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Mitofusin 2 (Mfn2) is a key protein in mitochondrial
fusion and it participates in the bridging of mitochondria
to the endoplasmic reticulum (ER). Recent data indicate
that Mfn2 ablation leads to ER stress. Here we report on
the mechanisms by which Mfn2 modulates cellular
responses to ER stress. Induction of ER stress in Mfn2deﬁcient cells caused massive ER expansion and excessive
activation of all three Unfolded Protein Response (UPR)
branches (PERK, XBP-1, and ATF6). In spite of an enhanced UPR, these cells showed reduced activation of
apoptosis and autophagy during ER stress. Silencing of
PERK increased the apoptosis of Mfn2-ablated cells in
response to ER stress. XBP-1 loss-of-function ameliorated
autophagic activity of these cells upon ER stress. Mfn2
physically interacts with PERK, and Mfn2-ablated cells
showed sustained activation of this protein kinase under
basal conditions. Unexpectedly, PERK silencing in these
cells reduced ROS production, normalized mitochondrial
calcium, and improved mitochondrial morphology. In
summary, our data indicate that Mfn2 is an upstream
modulator of PERK. Furthermore, Mfn2 loss-of-function
reveals that PERK is a key regulator of mitochondrial
morphology and function.
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Introduction
Endoplasmic reticulum (ER) stress is triggered in response to a
variety of stimuli that lead to a number of alterations of the ER,
such as dysregulated redox homoeostasis, abnormal protein
folding, and reduced calcium levels. Pathologies such as
neurodegeneration, diabetes, cancer, and cardiovascular disease are characterized by the presence of ER stress
(Hotamisligil, 2010). At least three proteins located in the ER
membrane (PERK, IRE-1a, and ATF6) respond to ER stress
stimuli by triggering the Unfolded Protein Response (UPR).
These pathways activate several transcription factors involved
in cell survival during the early stages of stress and in apoptotic
cell death during acute or chronic stress. The PERK branch
participates in the reduction of protein synthesis and activation
of autophagy, apoptosis, and chaperone expression (Harding
et al, 1999; Lu et al, 2004b). PERK-stimulated CHOP favors
apoptosis (Harding et al, 2000; Rouschop et al, 2010), and,
conversely, it has also been reported that CHOP protects
neuronal cells after ischaemia reperfusion (Halterman et al,
2010). PERK activation decreases protein synthesis through
eIF2a phosphorylation (Lu et al, 2004a), and, in addition,
sustained PERK activation induces GADD34 expression,
which relieves protein synthesis inhibition through eIF2a
dephosphorylation (Novoa et al, 2001).
The IRE-1a branch activates the expression of XBP-1
transcription factor, which is involved in the synthesis of
chaperones and other ER proteins. The IRE-1a pathway is
also required for autophagy activation (Ogata et al, 2006).
Interestingly, XBP-1 deﬁciency promotes autophagy in
neuronal cells (Hetz et al, 2009). This observation points to
a complex role of the IRE-1a pathway in autophagic
regulation.
The transcription factor ATF6 is also stimulated during ER
stress. In addition, calcium signals participate in this activation (Xu et al, 2004). This transcription factor induces XBP-1
and chaperones and participates in cell survival. Thus,
reduced apoptosis occurs in response to ischaemia
reperfusion in hearts overexpressing ATF6 (Doroudgar et al,
2009). Tumour cell survival also requires ATF6 through the
activation of the mTOR pathway (Schewe and Aguirre-Ghiso,
2008; Doroudgar et al, 2009). ATF6 also mediates the
synthesis of proteins and lipids required for ER biogenesis
and participates in the synthesis of proteins required to
activate ERAD, a mechanism for the degradation of ER
proteins (Yamamoto et al, 2004; Maiuolo et al, 2011).
Recent data demonstrate that PERK facilitates the
stimulation of the ATF6 pathway (Teske et al, 2011). These
studies indicate that UPR branches are exquisitely regulated
and that several proteins are involved in the cross talk
between branches.
Mitofusin 2 (Mfn2) is a GTPase protein localized in the
outer mitochondrial membrane and in mitochondrial-associated membranes. In addition to controlling ER morphology,
this protein participates in mitochondrial fusion and regulates
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the transfer of calcium from the ER to mitochondria (Santel
and Fuller, 2001; Legros et al, 2002; Bach et al, 2003; Ishihara
et al, 2004; de Brito and Scorrano, 2008). Moreover, Mfn2
deﬁciency upregulates markers of the UPR in liver, skeletal
muscle, and cultured cells (Ngoh et al, 2012; Sebastian et al,
2012), and normalization of ER stress by treatment with
tauroursodeoxycholic acid ameliorates deﬁcient insulin
signalling in liver-speciﬁc Mfn2-knockout mice (Sebastian
et al, 2012). Here we demonstrate that Mfn2 is a novel
PERK regulator and that it is required for the normal
activation of apoptosis and autophagy during the ER stress
response. Moreover, Mfn2 deﬁciency causes mitochondrial
dysfunction through sustained activation of PERK.

