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Background: The role of Mfn2 in ER stress has not been examined previously.
Results:ER stress up-regulatesMfn2.Ablation ofMfn2delays translational recovery, alters lateUPR signaling, and increases cell
death during ER stress.
Conclusion:Mfn2 influences whether the UPR is adaptive or apoptotic.
Significance:Mfn2 is an ER stress-inducible factor that contributes to ER homeostasis.

The outer mitochondrial membrane GTPase mitofusin 2
(Mfn2) is known to regulate endoplasmic reticulum (ER) shape
in addition to its mitochondrial fusion effects. However, its role
in ER stress is unknown. We report here that induction of ER
stress with either thapsigargin or tunicamycin in mouse embry-
onic fibroblasts leads to up-regulation of Mfn2 mRNA and pro-
tein levelswithno change in the expressionof themitochondrial
shaping factorsMfn1, Opa1, Drp1, and Fis1. Genetic deletion of
Mfn2 but not Mfn1 in mouse embryonic fibroblasts or cardiac
myocytes in mice led to an increase in the expression of the ER
chaperone proteins. Genetic ablation of Mfn2 in mouse embry-
onic fibroblasts amplified ER stress and exacerbated ER stress-
induced apoptosis. Deletion of Mfn2 delayed translational
recovery through prolonged eIF2� phosphorylation associated
with decreased GADD34 and p58IPK expression and elevated
C/EBP homologous protein induction at late time points. These
changes in the unfolded protein response were coupled to
increased cell death reflected by augmented caspase 3/7 activity,
lactate dehydrogenase release fromcells, and an increase in pro-
pidium iodide-positive nuclei in response to thapsigargin or
tunicamycin treatment. In contrast, genetic deletion ofMfn1 did
not affect ER stress-mediated increase in ER chaperone synthesis
or eIF2� phosphorylation. Additionally, ER stress-inducedC/EBP
homologous protein, GADD34, and p58IPK induction and cell
death were not affected by loss of Mfn1. We conclude that Mfn2
but notMfn1 is an ER stress-inducible protein that is required for
the proper temporal sequence of the ER stress response.

The endoplasmic reticulum (ER)2 is a highly dynamic organ-
elle consisting of interconnected tubules involved in the syn-
thesis, folding, and transport of secretory and membrane pro-
teins (1). It also serves as a site for calcium storage (2).

Perturbing the protein synthetic machinery or ER Ca2� home-
ostasis will induce a condition that is referred to as ER stress (3,
4). ER stress activates complex cytoplasmic and nuclear signal-
ing pathways, collectively called the unfolded protein response
(UPR) (5). Initially, the UPR seeks to reestablish ER homoeos-
tasis via translational attenuation to decrease ER load, tran-
scriptional activation of chaperone genes to increase the folding
capacity of the ER, and activation of the ER-associated degra-
dationmachinery to clearmisfolded proteins (6–8). If ER stress
is unresolved, apoptosis is triggered (9, 10). ER stress is linked to
the pathophysiology of numerous diseases, including diabetes,
atherosclerosis, and Alzheimer’s disease (11–13). Experimen-
tally, ER stress can be induced by tunicamycin, which inhibits
N-glycosylation of nascent ER proteins by preventing UDP-
GlcNAc-dolichol phosphate GlcNAc-phosphate transferase
activity (14), or thapsigargin (TG), which inhibits ER Ca2�

ATPase, leading to the depletion of ER calcium stores (15).
Three ER transmembrane proteins are instrumental in coor-

dinating the UPR signal. These proteins are inositol-requiring
transmembrane kinase and endoribonuclease 1� (IRE1�), acti-
vation transcription factor 6 (ATF6), and protein kinase-like ER
kinase (PERK). In response to ER stress, IRE1� catalyzes Xbp1
mRNAsplicing, leading to the generation of an active transcrip-
tion factor that translocates to the nucleus and activates the
transcription of genes involved in protein folding and degrada-
tion to restore ER homeostasis (16). ATF6 is transported to the
Golgi complex, where it is cleaved by proteases to yield a tran-
scription factor that activates the expression of genes involved
in protein folding (17, 18). In addition to this transcriptional
regulation, PERK phosphorylates eukaryotic initiation factor
2� (eIF2�), leading to the rapid attenuation of protein transla-
tion (7, 19–21). This translational attenuation is transient
because the production of proteins required for increased ER
capacity is required during the later phase of the stress
response. Thus, during the late phase, the stress-induced phos-
phatase GADD34 and the PERK inhibitor P58IPK mediate the
dephosphorylation of eIF2� to restore protein translation (22,
23).Ultimately, if theERstress isnotmitigated,eIF2�phosphor-
ylation promotes apoptosis through the induction of C/EBP
homologous protein (CHOP).
The mitofusins, Mfn1 and Mfn2 are transmembrane

