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Background: Mitofusin 2 is a mitochondrial outer membrane protein with multiple functions.

Results: Mitofusin 2 deficiency in the heart causes autophagosomes to accumulate and leads to cardiac dysfunction.
Conclusion: Mitofusin 2 serves as an adaptor protein to mediate the fusion of autophagosomes with lysosomes in the heart.
Significance: Mitofusin 2 has a novel and essential role in cardiac autophagic regulation.

In the heart, autophagy has been implicated in cardioprotec-
tion and ischemia-reperfusion tolerance, and the dysregulation
of autophagy is associated with the development of heart failure.
Mitochondrial dynamic proteins are profoundly involved in
autophagic processes, especially the initiation and formation of
autophagosomes, but it is not clear whether they play any role in
cardiac autophagy. We previously reported that mitofusin 2
(MFNZ2), a mitochondrial outer membrane protein, serves as a
major determinant of cardiomyocyte apoptosis mediated by
oxidative stress. Here, we reveal a novel and essential role of
MEN2 in mediating cardiac autophagy. We found that specific
deletion of MFN2 in cardiomyocytes caused extensive accumu-
lation of autophagosomes. In particular, the fusion of autopha-
gosomes with lysosomes, a critical step in autophagic degrada-
tion, was markedly retarded without altering the formation of
autophagosomes and lysosomes in response to ischemia-reper-
fusion stress. Importantly, MEN2 co-immunoprecipitated with
RAB?7 in the heart, and starvation further increased it. Knock-
down of MFN2 by shRNA prevented, whereas re-expression of
MEN?2 restored, the autophagosome-lysosome fusion in neona-
tal cardiomyocytes. Hearts from cardiac-specific MFN2 knock-
out mice had abnormal mitochondrial and cellular metabolism
and were vulnerable to ischemia-reperfusion challenge. Our
study defined a novel and essential role of MFN2 in the cardiac
autophagic process by mediating the maturation of autophagy at
the phase of autophagosome-lysosome fusion; deficiency of
MEN2 caused multiple molecular and functional defects that
undermined cardiac reserve and gradually led to cardiac vulner-
ability and dysfunction.

Mitochondria are highly dynamic organelles, constantly
undergoing shape changes controlled by fusion and fission.
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Mitochondrial fusion/fission-related proteins mainly consist of
the fusion proteins mitofusin 1 and 2 (MFN1 and -2) and optic
atrophy 1 (OPA1), and the fission proteins dynamin-related
protein (DRP1) and FIS1 (1-5). Recent studies demonstrated
that mitochondrial dynamic proteins are also associated with
autophagy, a conserved process in all eukaryotes for self-de-
grading intracellular components and damaged organelles, to
maintain normal organelle function and nutrient restoration
(6—38). In addition, Parkin, an important player in Parkinson
disease and a ubiquitin ligase related to mitochondrial fis-
sion by down-regulation of mitofusins, promotes autophagy
to eliminate impaired mitochondria, thus providing a link
between the clearance of dysfunctional mitochondria and
the pathogenesis of neurodegenerative diseases (9). During
starvation-induced autophagy, the mitochondrial outer
membrane contributes to the formation of autophagosomes
in a manner dependent on endoplasmic reticulum (ER)?/mito-
chondrial connections regulated by MFN2 (10). These studies
indicate that mitochondrial dynamic proteins are profoundly
involved in both the initiation of mitochondrial autophagy and
the formation of autophagosomes. Nevertheless, little is known
about the roles of mitochondrial dynamic proteins in the mat-
uration of autophagosomes.

In a tissue with a high rate of aerobic metabolism, heart cells
contain prominent mitochondrial networks, occupying up to
40% of the cell volume and generating ATP in response to
energy needs through oxidative phosphorylation fueled by the
catabolism of lipids and carbohydrates (11). Dysregulation of
autophagy in response to Atgl depletion is associated with the
accumulation of deleterious mitochondria (12). However,
whether mitochondria regulate autophagy in the heart has not
yet been well defined. Unlike many other cell types, where mito-
chondria of irregular shape are highly mobile and prone to
fusion-fission as pairs of mitochondria meet (13—15), the mito-
chondria in cardiomyocytes are restricted and immobilized in
clusters between myofilaments (16). Nevertheless, mitochon-
drial fusion/fission proteins, especially MFN2, are expressed

2 The abbreviations used are: ER, endoplasmic reticulum; TEM, transmission
electron microscopy; CKO, cardiac-specific knock-out.
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abundantly in the heart (1). This raises the question of whether,
in addition to regulating the mitochondrial fusion/fission pro-
cess, these dynamically related proteins also play a role in medi-
ating autophagic processes in the heart.