Results
Mfn2 knockout (KO) cells show massive ER expansion
in response to ER stress
On the basis of the observations linking Mfn2 to ER biology,
we examined the response of Mfn2-deﬁcient cells to agents
that cause ER stress. To this end, mouse embryo ﬁbroblasts
(MEFs) were incubated with 1 mM thapsigargin (Tg) for 12 h
in order to induce ER stress. Under these conditions, Mfn2
KO MEFs underwent dramatic ER expansion, characterized
by multilamellar structures, compared to wild-type (WT)
MEFs (Figure 1A and B). To provide further evidence of the
effects of ER stress on ER morphology, cells were transfected
with a plasmid encoding an RFP protein that is localized in
the ER luminal compartment (ER-RFP), and thereafter treated with Tg and visualized by epiﬂuorescence microscopy.
Under basal conditions, Mfn2 ablation caused ER fragmentation, which was detectable with the luminal ER marker
(Supplementary Figure S1A). This ﬁnding is in keeping with
prior data (de Brito and Scorrano, 2008). Supplementary
Figure S1A also shows increased ER luminal expansion
during ER stress (induced by Tg, tunicamycin, or brefeldin
A) in Mfn2 KO cells compared to WT cells. Movie 1
(Supplementary Data) shows the formation of the expanded
ER in Mfn2 KO cells upon the induction of ER stress.
Labelling of the ER membrane by transfection of Sec61bGFP also showed a dramatic ER expansion in Mfn2 KO cells
in response to Tg (Figure 1C). However, labelling of ER
membranes with Sec61b-GFP did not show alterations in ER
morphology in these cells under basal conditions
(Figure 1C), which is in keeping with prior data in COS
cells (Friedman et al, 2011). No alterations in ER
morphology were detected in Mfn1 KO cells in response to
Tg (Figure 1C). Reexpression of Mfn2 in Mfn2 KO cells
rescued normal mitochondrial morphology and prevented
ER expansion in response to ER stress (Supplementary
Figure S1B–E).
The enhanced ER expansion in Mfn2 KO cells upon Tg
treatment was further documented by labelling ER–Golgi
with brefeldin A-bodipy (Hetz et al, 2006) (Figure 1D).
Deﬁciency of Mfn1 or Mfn2 was also induced in MEFs by
lentiviral expression of shRNAs, which caused mitochondrial
fragmentation (Supplementary Figure S2A and B). Labelling of
the ER membrane by transfection of Sec61b-GFP also showed
marked ER expansion in Mfn2-silenced MEF cells treated
with Tg (Supplementary Figure S2C). Mfn1 deﬁciency did
not cause ER expansion upon Tg treatment (Supplementary
Figure S2C).
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Mfn2 KO cells show defective apoptosis in response to
ER stress
On the basis of the initial observations indicating that Mfn2
ablation causes abnormal ER expansion in response to ER
stress, next we examined whether Mfn2 loss-of-function also
alters the biological responses driven by this stress. In this
regard, apoptosis was induced through activation of caspase 3
(Rao et al, 2002) in response to ER stress. Mfn2 loss-offunction signiﬁcantly enhanced caspase activity in MEFs
and in C2C12 cells under basal conditions (Supplementary
Figure S3A) (see Supplementary Figures S2 and S4 for details
on Mfn2 deﬁciency induced in these cells). WT MEFs showed
caspase 3 activation and increased caspase activity in response to tunicamycin, brefeldin A, or Tg (Figure 2A–C).
Under these conditions, Mfn2 ablation greatly reduced caspase 3 processing and caspase activity (Figure 2A–C), and
reexpression of Mfn2 normalized the activation of this enzyme (Supplementary Figure S3B). Reduced apoptosis was
also detected by cytometry assays (subG1 DNA fragmentation) in Mfn2 KO cells (Figure 2D). Mfn1 KO cells showed
reduced caspase 3 processing and caspase activity upon Tg,
tunicamycin, or brefeldin A treatment, although the values
observed were higher than in Mfn2 KO cells (Supplementary
Figure S3C and D). Silencing of Mfn2 in 3T3-L1 or in C2C12
cells also reduced caspase 3 processing in response to ER
stress (Figure 2E and Supplementary Figure S3F). In contrast,
agents that induce apoptosis independently of ER stress, such
as staurosporine or TNFalpha/cycloheximide (CHX), activated caspase 3 processing to a greater extent in Mfn2 KO
cells compared to WT cells (Supplementary Figure S3E).
Next, we analyzed whether Mfn2 KO cells die as a result of
another form of cell death upon ER stress. Lactate dehydrogenase release (an index of cell necrosis) increased in control
cells during ER stress, but this did not occur in Mfn2-ablated
cells (Figure 2F). We explored whether Mfn2 KO cells undergo a paraptotic-like death, which is characterized by swelling
of the mitochondria and of the ER, reduced ALIX expression
(Sperandio et al, 2000; Yoon et al, 2010), and involves
externalization of phosphatidylserine (PS) independently of
caspases (Wang et al, 2004). In keeping with this, Mfn2 KO
cells became annexin V-positive in response to Tg, and PS
externalization was not inhibited with the pan-caspase
inhibitor z-VAD (Figure 2G). In addition, in response to ER
stress, Mfn2 KO cells underwent vacuolization, which was
rescued by CHX (Figure 2H), and showed lower ALIX protein
expression (Figure 2I). Propidium iodide (PI) permeability
assays coupled to annexin V labelling in control and Mfn2 KO
cells showed increased PI/annexin V labelling in response to
Tg. This labelling was inhibited by addition of CHX in Mfn2
KO cells but not in WT cells (Supplementary Figure 3G). In
summary, our data show that Mfn2 loss-of-function impairs
the normal activation of apoptosis during ER stress, and
instead paraptosis-like cell death is triggered. This observation suggests that Mfn2 plays a key role in the maintenance of
a normal response to ER stress.
Mfn2 KO cells show defective autophagy in response to
ER stress
ER stress also activates autophagy (Ogata et al, 2006), and the
accumulation of multilamellar ER structures detected in
Mfn2  /  cells (Figure 1) pointed to alterations in the clearance process. To analyze autophagy in cells subjected to ER
The EMBO Journal
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Figure 1 Mfn2 ablation promotes abnormal ER expansion during ER stress conditions. (A) WT or Mfn2 KO MEFs (Mfn2 KO cells) were treated
with 1 mM Tg for 12 h and then processed for EM visualization of the ER morphology. Scale bar: 1 mm. (B) EM images of Tg-treated Mfn2 KO
cells show accumulation of ER membrane stacking. Scale bar: 1 mm. (C) WT, Mfn2 KO or Mfn1 KO cells were transfected with the Sec61b-GFP
plasmid and treated with 1 mM Tg for 24 h. Confocal microscopy images show ER vacuolization in Mfn2 KO cells treated with Tg. Scale bar:
10 mm. Insets show  10 zoomed images. Scale bar: 5 mm. (D) WT and Mfn2 KO cells were treated with Tg 1 mM for 3 h and then incubated with
brefeldin A-bodipy to stain ER and Golgi. Representative ﬂow-cytometry histograms (upper panel). Mean ﬂuorescence intensity was used to
quantify ER expansion (n ¼ 5) (lower panel). Data are mean±s.e.m. *Po0.05 versus WT group.

stress, control and Mfn2 KO cells were treated with Tg
for a range of times, and autophagy was assayed by immunodetection of LC3b-I and LC3b-II. ER stress caused an
increased abundance of LC3b-II in control cells, which is
coherent with the activation of autophagosome formation
(Figure 3A). Under basal conditions, Mfn2 KO cells showed
a slightly increased LC3b-II abundance (Figure 3A). ER
stress-induced LC3b-II was inhibited in Mfn2 KO cells
(Figure 3A), thereby suggesting a defect in autophagy
progression. Incubation with the lysosomal inhibitor baﬁlomycin A1 increased LC3b-II levels in WT cells but not in
Mfn2 KO ones (Figure 3B). Mfn2 reexpression normalized
LC3b-II levels in Mfn2 KO cells treated with Tg
(Supplementary Figure S5A). These observations indicate
2350 The EMBO Journal VOL 32 | NO 17 | 2013