GTPAses located on the outer mitochondrial membrane
(OMM) that participate in the fusion of this organelle (24).
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Complete ablation of either mitofusin protein leads to embry-
onic lethality in mice, whereas mutations in humanMFN2 are
associated with Charcot-Marie-Tooth type IIa, a peripheral
neuropathy (25, 26). It has been reported that mitofusins are
required for neuronal function and formaintenancemitochon-
drial DNA (mtDNA) in skeletal muscle of mice (27, 28).
Recently, the targeted ablation of either Mfn1 or Mfn2 in car-
diacmyocyteswas shown to result in the diminution or enlarge-
ment of mitochondrial size, respectively, with little or no dete-
rioration of cardiac function (29, 30). Loss of either Mfn1 or
Mfn2 delays oxidative stress-induced loss of mitochondrial
membrane potential andmitochondrial permeability transition
pore activation. In contrast, the simultaneous ablation of both
mitofusins in cardiac myocytes leads to severe cardiac dysfunc-
tion and gross deformities in mitochondrial structure (31).
Although Mfn1 and Mfn2 are highly homologous, studies

have shown that they are not entirely redundant. In this regard,
Mfn2 has been shown to exert extramitochondrial functions
(32). Mfn2 differs fromMfn1 in that it is also present in the ER
where it regulates ER shape, tethers ER and mitochondria, and
regulatesmitochondrial uptake of Ca2� released by the ER (33).
This study also demonstrates that themutations inMFN2 asso-
ciatedwithCharcot-Marie-Tooth type IIa syndrome selectively
affect ER tubulation and tethering to the mitochondria. Abla-
tion of the Mfn2 gene has also been shown to uncouple mito-
chondria from the ER, increasing the distance between these
organelles in cultured cells and interfering with interorganelle
Ca2� transport (33). In contrast, the sarcoplasmic reticulum-
mitochondria distance is not affectedwhenMfn2was ablated in
adult cardiac myocytes, where these structures appear to be
locked into a tight crystalline-like array (29).
In this work, we provide evidence for the first time that Mn2

but not Mfn1 is up-regulated upon the induction of ER stress.
Moreover, ablation of Mfn2 but not Mfn1 in cultured mouse
embryonic fibroblasts (MEFs) or adult cardiacmyocytes in vivo
led to an up-regulation of ER chaperone proteins both at base-
line and in response to treatment with TG or TM inMEFs. Loss
ofMfn2was found to sensitize cells toERstress-inducedcell death
by increasing caspase activity and augmenting CHOP induction.
These findings suggest that Mfn2 but not Mfn1 is an ER stress
regulatory protein that is necessary for the homeostasis of the ER.

EXPERIMENTAL PROCEDURES

Isolation and Culture of Primary Mouse Embryonic
Fibroblasts—Primary MEFs were isolated in accordance with
the University of Boston Animal Care and Use Committee.
Using a protocol modified from Kamijo et al. (34), pregnant
female mice with either loxP-flanked Mfn1 or loxP-flanked
Mfn2 genes were sacrificed on embryonic day 14.5 of gestation
by CO2 asphyxiation, and mouse embryos were explanted. Fol-
lowing removal of the head, heart, and liver, embryos were
rinsed with phosphate-buffered saline, minced, and digested
with trypsin (0.25% solution containing 0.5 mM EDTA) for 15
min at 37 °C using 3 ml per embryo. Trypsin was inactivated by
addition of DMEM containing 10% fetal bovine serum and peni-
cillin/streptomycin. Cells fromembryoswere plated into 150-mm
diameter culture dishes and incubated at 37 °C in a 5% CO2-hu-
midified chamber. Plating after disaggregationof embryo cellswas

considered passage 1. Cells were then subcultured in 35-mm
dishes and 6- or 12-well plates for experimentation.
Adenoviral Transfection—MEFs were transfected with 50

multiplicity of infection of replication-deficient adenoviruses
carrying the cre recombinase gene (AdCre), Null gene
(AdNull), or green fluorescent protein (AdGFP) for 48 or 72 h.
Viruses were purchased from Vector Biolabs. Adenoviruses
were delivered to the cells for 4 h, and then the medium was
changed to fresh DMEM. The cells were transfected with ade-
novirus 24 or 48 h before treatment with thapsigargin or tuni-
camycin at the indicated concentrations to induce ER stress.
Functional expression was confirmed by appropriate immuno-
blot analysis or real-time PCR. Transfection efficiency using
these conditions was about 80%. Sample size is equal to at least
five per group per treatment.
ER Stress Induction—MEFs treated asmentioned above were

subjected to ER stress by treatment with 0.1 �mol/L of TG (for
0.5 or 18 h) or 0.5�g/ml of TM (for 1 or 18 h). In the case of TG,
after 0.5 h of TG treatment, medium was changed to fresh
DMEM, and cells were allowed to recover. TM inhibits N-gly-
cosylation of nascent ER proteins (14), whereas TG depletes ER
calcium stores by inhibiting ER Ca2� ATPase (15).
CardiacMyocyte-specific Ablation ofMfn1 andMfn2 inMice—

