as detailed in SI Materials and Methods.

EM Analysis. For conventional EM, cells were processed as described in SI
Materials and Methods. For quantification, only regions in which the ER and
the OMM proceed in parallel, at a distance <15 nm, for at least the equiv-
alent of the diameter of the examined ER tubule/cisterna were considered to
be close contacts.

Cell-Death Assays. SH-SY5Y cells were used for these experiments because the
WT MEFs were unexplainably resistant to C2-ceramide and do not show any
sign of apoptosis even at high doses of stimulus (100 μM) and after very long
exposure (24 h). For cell-death evaluation, staining of SH-SY5Y cells with
annexin-V-FLUOS or cytochrome c immunofluorescence was performed as
detailed in SI Materials and Methods.

Statistical Analysis. All data are representative of at least three different
experiments. Data were analyzed using Origin 7.5 SR5 (OriginLab Corpora-
tion) and ImageJ (National Institutes of Health). Unless otherwise stated,
numerical values presented throughout the text refer to mean ± SEM, n =
number of independent experiments or cells; *P < 0.05, **P < 0.01, ***P <
0.001. Statistical significance for pairwise comparisons was evaluated with a
two-tailed Student’s t test.

Details for all of the other experiments performed in this article and any
associated references are described in SI Materials and Methods.
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