that autophagosomal formation is impaired during ER stress
upon ablation of Mfn2 in MEFs.
To obtain further insight into the autophagic steps that may
be altered in Mfn2-deﬁcient cells, we expressed mCherryEGFP-LC3 protein in these cells. ER stress markedly enhanced
the abundance of acidic autophagolysosomes—detected as
red punctuates in mCherry-EGFP-LC3B-expressing cells—
which is consistent with increased autophagic activity
(Figure 3C and D). Under these conditions, Mfn2 ablation
reduced the abundance of acidic autophagolysosomes during
ER stress induced by Tg, brefeldin A, or tunicamycin
(Figure 3C and D). mCherry-EGFP-LC3B remained as yellow
punctuate structures in Mfn2 KO cells, thereby indicating its
presence in autophagosomes (Figure 3C and D). In keeping
& 2013 European Molecular Biology Organization
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Figure 2 Mfn2 ablation prevents caspase activation during ER stress and promotes paraptosis-like cell death. (A) WT and Mfn2 KO cells were
treated with 1 mM Tg for 12 or 24 h. Total and cleaved caspase 3 levels were detected by western blot. Data are mean±s.e.m. (n ¼ 3). *Po0.05
versus WT group. (B, C) WT and Mfn2 KO cells were treated with 0.5 mg/ml tunicamycin (Tm), 100 ng/ml brefeldin A (Bref), or 1 mM Tg for
24 h. Total and cleaved caspase 3 levels were detected by western blot (B) and caspase activity (C) by measurement of DEVD-AFC substrate
processing. Data are mean±s.e.m. (n ¼ 3). *Po0.05 versus WT group. (D) Flow-cytometry analysis of the Sub G1 DNA fragmentation in
methanol-ﬁxed WT and Mfn2 KO cells after incubation with or without 1 mM Tg for 24 h. Data are given as mean±s.e.m. (n ¼ 3). *Po0.05
versus WT group. (E) Scr (stably expressing scrambled shRNA) and Mfn2 knockdown (KD) (stably expressing shRNA directed against Mfn2)
3T3-L1 ﬁbroblasts were incubated in the presence or absence of 1 mM Tg for 24 h. Total and cleaved caspase 3 were detected by western blot.
Data are mean±s.e.m. (n ¼ 3). *Po0.05 versus WT group. (F) WT and Mfn2 KO cells were treated with 1 mM Tg for 24 h. Lactate
dehydrogenase (LDH) release was analyzed by ﬂow cytometry to assess necrotic cell death. Data are mean±s.e.m. (n ¼ 3). *Po0.05 versus
WT group. (G) WT and Mfn2 KO cells were incubated for 24 h with or without 1 mM Tg in the presence or absence of z-VAD-fmk and stained for
annexin V/PI. Data are mean±s.e.m. (n ¼ 4). *Po0.05 versus WT þ Tg group. (H) Mfn2 KO cells transfected with the pEGFP plasmid were
incubated with 1 mM Tg alone or in combination with 2 mM CHX for 24 h (3 h of pre-incubation with CHX). Florescence microscopy images
show that CHX prevents cytoplasmic vacuolization. Scale bar: 10 mm. (I) WT (black circles) and Mfn2 KO cells (white circles) were incubated
with 1 mM Tg for varying times, and ALIX protein was detected by western blot. Data are mean±s.e.m. (n ¼ 3). *Po0.05 versus WT group.
Source data for this ﬁgure is available on the online supplementary information page.

with these data, reduced Lysotracker staining and LAMP1
expression were detected in these cells (Figure 3E and F). The
expression of the autophagic genes LC3b or beclin-1 was also
dysregulated in Mfn2 KO cells upon ER stress (Figure 3G).
In contrast to the data obtained in Mfn2 KO cells, ablation
of Mfn1 did not alter ER stress-induced autophagy
(Supplementary Figure S5B–D), and Lysotracker staining
was enhanced compared to WT cells (Supplementary
Figure S5E). Autophagy was also analyzed in 3T3-L1 ﬁbroblasts and in C2C12 myoblasts upon Mfn2 silencing
(Supplementary Figure S4). Reduced autophagic activity,
assessed by LC3b-II abundance or the degradation of longlived proteins, was detected in Mfn2-deﬁcient cells in response to ER stress (Supplementary Figure S5F–H). In parallel, a reduced degradation rate of long-lived proteins was
detected in Mfn2-deﬁcient 3T3-L1 cells in response to tunicamycin (Supplementary Figure S5H).
& 2013 European Molecular Biology Organization

In all, our data show that Mfn2 loss-of-function impairs the
normal progression of autophagy during ER stress. This lossof-function is characterized by reduced autophagosome formation, reduced lysosome abundance, and reduced autophagolysosome formation.
Mfn2 deﬁciency dysregulates PERK, IRE-1, and ATF6
UPR branches in response to ER stress
To understand how Mfn2 ablation leads to a disrupted
biological response to ER stress, next we monitored the
UPR response (Figure 4A). Mfn2 KO cells showed enhanced
PERK phosphorylation as well as induced expression of
downstream signalling proteins, ATF4, GADD34, and
CHOP (Figure 4B and C). These observations indicate enhanced PERK branch signalling during ER stress in Mfn2 KO
cells. Under these conditions, the activation of eIF2a was
reduced in these cells during ER stress (Figure 4B and C).
The EMBO Journal
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Figure 3 Mfn2 loss-of-function decreases autophagy in response to ER stress. (A, upper panel) WT (black circles) or Mfn2 KO cells (white
circles) were treated with 1 mM Tg for a range of times. (A, lower) Densitometric quantiﬁcation. Data are mean±s.e.m. (n ¼ 3). *Po0.05 versus
WT group; #Po0.05 versus WT non-Tg-treated group. (B, upper panel) WT or Mfn2 KO cells were treated with Tg for 0, 6 or 12 h, in the
presence or absence of Baﬁlomycin (Baf, 100 nM). LC3b-I and LC3b-II expression was measured by western blot. (B, lower panel)
Densitometric quantiﬁcation of LC3b-II levels (relative to tubulin). Data are mean±s.e.m. (n ¼ 3). *Po0.05 versus WT þ Baf þ Tg group.
(C) WT or Mfn2 KO cells stably expressing mCherry-GFP-LC3b were treated with 1 mM Tg, 100 ng/ml Brefeldin (Bref), or 0.5 mg/ml tunicamycin
(Tm) for 24 h and examined by confocal microscopy. Scale bar: 10 mm. (D) Quantiﬁcation of mCherry þ /GFP- (mCherry-LC3) red puncta per
cell (a measure of acidic autophagosomes) is shown. Data are mean±s.e.m. (n ¼ 3; 100 cells were analyzed per experiment and group).
*Po0.05 versus WT group. (E) Acidic compartments of WT or Mfn2 KO cells were stained with Lysotracker Green and analyzed by
ﬂow cytometry. Data are given as mean±s.e.m. (n ¼ 3). *Po0.05 versus WT group. (F) LAMP1 expression was immunodetected in WT and
Mfn2 KO cells in basal conditions. (G) Expression of Beclin-1 or LC3b transcripts in WT or Mfn2 KO cells treated with or without 1 mM Tg for
24 h. Data are mean±s.e.m. (n ¼ 3). *Po0.05 versus WT group. Source data for this ﬁgure is available on the online supplementary
information page.

Tunicamycin also caused overactivation of the PERK
pathway in Mfn2 KO cells, which was characterized by
enhanced phosphorylation of eIF2a, and greater ATF4 expression (Figure 4D).
To determine the activity of the IRE-1a branch, we monitored protein variant XBP-1s, generated through alternative
transcript processing upon Tg treatment. Mfn2 ablation
caused a sustained activation of XBP-1s in response to ER
stress (Figure 4B and C). Furthermore, transcriptional activity
driven by ATF6 was greater in Mfn2 KO cells upon Tg
treatment (Figure 4E). Analysis of UPR target genes indicated
that 38 genes were induced in WT MEFs by Tg
(Supplementary Table S1). Almost all these genes were
additionally upregulated in Mfn2 KO cells compared to WT
cells, and differences were statistically signiﬁcant for 22
genes (Supplementary Table S1). In all, our data indicate
that Mfn2 ablation enhances the activity of the PERK/CHOP,
XBP-1, and ATF6 UPR branches in response to ER stress.
2352 The EMBO Journal VOL 32 | NO 17 | 2013