Mice with cardiac myocyte specific deletion of Mfn1 (Mfn1
CKO) andMfn2 (Mfn2 CKO) were generated as described pre-
viously (29, 30), and mice were handled according to the regu-
lations of the Institutional Animal Care AndUse Committee of
Boston University School of Medicine.
Protein Extraction—Total cellular proteins were isolated

fromMEFs treated as mentioned above. Monolayer cultures of
MEFs were washed with PBS, harvested in ice-cold lysis buffer
(containing 20 mmol/liter Tris-HCl, 150 mmol/liter NaCl, 1
mmol/liter Na2EDTA, 1mmol/liter EGTA, 1% (v/v) Triton, 2.5
mmol/liter sodium pyrophosphate, 1 mmol/liter glycerophos-
phate, 1mmol/liter Na3VO4, 1�g/ml leupeptin, 0.1% (v/v) pro-
tease inhibitor mixture, and 1 mmol/liter PMSF) using a cell
scraper. Extracts were sonicated, and the resulting lysates were
centrifuged at 15,000� g for 5min at 4 °C to remove cell debris.
Total protein was estimated using bicinchoninic acid assay.
Lysates were immediately frozen in liquid nitrogen and stored
at �80 °C until used. Total cellular protein was also isolated
from hearts of WT, Mfn2 CKO, and Mfn1 CKO mice as
described previously (30).
Western Blotting—Twenty-five �g of protein was applied to

each lane of a 10% Tris-glycine SDS-PAGE gel and electro-
blotted onto PVDF membranes. Reagent-grade nonfat milk
(Bio-Rad) 5% (w/v) in Tris-buffered saline was used for block-
ing. Blots were incubated with anti-Mfn2 (1:2000, Sigma), anti-
Mfn1 (1:1000, NeuroMab), anti-Grp94 (1:4000, Santa Cruz
Biotechnology), anti-Grp78 (1:1000, Santa Cruz Biotechnol-
ogy), anti-CHOP (1:1000; Santa Cruz Biotechnology), anti-
GADD34 (1:1000, Santa Cruz Biotechnology), anti-p-eIF2�
(1:1000, Cell Signaling Technology), anti-eIF2� (1:2000, Cell
Signaling Technology), anti-p58IPK (1:2000, Cell Signaling
Technology) or �-tubulin (1:2000, Cell Signaling Technology)
as primary antibodies overnight at 4 °C. Blots were then incu-
bated for 1 h with 0.1 �g/ml of secondary antibody (goat anti-
rabbit IgG-HRP-conjugated, goat anti-mouse IgG-HRP-conju-
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gated, goat anti-rat IgG-HRP-conjugated) and detected with an
enhanced chemiluminescent detection system (Pierce). Densi-
tometry was performed using non-saturated chemilumines-
cent membranes exposed using a Fuji LAS-4000 bio-imaging
analyzer and quantified using ImageJ software. Multiple expo-
sures from every experiment were used to confirm that the
signal was within the linear range. Levels of proteins of interest
were normalized to �-tubulin and then expressed as a percent-
age of control (set at 100%).
PCR—Total RNA was extracted with TRIzol reagent (Invit-

rogen). Total RNA (1�g) was subjected to reverse transcriptase
reaction to synthesize the cDNA using SuperScriptTM III first-
stand synthesis system (Invitrogen). Quantification of cDNAs
was by real-time PCR using SYBRGreen (Applied Biosystems).
These quantities were expressed relatively to that of theGapdh
gene. All primer sequences for genes shown are available upon
request. All primers were purchased from Integrated DNA
Technologies.
Assessment of ER and Mitochondrial Morphology—ER and

mitochondrial morphology was evaluated in Mfn2loxP MEFs
cultured on 3-mm glass bottom dishes (MatTak). MEFs were
transfected with AdCre to ablate Mfn2 or treated with 0.1 �M

TG for 18 h to induce ER stress. MEFs were then transfected
with either a vector encoding the ER targeting sequence of cal-
reticulin fused to the 5� end of DsRed2 (Clontech) to evaluate
ER morphology or stained with 100 nM MitoTracker Green
(Molecular Probes) to evaluate mitochondrial morphology.
Using confocal microscopy, DsRed2 was excited with the
543-nm laser set at 40% power, whereas MitoTracker Green
was excited with the 488-nm laser set at 7% power and visual-
izedwith a�63 oil immersion lens (Plan-Apochromat,NA1.5).
All experimental groups were repeated three times.
Cell Death Assays—Cell death was assessed for MEFs by

measuring lactate dehydrogenase (LDH) release spectrophoto-
metrically using a commercially available kit (Sigma) following
ER stress induction. The results were expressed as LDH release
relative to total LDH in the cells and normalized to untreated
control. Similarly treated MEFs were also stained with the flu-
orescent DNA-binding dyes DAPI (10 �g/ml) and propidium
iodide (PI, 10 �g/ml) for 1 h, similar to previous work (35, 36).
The stained nuclei were then visualized using a LUCPlanApo
�10/0.4 objective on anOlympus inverted fluorescencemicro-
scope and Xcite 120 Fluor light source (level of 12%). Filters
used included 350/50 nm excitation and 470/40 nm emission
filters for DAPI and 560/40 nm excitation and 630/60 nm emis-
sion filters for PI. Exposure durationwas set at 100ms for DAPI
and 500 ms for PI. Four fields per treatment were counted,
treatments were done in duplicates, and data were expressed as
percent PI-positive nuclei/total nuclei. Sample sizewas equal to
six per group per treatment. Apoptosis was also assessed by
measuring caspase-3/7 activity in whole cell lysates using the
Caspase Glo kit (Promega) according to the instructions of the
manufacturer. Briefly, equal volumes of whole cell lysate (30
�g) and caspase reagent were mixed and incubated in the dark
for 1 h at room temperature. Bioluminescence was measured
using an Infinite� M1000 microplate reader (TECAN) and
expressed in percent luminescence (normalized to control).
Sample size was equal five per group per treatment.