PERK deﬁciency improves apoptosis, and XBP-1 loss-offunction enhances autophagy during ER stress in Mfn2
KO cells
Next, we studied whether the enhanced activity of the UPR
branches was responsible for the impaired responses to ER
stress in Mfn2 KO cells. To this end, WT and Mfn2 KO cells
were subjected to gene silencing by means of lentiviral
vectors expressing shRNA directed against PERK, XBP-1, or
ATF6 (Figures 5 and 6 and Supplementary Figure S6). PERK
loss-of-function (Figure 5A) substantially enhanced caspase
activity and caspase 3 cleavage in Mfn2 KO cells upon
treatment with Tg (Figure 5B–D). In contrast, PERK silencing
in WT cells did not alter either of these parameters upon
treatment with this drug (Figure 5B–D). Knockdown of PERK
did not enhance LC3b-II levels in response to Tg treatment in
Mfn2 KO cells (Figure 5E and F).
XBP-1 loss-of-function (Figure 6A) moderately increased
caspase activity but did not enhance caspase 3 cleavage in
& 2013 European Molecular Biology Organization
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Figure 4 Mfn2 modulates the UPR response. (A) Scheme on UPR branches. (B) Immunodetection of p-PERK,PERK, GADD34, p-eIF2a, eIF2a,
ATF4, CHOP, and XBP-1s in WT and Mfn2 KO cells treated with 1 mM Tg for the times indicated. (C) Densitometric quantiﬁcations. Data are
mean±s.e.m. (n ¼ 3). *Po0.05 versus WT group. (D) Immunodetection of p-eIF2a, eIF2a, and ATF4 in WT and Mfn2 KO cells treated with
0.5 mg/ml Tunicamycin (Tm) for the times indicated. (E) Transcriptional activity driven by ATF6. WT and Mfn2 KO cells were co-transfected
with the 5xATF6-GL3 and TK-Renilla plasmids and treated with 1 mM Tg for 24 h after transfection. Data are mean±s.e.m. (n ¼ 4). *Po0.05
versus WT group. Source data for this ﬁgure is available on the online supplementary information page.

response to 6 h of Tg treatment (Figure 6B–D). In contrast,
XBP-1 knockdown markedly enhanced LC3b-II abundance in
Mfn2 KO cells upon treatment with this drug (Figure 6E
and F). XBP-1 did not alter any of the parameters studied in
WT cells (Figure 6B–F). In keeping with these observations,
XBP-1 loss-of-function increased the number of acidic
autophagolysosomes, detected as red punctuates in
mCherry-EGFP-LC3B-expressing Mfn2 KO cells subjected to
treatment to Tg, tunicamycin, or brefeldin A (Figure 6G and H).
ATF6 loss-of-function (Supplementary Figure S6A) accelerated ER vacuolization (Supplementary Figure S6B) in Mfn2
KO cells subjected to ER stress. Under these conditions, ATF6silenced cells showed no changes in LC3b-II levels
(Supplementary Figure S6C) and underwent higher cell
death (Supplementary Figure S6D), and showed unaltered
caspase activity and caspase 3 cleavage upon Tg treatment
(Supplementary Figure S6E and F). Knockdown of ATF6 did
not alter either of these two parameters in response to Tg
treatment in WT cells (Supplementary Figure S6E and F).
& 2013 European Molecular Biology Organization

Mfn2 deﬁciency causes a sustained activation of PERK,
which mediates defective mitochondrial morphology
and function under basal conditions
In studies oriented to monitor the activity of UPR branches
upon ER stress, data pointed to PERK stimulation under basal
conditions (Figure 4B). On the basis of these data, next we
studied the effect of Mfn2 loss-of-function on the basal activation state of the PERK pathway in MEFs, and in 3T3-L1 and
C2C12 cells. Mfn2 loss-of-function caused sustained PERK
stimulation, characterized by enhanced PERK and eIF2a phosphorylation in all three cell types (Figure 7A and B). Chronic
activation of the PERK pathway was also detected in Mfn2 KO
livers and skeletal muscle and was characterized by enhanced
eIF2a phosphorylation and CHOP expression (Figure 7C
and D). Enhanced XBP-1 abundance was also found in the
liver and muscle of Mfn2 KO mice (Figure 7C and D).
Furthermore, the abundance of LC3-II and p62, markers of
autophagy, were enhanced in the tissues of these mice
(Figure 7C and D), thereby suggesting impaired autophagy.
The EMBO Journal
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Figure 5 PERK deﬁciency improves apoptosis during ER stress in Mfn2-ablated cells. (A) Immunodetection of PERK in WT and Mfn2 KO cells
stably expressing a scrambled shRNA (Scr) or a shRNA directed against PERK (PERK KD). (B) Caspase activity was detected by measurement of
DEVD-AFC substrate processing in WT or Mfn2 KO cells subjected to PERK silencing and treated with 1 mM Tg for 24 h. Data are mean±s.e.m.
(n ¼ 3). *Po0.05 versus WT; #Po0.05 versus Scr group. (C, D) Total and cleaved caspase 3 levels were detected by western blot. Densitometric
quantiﬁcation is shown in D. Data are mean±s.e.m. (n ¼ 3). *Po0.05 versus WT; #Po0.05 versus Scr group. (E, F) Immunodetection of LC3bI and -II in WT and Mfn2 KO cells subjected to PERK silencing and treated as indicated with Tg or Baf (1 mM Tg; 100 nM Baf) for 6 h.
Densitometric quantiﬁcation is shown in F. Data are mean±s.e.m. (n ¼ 3). *Po0.05 versus WT; #Po0.05 versus Scr group. Source data for this
ﬁgure is available on the online supplementary information page.

The negative relationship between Mfn2 expression and
PERK activity points to a physical interaction. To test this
hypothesis, lysates from cells stably expressing a myc-tagged
version of PERK were immunoprecipitated with anti-myc
antibodies, and the immunoprecipitates were subjected to
western blot assays. Immunoprecipitation assays revealed
physical interaction of PERK and endogenous Mfn2
(Figure 7E). Assays were also performed in MEFs that expressed endogenous Mfn2 and PERK upon immunoprecipitation with anti-PERK antibodies. Indeed, we detected a
physical interaction between endogenous PERK and Mfn2
(Figure 7F). Our data indicate that the absence of Mfn2
enhances PERK phosphorylation, which is coherent with a
model in which Mfn2 negatively controls PERK.
Under basal conditions, Mfn2 KO MEFs lacked mitochondrial ﬁlaments and instead showed mitochondrial swelling,
as visualized by Mitotracker Red staining (which labels the
mitochondrial matrix) (Supplementary Figure S7A), or after
transfection of cells with BAK-GFP (which labels the outer
mitochondrial membrane) (Supplementary Figure S7B).
Mfn2 ablation also caused major alterations in mitochondrial
function, such as enhanced ROS production (Supplementary
Figure S7C) and reduced respiration (Supplementary
Figure S7D). Mitochondrial calcium overload was measured
with the Rhod-2 probe, which was speciﬁcally detected
in mitochondria under our experimental conditions
(Supplementary Figure S7E). Mfn2 ablation caused enhanced
mitochondrial Ca2 þ overload (Supplementary Figure S7E).
All these alterations in mitochondrial function are coherent
with previous reports (Bach et al, 2003; Chen et al, 2005; de
Brito and Scorrano, 2008). Mitochondrial alterations in
morphology, ROS production, and mitochondrial respiration
were reversed by reexpression of Mfn2 in Mfn2 KO cells
(Supplementary Figures S1C, S7F and G).
2354 The EMBO Journal VOL 32 | NO 17 | 2013