Statistical Analysis—Results are shown as mean � S.E. The
statistical analysis (Graph Pad 4.0) was conducted using Stu-
dent’s t test or by one-way analysis of variance followed byDun-
nett’s test, as appropriate. Differences were considered statisti-
cally significant if p � 0.05.

RESULTS

Mfn2 Is Up-regulated by ER Stress—To establish a link
between ER stress and the expression of proteins involved in
mitochondrial dynamics, MEFs were treated with TG
(0.1�mol/liter), which depletes ER Ca2�, or TM (0.5 �g/�l),
which inhibits ERN-glycosylation, for 18 h to induce ER stress.
Treatment with TG induced Mfn2 transcript levels 1.9-fold
(p � 0.05) and TM induced Mfn2 transcript levels by 1.8-fold
(p � 0.05), as determined by quantitative real-time PCR (Fig.
1A). Neither TG- nor TM-induced ER stress altered the tran-
script levels of other outer mitochondrial membrane fusion
protein Mfn1. Furthermore, these agents did not influence the
transcript levels of other proteins involved in mitochondrial
fission and fusion including Opa1, Drp1, or Fis1. Treatment of
MEFs with TG or TM also led to the up-regulation ofMfn2 but
notMfn1 protein levels by a factor of 2 (Fig. 1B). The induction
ofMfn2 paralleled the increase in the levels of the ER chaperone
proteins Grp78 and Grp94. Taken together, the above results
suggest that among mitochondrial fission and fusion proteins,
Mfn2 is selectively up-regulated by ER stressors.
Ablation of Mfn2 Augments ER Chaperone Expression—The

accumulation of unfolded proteins in the ER lumen induces the
selective induction of chaperone proteins (21). To determine
whether Mfn2 affects this arm of the UPR response, an adeno-
viral vector expressing cre recombinase (AdCre) was used to
ablate Mfn2 by transducing MEFs isolated from Mfn2flox/flox
mice. The transfection efficiency for the AdCre was estimated
to be greater than 75% on the basis of transfection with an
adenoviral vector that expresses the GFP reporter gene (Fig.
2A). Forty eight h after transfecting primaryMEFs with AdCre,
total cellular proteins were harvested, and protein levels were
evaluated via Western immunoblot analysis. Immunoblots for
Mfn1 and Mfn2 showed significant reductions in Mfn2 but no
change inMfn1 levels compared withMEFs treated with a con-
trol adenovirus lacking the Cre transgene (AdNull) (Fig. 2B).

To determine the effects of Mfn2 ablation on the UPR, con-
trol andMfn2-deficientMEFswere evaluated for ER chaperone
protein expression under baseline conditions and in response
to treatment with TG or TM. Ablation of Mfn2 augmented
baseline Grp78 expression and, to a lesser extent, Grp94
expression (Fig. 2C). As expected, treatmentwithTGorTM led
to increased expression of Grp78 and Grp94, and the induction
of these proteins was generally higher in Mfn2-ablated MEFs
compared with the control. Additionally, real-time PCR
showed significantly up-regulated mRNA levels of ATF4 and
Grp94 for AdCre-treated MEFs compared with the control
MEFs at base line (Fig. 2D). In contrast, ablation ofMfn2did not
affect levels of calreticulin, either at base line or under ER stress
conditions (data not shown). Mfn2 ablation did not affect
mRNA levels of the mitochondrial fusion factors Mfn1 and
Opa1, nor the expression of the mitochondrial fission factors
Drp1 and Fis1 (Fig. 2D).

Mfn2 and ER Stress

JUNE 8, 2012 • VOLUME 287 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 20323



In contrast to Mfn2 ablation, the selective ablation of Mfn1,
achieved by treating Mfn1flox/flox MEFs with AdCre (Fig. 3A),
did not affect either baseline or ER stress-induced chaperone
expression (Fig. 3B). Quantitative transcript analysis also did
not reveal significant changes in the mRNA levels of factors
involvedwith the regulation ofmitochondrial fusion and fission
(data not shown). Overall, the above results suggest a role for
Mfn2 but not Mfn1 in ER stress signaling.
Loss of Mfn2 Alters ER andMitochondrial Morphology—The

effects of Mfn2 ablation and ER stress on mitochondria and ER
shape were analyzed by confocal microscopy in Mfn2flox/flox
MEFs. In control MEFs, the ER appeared as interconnected
networks. The induction of ER stress with TG or ablation of
Mfn2 had similar effects on ER morphology, resulting in the
formation of dilated and aggregated structures as shown by
DsRed fluorescence (Fig. 4, upper panels). Similarly, both ER
stress and ablation ofMfn2 resulted in similar alterations to the
mitochondrial network. Although the mitochondrial structure
was mostly tubular-like in control MEFs, mitochondria from
MEFs subjected to ER stress or deficient in Mfn2 expression
showed a fragmented phenotype, as shown by MitoTracker
Green fluorescence (Fig. 4, lower panels).
Ablation of Mfn2 in Cardiac Myocytes in Vivo Augments ER