The mitochondrial alterations secondary to Mfn2 ablation
have been attributed to the role of Mfn2 as a mitochondrial
fusion protein. Alternatively, we reasoned that Mfn2 deﬁciency may affect mitochondrial function as a result of
PERK activation. To test this hypothesis, Mfn2 KO cells
were subjected to PERK silencing. Surprisingly, PERK silencing ameliorated the defective mitochondrial morphology,
thus swollen mitochondria were much less abundant, and
instead mitochondria formed short and even long and
thinner ﬁlaments (Figure 8A and B). This effect of PERK
silencing was not detected in WT or Mfn1 KO cells
(Figure 8C and D). Moreover, the addition of the chemical
chaperones TUDCA or 4-phenyl butyric acid to Mfn2 KO
cells did not alter the morphology of their mitochondria
(Figure 8E). Silencing of XBP-1 or ATF6 did not modify
mitochondrial morphology in WT or Mfn2 KO cells
(Supplementary Figure 8A). In addition, the effects of
PERK silencing on normalizing mitochondrial morphology
were not associated with changes in the expression of
mitochondrial fusion or ﬁssion proteins in Mfn2 KO cells
(Supplementary Figure 8B and C).
PERK silencing also reduced ROS production (Figure 8F)
and mitochondrial Ca2 þ overload in Mfn2 KO cells
(Figure 9A). In contrast, PERK loss-of-function did not
alter ROS in WT or Mfn1 KO cells (Figure 8F and G). In
addition, PERK silencing enhanced routine and maximal
uncoupled respiration in Mfn2 KO cells (Figure 9B). The
stimulatory effects of PERK silencing on cell respiration
were also detected in WT and Mfn1 KO cells (Figure 9C
and D). In keeping with these data, PERK overexpression
modiﬁed mitochondrial function and morphology in WT
cells. Thus, mitochondrial respiration was markedly repressed in response to PERK overexpression (Figure 9E),
and mitochondria were fragmented (60% of the cells
& 2013 European Molecular Biology Organization
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Figure 6 XBP-1 loss-of-function enhances autophagy during ER stress in Mfn2-ablated cells. (A) Immunodetection of XBP-1s in WT and Mfn2
KO cells stably expressing a scrambled shRNA (Scr) or a shRNA directed to XBP-1 (XBP-1 KD), and treated with Tg for 6 h. (B) Caspase activity
was detected by measurement of DEVD-AFC substrate processing. Data are mean±s.e.m. (n ¼ 3). *Po0.05 versus WT group. #Po0.05 versus
Scr group. (C, D) Total and cleaved caspase 3 levels were detected by western blot. WT and Mfn2 KO cells subjected or not to XBP-1 silencing
(Scr, and KD) and treated with 1 mM Tg for 24 h. Data are mean±s.e.m. (n ¼ 3). *Po0.05 versus WT group. (E, F) Immunodetection of LC3b-I
and -II in Scr and XBP-1 KD WT or Mfn2 KO cells treated as indicated (1 mM Tg; 100 nM Baf) for 6 h. Densitometric quantiﬁcation is shown in F.
Data are mean±s.e.m. (n ¼ 3). #Po0.05 versus Scr group. (G) Mfn2 KO cells stably expressing mCherry-GFP-LC3b and subjected or not to
XBP-1 silencing (Scr or KD) were treated with 1 mM Tg, 100 ng/ml Bref, or 0.5 mg/ml Tm for 24 h and examined by confocal microscopy. Scale
bar: 10 mm. (H) Quantiﬁcation of mCherry þ /GFP- (mCherry-LC3) red puncta per cell (a measure of acidic autophagosomes) is shown. Data
are mean±s.e.m. (n ¼ 3; 100 cells were analyzed per experiment and group). #Po0.05 versus Scr group. Source data for this ﬁgure is available
on the online supplementary information page.

overexpressing PERK showed fragmented or round mitochondria) (Figure 9F and G).

Discussion
Mfn2 is a mitochondrial fusion protein with a lower GTPase
activity than that of Mfn1 (Ishihara et al, 2004; Neuspiel et al,
2005). On the basis of the mitochondrial fusion activity of
Mfn2, the alterations in mitochondrial morphology and
function detected upon silencing or ablation of this gene
have been attributed to reduced mitochondrial fusion (Bach
et al, 2003; Chen et al, 2003; Pich et al, 2005). Here we provide
evidence that an ER-related mechanism is responsible for the
development of swollen mitochondria, enhanced Ca2 þ overload, increased ROS production, and reduced mitochondrial
respiration in Mfn2-deﬁcient cells. This view is based on a
number of observations, namely, (a) Mfn2 KO or Mfn2silenced cells showed sustained PERK activation under basal
conditions; (b) PERK silencing ameliorated the mitochondrial
network and respiration and reduced ROS production and
mitochondrial Ca2 þ in Mfn2 KO cells; (c) PERK overexpression caused mitochondrial fragmentation and reduced
& 2013 European Molecular Biology Organization

mitochondrial respiration in cells; and (d) there is a physical
interaction between Mfn2 and PERK.
Our data support the notion that Mfn2 lies upstream of
PERK and that under basal conditions Mfn2 maintains PERK
inactive. We detected sustained activation of PERK in skeletal
muscle, liver, and pre-adipose cells under conditions of Mfn2
loss-of-function; therefore, the activation of PERK may be
independent of the cellular context. We also propose that the
interaction between Mfn2 and PERK occurs in mitochondrial–
ER contact sites. In favour of this view, both Mfn2 and PERK
are localized in this compartment (de Brito and Scorrano,
2008; Verfaillie et al, 2012).
Our study is also the ﬁrst to demonstrate that PERK
controls mitochondrial morphology and function, as well as
oxidative stress in cells. In this respect, we propose that the
alterations detected in tissues upon Mfn2 ablation, such as
enhanced ROS production, defective mitochondrial respiration, and deﬁcient insulin signalling and glucose handling
(Sebastian et al, 2012), are, at least in part, the result of
enhanced PERK activity.
Here we report that Mfn2 loss-of-function causes the
dysregulation of UPR branches under basal or ER stress
The EMBO Journal
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Figure 7 Mfn2 regulates PERK activity. (A) Immunodetection of p-PERK and p-eIF2a in Mfn2 KO MEFs, Mfn2 knockdown 3T3-L1 ﬁbroblasts,
and Mfn2 knockdown C2C12 myoblasts. (B) Densitometric quantiﬁcation of p-PERK and p-eIF2a in MEFs. Data are mean±s.e.m. (n ¼ 3).
*Po0.05 versus WT cells. (C, D) Immunodetection of p-eIF2a, eIF2a, CHOP, XBP-1s, LC3b, and p62 in Mfn2-deﬁcient liver (C) or skeletal
muscle (D) from tissue-speciﬁc KO mice. (E) Co-immunoprecipitation of Mfn2 and PERK in WT or Mfn2 KO cells stably expressing PERK-myc
or an empty vector (pBABE-myc; negative control). (F) Co-immunoprecipitation of endogenous Mfn2 and PERK in WT MEF lysates. PERK was
immunoprecipitated with a C-terminal antibody and co-immunoprecipitation of Mfn2 was detected by western blot. Source data for this ﬁgure
is available on the online supplementary information page.