Chaperone Expression—Mice with targeted deletion of either
Mfn1 or Mfn2 in cardiac myocytes are viable and survive
through adulthood (29, 30). Because Mfn2 ablation augments
the expression of ER stress makers in MEFs, we sought to con-
firm these findings in vivo in mice with cardiac myocyte-spe-
cific deletion of Mfn2 (Mfn2 CKO mice). Although ablation of
Mfn2 in the heart did not significantly change the expression of
other mitochondrial fusion (Mfn1 and Opa1) or fission (Drp1
and Fis1) factor mRNA levels, the transcript levels for the ER
stress response markers ATF4 and Grp94 were elevated signif-

icantly elevated in heart (Fig. 5A). Western blotting also
revealed augmented expression of the UPR-inducible proteins
Grp94 and Grp78, and a smaller but reproducible increase in
calreticulin in hearts of Mfn2 CKO compared with WT mice
(Fig. 5B). In contrast, cardiacmyocyte-specific ablation ofMfn1
(Mfn1 CKO) did not affect the expression levels of Grp94,
Grp78, or calreticulin (Fig. 5C).
Loss of Mfn2 Affects UPR Signaling—ER stress is associated

with the temporal regulation of UPR proteins. Therefore, time
course studies analyzing the expression ofMfn2 and known ER
stress proteins were performed inMEFs treated with TG.Mfn2
up-regulation occurred in the late phase of ER stress (8 h) and
was accompanied by increases in CHOP, Grp94, Grp78,
GADD34, and p58IPK expression (Fig. 6,A and B). The up-reg-
ulation of Mfn2 was preceded by the transient up-regulation of
eIF2� phosphorylation.

Phosphorylation and dephosphorylation of eukaryotic initi-
ation factor 2 (eIF2�) is a critical early step in the regulation of
protein synthesis during ER stress (20–23). Therefore, we
determined whether loss of Mfn2 affects the phosphorylation
status of eIF2� during the early and late stages of the UPR. In
the absence of ER stress, loss of Mfn2 did not affect baseline
phosphorylation of eIF2� (data not shown). In control MEFs,
brief treatment with TG (0.5 h) or TM (1 h) was associated with
a profound increase in eIF2� phosphorylation (Fig. 6,C andD).
This early increase in eIF2� phosphorylationwas not altered by
the ablation of Mfn2. In contrast, levels of phosphorylated
eIF2� remained elevated at late time points (18 h) after treat-
ment with TG or TM in Mfn2-ablated MEFs compared with
controlMEFs. An analysis of multiple time course experiments
revealed that Mfn2 ablation led to 5.4 � 1.2-fold and 4.7 �
1.5-fold elevations in eIF2� phosphorylation in TG- and TM-
treated cells, respectively, at the 18-h time point (p � 0.01).

FIGURE 1. ER stress up-regulates Mfn2 expression in fibroblasts. MEFs were subjected to ER stress with 0.1 �M TG or 0.5 �g/�l TM for 18 h. A, real-time PCR
was performed to determine the mRNA levels of mitochondrial fusion proteins (mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), and optic atrophy 1 long variant (Opa1))
and mitochondrial fission proteins (dynamin-related protein (Drp1) and mitochondrial fission protein 1(Fis1)). B, endogenous expression of mitochondrial
fusion proteins (Mfn1 and Mfn2) and of ER chaperones (Grp78 and Grp94) determined by Western blotting and densitometric quantification of immunoblot
analyses for Mfn1 and Mfn2. Results are expressed as mean � S.E.; n � 5/group; *, p � 0.05 versus control.

Mfn2 and ER Stress

20324 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 24 • JUNE 8, 2012



Thus, Mfn2 ablation does not affect the early TG- or TM-me-
diated increases in eIF2� phosphorylation but delayed the
dephosphorylation of eIF2� that occurs at later time points.
Consistent with this observation, Mfn2 ablation led to reduc-
tions in GADD34 and P58IPK that promote eIF2� dephosphor-
ylation at the late time points (Fig. 6C). Quantitative analyses
revealed thatMfn2 ablation led to 40.5 � 3.6% and 23.8 � 4.7%
reductions in the level of GADD34 (p � 0.05), and 44.8 � 4.2%
and 22 � 6.4% reductions in the level of P58IPK (p � 0.05) in
the TG- and TM-treated cells, respectively, at the 18-h time
point. In contrast, loss of Mfn1 did not altered either UPR
mediated PERK-eIF2� phosphorylation or GADD34 and
P58IPK induction during late ER stress (Fig. 6E). Taken
together, these data suggest that Mfn2 is induced during late
UPR signaling and that this induction is essential for the
dephosphorylation of eIF2� and the induction of GADD34
and P58IPK.

Loss of Mfn2 Leads to Maladaptive UPR and ER Stress-in-
ducedCell Death—Prolonged ER stress will activate the expres-
sion of genes that contribute to the cell death program (37).
Therefore, we tested whether loss of Mfn2 affects ER stress-
induced apoptosis. Control and AdCre-treated Mfn2loxP MEFs
were treated with TG or TM for 18 h, and cellular lysates were
immunoblotted for CHOP or assayed for caspase 3/7 activity.
Ablation of Mfn2 did not induce CHOP expression or affect
caspase 3/7 activity at baseline. However, CHOP expression
(Fig. 7A) and caspase activation (B) were significantly aug-
mented by the loss of Mfn2 when ER stress was induced. Con-
versely, loss of Mfn1 did not affect either TG- or TM-mediated
induction of CHOP (Fig. 7C).