conditions. Under the former, we detected enhanced PERK
and eIF2a phosphorylation in Mfn2 KO cells or tissues. In
addition, Mfn2-deﬁcient cells exposed to ER stress (by incubation with agents such as Tg or tunicamycin) showed
increased activation of the three major UPR branches, that is,
PERK, IRE-1a, and ATF6, and enhanced expression of UPR
genes. In connection with the enhanced ER stress-induced
PERK pathway, which was characterized by greater expression of the proteins ATF4, GADD34, and CHOP, tunicamycin
also caused enhanced phosphorylation of eIF2a, whereas Tg
reduced eIF2a phosphorylation. This reduction may be explained through the complex effects of Tg on calcium homoeostasis (Inesi et al, 1998; Michelangeli and East, 2011), and
an interaction between these effects and Mfn2 loss-offunction during ER stress. Our data agree with reports by
Zhao et al (2012), who found increased phosphorylation of
eIF2a and enhanced expression of UPR target genes in Mfn2
KO cardiac cells. In contrast, Ngoh et al (2012) analyzed the
impact of ER stress on the PERK pathway in MEFs transduced
with adenoviruses for 24 or 48 h before exposure to ER
stress. They found that at short times (0.5 h) the
phosphorylation of eIF2a or the expression of GADD34 or
p58IPK were similarly induced in control and Mfn2-deﬁcient
cells in response to ER stress. However, at longer exposure
(18 h) to ER stress, Mfn2-deﬁcient cells showed reduced
induction. These discrepancies could be attributable to
differences between primary cultures, immortalized MEFs,
or the use of adenoviral transduction.
ER stress activates autophagy, which is a key factor driving
survival under unfavourable conditions (Ogata et al, 2006;
2356 The EMBO Journal VOL 32 | NO 17 | 2013

Yorimitsu et al, 2006; Kouroku et al, 2007). It also induces
autophagic genes via PERK/eIF2a/ATF4. Thus, ATF4
silencing, expression of a non-phosphorylatable form of
eIF2a, or expression of a dominant-negative PERK inhibits
ER stress-induced autophagy (Kouroku et al, 2007; Rzymski
et al, 2010). There is also evidence that the IRE-1-JNK
pathway is required for autophagy activation after ER
stress. Thus, IRE-1a-deﬁcient cells or cells treated with a
JNK inhibitor show inhibited ER stress-induced autophagy
(Ogata et al, 2006). In contrast, XBP-1 deﬁciency causes
increased autophagy (Hetz et al, 2009). Mfn2 deﬁciency has
been reported to impair basal autophagy in MEFs and cardiac
myocytes (Hailey et al, 2010; Zhao et al, 2012). Our data
indicate that Mfn2 ablation causes a deﬁcient ER stressinduced autophagy. Mfn2-ablated cells showed a number of
autophagic defects upon ER stress, namely: (a) deﬁcient
expression of autophagic genes such as beclin-1 or LC3b;
(b) reduced autophagosomal proliferation; (c) reduced
lysosomal abundance; and (d) decreased autophagolysosome
formation. A defective response to ER stress was observed in
MEFs, as well as in 3T3-L1 pre-adipocytes and C2C12
myoblasts, thereby supporting the view that these effects are
independent of the cell context. We also found that the
enhanced IRE-1a/XBP-1 activity upon ER stress was
responsible for the reduced ER stress-induced autophagy of
Mfn2-deﬁcient cells, and silencing of XBP-1 (but not of PERK)
rescued normal LC3-II formation and improved the formation
of acidic autophagosomes in Mfn2-ablated cells subjected to
ER stress. These effects were not detected in WT cells, thus
suggesting the speciﬁcity of the Mfn2-deﬁcient state. Neither
& 2013 European Molecular Biology Organization
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Figure 8 PERK knockdown rescues mitochondrial morphology and excessive ROS production in Mfn2 KO cells. (A) Representative confocal
images of mitochondrial morphology in scrambled (Scr) and PERK KD Mfn2 KO cells stained with MitoTracker Green. (B) Mitochondrial
morphology quantiﬁcation. Data are mean±s.e.m. (n ¼ 3; 100 cells were analyzed per experiment and group). *Po0.05 versus Scr group.
(C, D) Representative confocal images of mitochondrial morphology in scrambled (Scr) and PERK KD WT cells (C) or scrambled (Scr) and
PERK KD Mfn1 KO cells (D) stained with MitoTracker Green. (E) Representative confocal images of mitochondrial morphology in Mfn2 KO cells
treated with 1 mM TUDCA or 10 mM 4-phenyl butyric acid for 6 h and stained with MitoTracker Green. (F) Flow-cytometry quantiﬁcation of ROS
levels in Scr and PERK KD WT and Mfn2 KO cells (G) or Scr and PERK KD WT and Mfn1 cells using DHR1,2,3. Data are mean±s.e.m. (n ¼ 4).
*Po0.05 versus WT group, #Po0.05 versus Scr group. Scale bars: 10 mm.

were the effects detected under basal conditions of Mfn2 KO
cells. These observations suggest that the function of XBP-1
was limited to ER stress-induced autophagy and not to basal
autophagy. These data also support the notion that several
mechanisms repress basal and ER stress-induced autophagy in
Mfn2 KO cells.
We also report that Mfn2 KO cells are unable to stimulate
apoptosis or to activate caspase 3 in response to ER stress,
and instead trigger a paraptotic-like cell death pathway. Our
data contrast those reported by Ngoh et al (2012), which
indicated that ER stress exacerbated ER stress-induced
apoptosis in Mfn2-deﬁcient MEFs. Ngoh et al (2012) used
10-fold lower concentrations of Tg than those used in our
study, and as a result they found that caspase activation was
increased only 2-fold (in contrast to the 10-fold increase in
our study). It is possible that the conditions used by Ngoh
et al (2012) did not fully induce apoptosis in WT cells, as the
UPR response was sufﬁcient to deal with and resolve mild ER
stress. However, under greater ER stress, cells showed a full
apoptotic response.
Our data also indicate that overactivation of the PERK
pathway is responsible for defective induction of apoptosis
in response to ER stress. PERK loss-of-function rescued
& 2013 European Molecular Biology Organization