To test whether loss of Mfn2 affects ER stress-induced cell
viability, control and Mfn2-deficient MEFs were treated with
TG or TM and stained with PI to assess cell death. The culture
mediumwas also assayed for LDH release. In the absence of ER

FIGURE 2. Ablation of Mfn2 in fibroblasts promotes ER chaperone protein expression. LoxP-flanked Mfn2 MEFs were transfected with an adenoviral
vector-expressing Cre (AdCre) to delete Mfn2 or control virus (AdNull) for 48 h. A, fluorescent microscopy was used to determine transfection efficiency in
AdCre-transfected cells. Transfection efficiency was found to be greater than 75%. B, whole cell lysates were extracted from similarly treated MEFs and
immunoblotted for Cre recombinase, Mfn1, and Mfn2. A representative immunoblot analysis is shown. Blots were quantified by densitometry, and levels of
Mfn1 and Mfn2 are expressed relative to �-tubulin. C, MEFs from control and Mfn2-deficient MEFs were subjected to ER stress with 0.1 �M TG or 0.5 �g/�l TM
for 18 h and immunoblotted for the ER chaperone proteins Grp94 and Grp78. D, quantitative real-time PCR was performed to determine the mRNA levels of
Mfn1, Mfn2, Opa1, Drp1, Fis1, ATF4, and Grp94. Results are expressed as mean � S.E.; n � 5/group; *, p � 0.05 versus TG or TM.
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stress, Mfn2 ablation did not significantly alter these measures
of cellular viability (Fig. 8, A and B). However, coupled with ER
stress, loss of Mfn2 significantly increased the frequency of PI-
positive nuclei (Fig. 8A) and increased LDH release into the
media (B). In contrast, ablation of Mfn1 did not alter ER stress-
induced PI-positivity (Fig. 8C).

DISCUSSION
This study examined the role of the mitochondrial fusion

proteins Mfn1 and Mfn2 in the ER stress response. The data
show that 1) pharmacologic induction of ER stress will up-reg-

ulateMfn2 but notMfn1 levels inMEFs; 2) deletion ofMfn2 but
notMfn1 in the heart or inMEFs up-regulates the expression of
ER stress proteins; 3) loss of Mfn2 prolongs eIF2� phosphory-
lation and diminishes the induction of GADD34 and P58IPK in
MEFs, indicative of an impairment in a recovery from transla-
tional repression; 4) ablation of Mfn2 augments ER stress-in-
duced CHOP induction and caspase activation; 5) Mfn2 defi-
ciency sensitizes MEFs to ER stress-induced death; and 6)
unlike Mfn2 ablation, Mfn1 ablation did not affect the expres-
sion of ER stress proteins involved in translational recovery nor

FIGURE 3. Loss of Mfn1 does not affect ER chaperone protein expression. LoxP-flanked Mfn1 MEFs were transfected with adenoviral vector-expressing Cre
(AdCre) to delete Mfn1 or control virus (AdNull) for 72 h. A, whole cell lysates were immunoblotted for Cre recombinase, Mfn1, and Mfn2, and �-tubulin was used
as a loading control. B, similarly treated MEFs were subjected to ER stress with 0.1 �M TG or 0.5 �g/�l TM for 18 h and were immunoblotted for the ER chaperone
proteins Grp94 and Grp78. Results are expressed as mean � S.E.; n � 5/group; *, p � 0.05 versus TG or TM.

FIGURE 4. Loss of Mfn2 alters ER and mitochondrial morphology. LoxP-flanked Mfn2 MEFs transfected with an adenoviral vector-expressing Cre (AdCre) to
delete Mfn2 or were treated with TG to induced ER stress. Upper panels, control, Mfn2-deficient, and TG-treated MEFs were transfected with a vector encoding
the ER targeting sequence of calreticulin fused to DsRed2 and ER visualized using confocal microscopy. Lower panels, control, Mfn2-deficient and TG-treated
MEFs were loaded with 100 nM MitoTracker Green, and mitochondria were visualized using confocal microscopy.
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ER stress-mediated CHOP induction and cell death. Thus, our
study provides the first demonstration that Mfn2 is an ER
stress-inducible protein that is required for the adaptation of
the ER to stress.
We initially observed that inducers of ER stress led to the

elevated expression of Mfn2. Mfn2 was induced by altering ER
Ca2� signaling with TG, inhibiting protein N-glycosylation
with TM or by inhibiting the ER-Golgi trafficking of newly syn-
thesized proteins through treatment with Brefeldin A (data not
shown).Despite the differences in action of these pharmacolog-
ical agents, the time course and extent of Mfn2 up-regulation
was similar, suggesting thatMfn2 induction is a general feature
of the ER stress response. This effect was highly specific for
Mfn2, and the induction of ER stress had no effect on the
expression of other mitochondrial shaping proteins including
Mfn1, Opa1, Drp1, and Fis1. The specificity of Mfn2 induction
by ER stress is particularly striking in light of the observation
that ER stress is associated with marked changes in the mor-
phology of the mitochondrial network (see Fig. 4). Finally, star-
vation (38), cold (39), and oxidative stress (40) have all been

reported to up-regulate Mfn2 expression. Because these
stresses are also associated with the development of ER stress
(41, 42), it is possible that the ER-mediated induction ofMfn2 is
central to the regulation of this factor.
Like many other stress-induced signaling pathways, the UPR

can exert both protective and detrimental effects on the cell
(43). The strength and duration of the ER stress are critical
determinants of whether the UPR exerts either a prosurvival or
a prodeath signal. It is widely accepted that the initial UPR
responses are oriented toward protection and the resolution of
the ER stress. In contrast, UPR pathways activated late in ER
stress can enhance apoptosis that is necessary for removal of
irreversibly damaged cells (44, 45). In this regard, early and late
UPR signals function in concert to temporally modulate trans-
lational activity. Early in ER stress, eIF2� is inactivated by phos-
phorylation to suppress protein synthesis (46, 47). Later stages
of the UPR require the synthesis of new stress-induced pro-
teins, and eIF2� is dephosphorylated through the actions of
GADD34 and P58IPK (22, 46, 47). Several groups have reported
that excessive phosphorylation of eIF2� leads to ATF4-medi-

FIGURE 5. Cardiac myocyte-specific deletion of Mfn 2 but not Mfn1 up-regulates ER chaperone expression in vivo. A, quantitative RT-PCR was performed
on transcript-encoded cDNA isolated from WT and from Mfn2 CKO hearts to determine the mRNA levels of mitochondrial fusion proteins (Mfn1, Mfn2, and
Opa1), mitochondrial fission proteins (Drp1 and Fis1), activating transcription factor 4 (ATF4) and glucose-regulated protein 94 (Grp94). B, whole cell lysates
isolated from hearts of wild-type mice or Mfn2 CKO were immunoblotted to detect endogenous levels of the ER chaperone proteins Grp94, Grp78, and
calreticulin. Even though Mfn2 deletion in the heart did not significantly alter Mfn1 levels, it activated ER stress as reflected by immunoblot analyses showing
augmented Grp94, Grp78, and calreticulin levels. Immunoblot analyses were quantified by densitometry, and GRP94, GRP78, and calreticulin levels are
expressed relative to the �-tubulin loading control. C, Western blot analysis was performed to detect endogenous levels of Grp94, Grp78, and calreticulin in the
heart of specific cardiac myocytes deletion of Mfn1 (Mfn1 CKO) relative to that in the wild type. Mfn1 deletion in the heart did not activate ER stress. Results are
expressed as means � S.E. n � 4 – 6/group; *, p � 0.05 versus WT.

Mfn2 and ER Stress

JUNE 8, 2012 • VOLUME 287 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 20327



ated CHOP induction, resulting in apoptosis (10, 48). Here, it is
shown that loss of Mfn2 does not affect the proximal effectors
of theUPR, such as the rapid phosphorylation of eIF2�. Instead,
Mfn2 is up-regulated during the later stages of the ER stress
response, and at these time points it appears to be required for
the release from translational repression (Fig. 9). Consistent
with this hypothesis, ablation ofMfn2 inMEFs led to prolonged
eIF2� phosphorylation and reductions in GADD34 and P58IPK
expression that serve to dephosphorylate and reactivate eIF2�.
Mfn2 ablation also led to a propagation of the proapoptotic
UPR program, as indicated by CHOP induction and caspase
activation, and led to greater cell death in response to ER stress.

CHOP is regulated by the ATF4 transcription factor, and ATF4
expression is enhanced by the phosphorylation of eIF2� at
Ser-51 (19). In agreement with these observations, we report
that ATF4 expression is elevated in MEFs lacking Mfn2. Thus,
it appears that the increased cell death caused byMfn2 ablation
is due to the activation of eIF2�-ATF4-CHOP signaling, that
may result from an impairment in the recovery from transla-
tional repression.
It is widely appreciated that both Mfn1 and Mfn2 control

mitochondrial morphology by mediating the fusion of these
organelles (49). It is also appreciated thatmitochondria are jux-
taposed with the ER. This close association is believed to be

FIGURE 6. Loss of Mfn2 affects UPR signaling in a time-dependent manner. A, time courses of Mfn2 and of ER stress protein inductor in MEFs treated with
0.1 �M TG for the indicated time points. B, densitometric quantification of time course of Mfn2 and ER stress proteins. C, control and Mfn2-deficient MEFs were
treated with 0.1 �M TG (0.5 or 18 h). Cell extracts were prepared from these cells and immunoblotted for phosphorylated eIF2�, total eIF2�, GADD34, and
p58IPK. D, cell extracts from control and Mfn2-deficient MEFs treated with 0.5 �g/�LTM for (1 or 18 h) were immunoblotted for phosphorylated eIF2�, total
eIF2�, GADD34, and p58IPK. E, total cell extracts from control and Mfn1-deficient MEFs treated with 0.1 �M TG or 0.5 �g/�LTM for 18 h were immunoblotted
for phosphorylated eIF2�, total eIF2�, GADD34, and p58IPK. Results are expressed as means � S.E. n � 4/group. *, p � 0.05 versus TG or TM. CHOP induction
is statistically significant at all time points. Phosphorylated eIF2� (P-eIF2�) levels differ from control at the 30 min, 4 h, 8 h, and 18 h time points (p � 0.05).
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important in controlling lipid metabolism and Ca2� transmis-
sion from the ER to themitochondria (49). Recently, it has been
shown that Mfn2 is present in the ER and that it tethers the ER
and mitochondria (33). In the absence of Mfn2, ER structure is
altered, and the distance between the ER and mitochondria is
increased, diminishing mitochondrial Ca2� uptake. Notably,
Mfn1 was found to have no detectable role in controlling ER
shape or ER-mitochondrial communication. Here, we show
that Mfn2, but not Mfn1, is regulated by ER stress and has an
essential role in the UPR program. Furthermore, ER stress and
Mfn2 ablation promote similar morphological changes to both
the mitochondrial and ER networks. Although these observa-
tions suggest that a dynamic interplay between mitochondria
and the ER may be required for an appropriate UPR, further
studies are required to discern whether or not the ER-mito-
chondria bridging function of Mfn2 mediates these actions on
the UPR. In this regard, it has been reported that re-expression
of Mfn2 with a mutation in the GTPase domain that causes
Charcot-Marie-Tooth syndrome, or ablation of the p21-Ras
binding domain, are sufficient to rescue the mitochondrial
shape phenotype in Mfn2�/� MEFs but have no effect on the
altered ER morphology (33).
We also observed that cardiac myocyte-specific ablation of