apoptosis during ER stress in the context of Mfn2 ablation.
However, PERK silencing did not alter apoptosis in WT cells,
and in turn apoptosis was not modiﬁed by silencing of XBP-1
or ATF6 in Mfn2 KO cells. The lack of capacity of Mfn2 KO
cells to induce apoptosis during ER stress is surprising given
that CHOP, one of the key regulators of apoptosis during ER
stress (Tabas and Ron, 2011), is induced under these
conditions. CHOP promotes BIM expression and suppresses
the pro-survival protein Bcl2, which leads to the permeabilization of the mitochondrial outer membrane (McCullough
et al, 2001; Puthalakath et al, 2007). Moreover, CHOP
promotes mitochondrial calcium overload through the
ERO1a-IP3R-CAMKII pathway (Seimon et al, 2006; Timmins
et al, 2009; Li et al, 2010). However, this protein has also been
associated with protection against cell death (Halterman et al,
2010; Rouschop et al, 2010).
Mfn2 overexpression has been reported to induce apoptosis in tumoural cells and to trigger ROS-mediated apoptosis
through caspase activation (Guo et al, 2007; Shen et al, 2007;
Wu et al, 2008). Moreover, the overexpression of this protein
promotes spontaneous apoptosis and suppresses tumour
growth in vivo (Rehman et al, 2012). In contrast, several
reports have shown that Mfn1 or Mfn2 loss-of-function
The EMBO Journal
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Figure 9 PERK knockdown normalizes mitochondrial Ca2 þ overload and mitochondrial respiration. (A) Mitochondrial calcium overload in
Scr and PERK KD Mfn2 KO cells. Cells were loaded with Rhod-2 and then treated with 2.5 mM CaCl2 (left). Calcium uptake was monitored by
confocal microscopy. Representative confocal images of mitochondrial morphology in WT and Mfn2 KO cells stained with Rhod-2 and
incubated with 2.5 mM CaCl2 for 5 min (right) . Scale bars: 10 mm. (B–E) Mitochondrial oxygen consumption (OCR) was measured in Scr and
PERK KD Mfn2 KO cells (B), Scr and PERK KD WT cells (C), Scr and PERK KD Mfn1 KO cells (D), and WT cells stably expressing PERK-myc (E).
Data are mean of three independent experiments. The following parameters were measured: oxygen consumption under routine conditions
(DMEM with 5.5 mM glucose), maximal respiratory capacity reached after uncoupling with FCCP, and respiratory leak, measured
after inhibition of ATP synthase with oligomycin. Data are mean±s.e.m. *Po0.05 versus Scr group or versus the empty plasmid group.
(F, G) Representative confocal images of mitochondrial morphology in WT cells stably expressing PERK-myc stained with MitoTracker Green.
Scale bars: 10 mm. Quantitative analysis of mitochondrial morphology is shown in G. Data are mean±s.e.m. (n ¼ 3). *Po0.05 versus the empty
plasmid group.

increases sensitivity to apoptotic stimuli and that these
proteins also interact with Bcl2 family members (Sugioka
et al, 2004; Karbowski et al, 2006; Brooks et al, 2007;
Hoppins et al, 2011; Leboucher et al, 2012). The increased
sensitivity to apoptosis caused by loss-of-function is similar
in both Mfn1 and Mfn2 ablation and is associated
with mitochondrial fragmentation (Sugioka et al, 2004).
Interestingly, a recent report demonstrates that Mfn2 and
Bax/Bak are required for Ca2 þ -induced mPTP opening. This
novel role of Mfn2 and proteins of the Bcl2 family in
necrosis indicates that mitochondrial dynamics coordinate
the cell death pathway in a stimulus-dependent manner
(Whelan et al, 2012).
Mitochondrial–ER coupling regulates metabolism, calcium
signalling, and apoptosis (Simmen et al, 2005; de Brito and
Scorrano, 2008; Bravo et al, 2011; Sebastian et al, 2012).
Several reports indicate that depletion of the proteins
involved in mitochondrial–ER contact sites, such as PACS-2,
SERCA1T, and PML, blocks the apoptotic program (Simmen
et al, 2005; Chami et al, 2008; Giorgi et al, 2010). Induction of
the NogoB protein reduces ER–mitochondria coupling
and inhibits apoptosis (Sutendra et al, 2011). Thus, ER–
mitochondria coupling mediated by Mfn2 is crucial for metabolic homoeostasis and the regulation of cell death. On the
2358 The EMBO Journal VOL 32 | NO 17 | 2013

basis of these observations, we propose that, under ER stress,
Mfn2 is a key protein that determines cell fate via its role in
ER–mitochondria coupling.
In all, this report uncovers a missing molecular link in the
UPR. The observation that Mfn2 controls the UPR upon ER
stress and that it is an upstream regulator of PERK reveals a
previously unsuspected role for a protein most recognized for
its key role in mitochondrial fusion. The Mfn2–PERK interaction also uncovers a new mechanism for the regulation of
PERK. In keeping with the initial observations by de Brito and
Scorrano (2008), our data support a major role of Mfn2 in
mitochondrial–ER contact sites. Under basal conditions,
Mfn2 suppresses PERK activation through direct interaction,
and loss of interaction in Mfn2-eﬁcient cells affects ROS
production, mitochondrial morphology, respiration, and mitochondrial Ca2 þ overload. Furthermore, Mfn2-deﬁcient cells
show an exaggerated activation of the UPR pathways, PERK,
IRE-1a, and ATF6, and an enhanced response of PERK and
XBP-1 is responsible for the deﬁcient activation of apoptosis
and autophagy, respectively. Our data show that Mfn2 plays a
unique role in orchestrating mitochondrial metabolism and
the UPR. These observations allow us to propose that Mfn2
senses the cellular metabolic state and coordinates the ER
stress response.
& 2013 European Molecular Biology Organization
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Materials and methods
Reagents
See Supplementary Information.
Antibodies
See Supplementary Information.
Plasmids
See Supplementary Information.
Cells and cell culture
SV-40-transformed WT, Mfn1 KO, and Mfn2 KO MEFs were a gift
from D.C. Chan (Division of Biology, California Institute of
Technology, UA). Mfn KO cells, HEK293T, 3T3-L1, and C2C12 cell
lines were from ATCC. MEFs, HEK293T, and C2C12 cells were
grown in DMEM (Invitrogen) with 10% FBS and 100 U/ml of
penicillin/streptomycin (Invitrogen), whereas 3T3L-1 cells were
cultured in DMEM (GIBCO, Invitrogen 12800), 10% FBS, and
1.5 g/ml sodium bicarbonate at 371C in a humidiﬁed atmosphere
of 5% CO2/95% O2. Cells were starved of FBS for 3 h before the
treatment with ER stress-inducing agents.

Labelling of mitochondrial compartment and morphological
analysis
Cells were loaded with 100 nM Mitotracker Green or Mitotracker Red
CMXRos for the last 20 min of incubation in culture medium. They
were then washed with culture medium, and live cells were analyzed
in an inverted Leica SP2 Confocal Microscope. Images were collected
using a 488-nm excitation laser and 505–530-nm emission spectrum
for Mitotracker Green, or excited at a wavelength of 561 nm and
emission detected in red ﬂuorescence for Mitotracker Red CMXRos.
They were then processed with ImageJ software (NIH). Cells were
classiﬁed on the basis of their mitochondrial morphology: oval/
spheres (only observed in Mfn2 KO cells), short (o6 mm), or long
(46 mm) mitochondrial ﬁlaments. At least 100 cells/sample were
counted in triplicate samples/condition/experiment.
Transmission electron microscopy
See Supplementary Information.
Cell death assays
See Supplementary Information.
Autophagy ﬂux analysis and protein degradation assay
See Supplementary Information.

Animal care and generation of animal models
See Supplementary Information.

RNA extraction and Real-Time PCR
See Supplementary Information.

Western blotting assay
See Supplementary Information.