Mfn2, but notMfn1, led to ER stressmarker (e.g.Grp78, Grp94)
expression in the heart.We have reported previously thatMfn2
ablation in cardiac myocytes leads to modest hypertrophy and
only a small diminution in function whenmice were stimulated
with isoproterenol (29). In contrast to MEFs, ablation of Mfn2

in adult cardiac myocytes protected against cell death in
response to a variety of stresses. In addition to having a proapo-
ptotic role, ER stress can have a protective role in cardiac myo-
cytes as well as other cell types through chaperone protein
induction (50–52). In myocytes, ischemia will activate Grp78
expression via an ATF6-dependent mechanism, eliciting a pre-
conditioning effect (53). It has also been reported that ER stress
will activate autophagy in myocytes and promote cell survival
(54). Thus, ER stress can fortify a cell against insults but can also
lead to cell death, depending upon the strength and the dura-
tion of the ER stress. On the basis of these considerations, it is
reasonable to speculate that the induction of chaperone pro-
teins in the hearts of Mfn2 CKO mice contributes to their
enhanced resistance to proapoptotic stresses.
In light of the above considerations, it should also be noted

that studies report different effects of Mfn2-deficiency in dif-
ferent cell types (32, 55, 56). Discordant results with cardiac
myocytes have also been reported. For example, Mfn2 ablation
in cultured neonatal cardiac myocytes leads to cell death (57),
whereas Mfn2 expression is reported to promote cell death in
both neonatal cardiac myocytes and a cardiac myocyte cell line
(40). In our own studies, we found that Mfn2-deficiency in car-
diac myocytes protects the heart from ischemia-reperfusion
injury, protects adult cardiac myocytes from oxidative stress-
induced loss of mitochondrial membrane potential, and dimin-
ishes the sensitivity of mitochondria to undergo mitochondrial
permeability transition (29). In contrast, we also found that
siRNA knockdown of Mfn2 in cultured neonatal cardiac myo-

FIGURE 7. Loss of Mfn2 activates the maladaptive UPR. Total cell lysates from control and Mfn2-deficient MEFs were subjected to ER stress with 0.1 �M TG or
0.5 �g/�l TM for 18 h and were immunoblotted for CHOP (A) or assayed for Caspase 3/7 activity (B). C, cell lysates from control and Mfn1-deficient MEFs
subjected to ER stress with 0.1 �M TG or 0.5 �g/�l TM for 18 h were immunoblotted for CHOP and �-tubulin. Blots were subjected to densitometry, and CHOP
levels were quantified relative to �-tubulin expression. *, p � 0.05 versus TG or TM; n � 4 – 6/group.
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cytes sensitized these cells to oxidative stress-induced loss of
mitochondrial membrane potential and cell death (29). It is
conceivable that these different effects of Mfn2 are due to dif-
ferences in the quantity and organization ofmitochondrial and,
perhaps, ER networkswithin a particular cell type. For example,
adult myocytes contain highly abundant mitochondria that are
packed into a high ordered array thatmay favor the propagation
of mitochondrial depolarizing events throughout the cell (58–
61), therebymaking these cells highly sensitive to cell death that
is mediated by mechanisms that involve mitochondria. In con-
trast, neonatal myocytes are fibroblast-like and contain a much
smaller number of mitochondria that are loosely organized
within the cell. Thus, we speculate that the likelihood of a coor-
dinated mitochondrial membrane depolarization is reduced in

neonatal myocytes and MEFs. In these cell types, other effects
ofMfn2 ablation, such as the status of the pro- or antiapoptotic
arms of the UPR, may predominate in the control of cell fate.
Collectively, these data suggest that the actions of Mfn2 are
likely to be highly dependent upon cellular context that can be
influenced by the state of cellular differentiation,mitochondrial
density, and, perhaps, the status of the ER.
In summary, we have identified Mfn2 as a new regulator of

the ER stress response. We show that it is selectively up-regu-
lated in response to ER stress, whereas other mitochondrial
shaping proteins are not. Furthermore, we show that Mfn2 is
essential for an appropriate elaboration of the UPR and ER
homeostasis.
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