Luciferase reporter assay
MEFs were transfected for 24 h with 0.5 mg of 5XATF6-GL3 encoding
a luciferase reporter construct for ATF6 activity and 0.5 mg TK
Renilla by using Metafectin (Bio-Rad), following the manufacturer’s
instructions. Transfected cells were then incubated with 1 mM Tg for
an additional 24 h. Luciferase activity was determined with the
Dual-GLO Luciferase Assay System (Promega) in a luminometer
Lumat LB 9507 (Berthold Technologies).

Lentivirus production and cell infection
Lentiviral vectors were packed using pMDLg/pRRE, pRSV-Rev, and
pMD2.G plasmids. HEK293T cells were transfected with pLKO.1puro plasmid or pLenti-GIII-CMV-hMFN2-HA and a third-generation
packing system for 24 h at 371C and incubated for additional 24 h at
331C to facilitate lentiviral production. After 48 h of lentiviral
particle production, MEFs, 3T3-L1, or C2C12 cells were infected
with ﬁltered lentiviral medium (derived from HEK293T cultures)
supplemented with 2 mg/ml polybrene. Cells were then selected by
incubation with 2.5 mg/ml puromycin in the complete medium.
Ecotropic retroviral packing
HEK293T cells were co-transfected with pCL-Eco and pBABE-puro
mCherry-EGFP-LC3B, PERK-myc, or empty vector. After 48 h of
retroviral particle production, MEFs, at 50% of conﬂuence, were
infected with retroviral medium (derived from HEK293T cultures)
supplemented with 2 mg/ml polybrene (Sigma-Aldrich). Puromycin
(2.5 mg/ml) was used to select stably transfected cells.
Confocal microscopy
For live imaging studies, cells were plated on 22-mm glass coverslips and transfected with 0.5 mg Sec61b-GFP, or BAK-GFP for 24 h
using Metafectin (Bio-Rad). Cells were placed in a chamber under
culture conditions (DMEM at 371C and 5% CO2), and live cells were
visualized using a Leica SP2 Confocal Microscope. Time-lapse
microscopy analysis for ER expansion was performed in cells
expressing ER-RFP. Cells were maintained in a chamber at 371C
equilibrated with 5% CO2, and images were recorded every 5 min
using a Nikon TE200 Inverted Microscope. Images were then
processed with ImageJ software (NIH).
mCherry-GFP-LC3b confocal microscopy
WT and Mfn2 KO MEFs, as well as WT and Mfn2 KO MEFs stably
transduced with lentiviruses encoding scrambled or XBP-1 shRNA,
were studied. These cells were also transduced with a lentivirus
expressing mCherry-GFP-LC3. mCherry/GFP-expressing cells were
selected by ﬂow cytometry, plated in 22-mm glass coverslips, and
treated with ER stress inducers for 24 h. After treatment, the cells
were ﬁxed with 4% paraformaldehyde (PFA) in phosphate-buffered
saline. All the cell images were obtained using SP2 Leica microscope. Autophagosomes and acidic autophagosomes were measured by confocal counting of the cells as mCherry þ /GFP þ
(yellow) puncta and mCherry þ /GFP  (red) puncta, respectively.
At least 50–100 cells/sample were counted in triplicate samples per
condition and per experiment.
& 2013 European Molecular Biology Organization

Oxygen consumption measurements in MEFs
MEFs (WT, Mfn1 KO, and Mfn2 KO) were plated in SeaHorse
Bioscience XF24 plates. After 48 h, a Seahorse Bioscience XF24
extracellular ﬂux analyzer was used to measure oxygen consumption. The instrument was calibrated the day before the experiment,
following the manufacturer’s instructions. On the day of the experiment, the injection ports on the sensor cartridge were loaded with
1.25 mM oligomycin (complex V inhibitor) to distinguish the percentage of oxygen consumption devoted to ATP synthesis and the
percentage of oxygen consumption required to overcome the natural proton leak across the inner mitochondrial membrane: 1 mM
FCCP was used to calculate the ‘spare’ respiratory capacity of cells,
which is deﬁned as the quantitative difference between maximal
uncontrolled OCR and the initial basal OCR; and 0.1 mM rotenone
(complex I inhibitor) and 0.1 mM antimycin A (complex III inhibitor) were used to calculate the remaining respiration caused by
oxidative side reactions. During the sensor calibration, MEFs were
kept in a 371C incubator without CO2 in 700 ml of respiration buffer
(DMEM, 5 mM glucose, 2 mM glutamate, 31.6 mM NaCl and Phenol
Red). Plates were immediately placed into the calibrated Seahorse
XF24 ﬂux analyzer for mitochondrial bioenergetic analysis.
Measurement of ROS
Cells were loaded with freshly prepared 10 mM dihydrorhodamine
123 (lexcitation ¼ 543 nm; lemission ¼ 560 nm) for 30 min and then
subjected to ﬂow cytometry in a FACS Scan (Becton Dickinson,
San Jose, CA).
Measurement of mitochondrial calcium
Cells were plated on coverslips and preloaded with 6 mM Rhod-2/0,
02% Pluronic F-127 in Krebs buffer without Ca2 þ (145 mM NaCl, 5 mM
KCl, 1 mM MgCl2, 10 mM HEPES-Na, and 5.6 mM glucose, pH 7.4), and
then incubated for 3 h at 41C. They were washed two times with Krebs
buffer. Mitochondrial Ca2 þ uptake was monitored at 231C in an
inverted Leica SP2 confocal microscope. Cells were excited at 561 nm,
and emission was detected in red ﬂuorescence. Basal ﬂuorescence was
monitored for 1 min, and cells were then treated with 2.5 mM CaCl2.
Fluorescence was analyzed using Image J software. The increase in
mitochondrial calcium uptake was expressed as F-F0/F0 where F is
ﬂuorescence intensity and F0 is basal ﬂuorescence intensity.
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Immunoprecipitation
Cells stably expressing retroviral PERK-myc were homogenized
with IP buffer (50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 mM
EGTA, 1 mM EDTA, 1% Triton X-100, 2.5 mM Na4P2O7, 20 mM
NaF, 1 mM Na3VO4, 1 mM PMSF, and Roche protease inhibitor
mixture) and centrifuged at 10 000 g for 30 min at 41C. One milligram of protein lysate was incubated overnight at 41C with an antic-Myc Agarose Afﬁnity Gel antibody and then washed ﬁve times
with IP buffer. To immunoprecipitate endogenous PERK, 1 mg of
protein lysate was pre-cleared with IgG–agarose beads (Santa Cruz
Biotechnology) for 2 h, and then the lysate was incubated overnight
at 41C with ImmunoCruzTM IP/WB Optima B beads (Santa Cruz
Biotechnology), pre-incubated with an anti-PERK C-terminal antibody (Sigma-Aldrich) and then washed ﬁve times with IP buffer.
Immunoblots were performed with speciﬁc antibodies against Mfn2
and PERK and detected with ImmunoCuzTM IP/WB secondary
antibody (Santa Cruz Biotechnology).
Expression of results and statistical methods
Data are presented either as mean±s.e.m. of a number of independent experiments (ranging from 3 to 15). Data were subjected to
analysis of variance, and comparisons between groups were performed using a protected Tukey’s t-test. A value of Po0.05 was
chosen as the limit of statistical signiﬁcance.
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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