MEN2 was originally identified as a mitochondrial protein
mediating fusion of the mitochondrial outer membrane, and
mutation of MFNZ2 is causally associated with Charcot-Marie-
Tooth type 2A, a neurodegenerative disease (17, 18). In addi-
tion to mediating mitochondrial fusion, MFN2 localizes on the
ER membrane, serving as a bridge to tether the ER to mitochon-
dria (19). Moreover, MFN2 plays multiple roles in the regula-
tion of cell metabolism, mitochondrial DNA stability, cell pro-
liferation, and cell survival and death (20-23). The importance
of MFN2 is manifested by the embryonic lethality of the global
MEFN2 knock-out mouse (24). Recently, the cardiac role of
MEN?2 has been explored in vivo in cardiac-specific MFN2 and
MEFN1/MEN2 knock-out mouse models (25, 26). Interestingly,
cardiomyocytes lacking MFN2 have enlarged mitochondria
and are protected from cell death due to the regulation of mito-
chondrial permeability transition pore opening in response to
cardiac stresses (26). Conditionally combined MFN1/MFN2
ablation in adult mouse heart, however, leads to mitochondrial
fragmentation and rapid cardiac failure (25). These studies sug-
gest that although MFN1/MFN2-mediated mitochondrial
fusion plays a pivotal role in regulating cardiac function, MFN2
may control cardiac function alternatively by a means inde-
pendent of mitochondrial fusion.

Our previous studies have shown that up-regulation of
MEN?2 in response to oxidative stress triggers the apoptotic
death of vascular smooth muscle cells and cardiomyocytes,
whereas down-regulation or dysregulation of MEN2 leads to
vascular proliferative disorders (22, 23, 27, 28). Here, we found
anovel function of MFN2 in the heart. Our data showed that, in
the cardiac-specific MFN2 knock-out mouse heart, MFN2 defi-
ciency impaired autophagosome-lysosome fusion, and the sub-
sequent accumulation of autophagosomes in cardiomyocytes
eventually led to cardiac dysfunction.

EXPERIMENTAL PROCEDURES

Animal Handling—All procedures of animal handling were
approved by the Institutional Animal Care and Use Committee
at Peking University and by AAALAC International. The Mfn2
gene exon 4 floxed mice (Mfn2"") were generated by standard
techniques and were bred with Mlc2v-Cre mice to generate
cardiac-specific MFN2 knock-out mice (MFN2 CKO), as
described previously (29). Mice were anesthetized with 10%
chloral hydrate, and the hearts were excised for transmission
electron microscopy assay, RT-PCR, Western blot, histology,
and immunofluorescence detection. In the starvation experi-
ments, 4-month-old mice were deprived of food for 2 days but
had free access to drinking water. Detailed procedures are in
the supplemental material.

Transmission Electron Microscopy—After anesthesia, mice
were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde
in 0.1 M PBS (pH 7.4), and the hearts were excised, post-fixed,
dehydrated, and then embedded in epoxy resin. Ultra-thin sec-
tions (70 -90 nm) were observed with a transmission electron
microscope (JEM-1010, JEOL).
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Isolation, Culture, and Adenovirus Transfection of Neonatal
and Adult Cardiomyocytes—Neonatal and adult cardiomyo-
cytes were enzymatically isolated and cultured as described
previously (23, 30). Adenoviruses containing GFP-LC3, MFN2-
GFP, MEN2 ¢cDNA, and MFN2-shRNA were used to infect neo-
natal and adult cardiomyocytes. Cells were harvested to assess
the efficiency of gene knockdown by Western blotting or pre-
pared for functional studies. Mouse MFN2 cDNA was from
Invitrogen. Adenoviruses expressing GFP-LC3 and MFN2 were
packaged using the Stratagene Adeasy system following the
procedures provided. Two sets of MEN2-shRNA were designed
to specifically target rat MFN2, with the sequences 5'-GGAC-
CCAGTTACTACAGAAGA-3' and 5'-GCTCCTGGCTCAA-
GACTATAA-3'. The MFN2-shRNA was packaged into adeno-
virus using the BLOCK-iT™ adenoviral RNAi expression
system (Invitrogen).

Western Blot and Co-immunoprecipitation— Protein was
extracted from mouse hearts and separated by SDS-PAGE. The
transferred PVDF membranes were probed with the primary
antibodies (anti-LC3B, anti-RAB7, and anti-tubulin from
Sigma; anti-FYCO1 from Novus; anti-p62 from MBL; and anti-
phospho-elF2a and anti-elF2« from Cell Signaling) and then
incubated with the secondary antibodies (IRDye-conjugated
anti-mouse and anti-rabbit IgG from LI-COR). Immunoblots
were evaluated using the Odyssey imaging system.

For co-immunoprecipitation, the whole heart lysate was pre-
cleaned with protein A/G (Santa Cruz Biotechnology) and
incubated with anti-RAB7 (Sigma), anti-MFN2 (Abnova), or
control IgG for 3 h; protein A/G was then added, and samples
were shaken at 4 °C overnight. The precipitates were washed
three times with PBS, and the proteins were denatured for
Western blot.

Isolation of Cardiac Mitochondria and Functional Assay—
Cardiac mitochondria were isolated as described previously
(31), and mitochondrial respiratory function was evaluated by
measuring oxygen consumption. Detailed procedures are in the
supplemental material.

Ischemia Reperfusion Model—The heart was rapidly excised,
and the aorta was cannulated and perfused with Tyrode solu-
tion containing 2 mm CaCl, at a constant pressure of 80 mm Hg,
equilibrated with 95% O, and 5% CO,, and maintained at 37 °C.
After stabilization for 20 min, the heart was subjected to 30 min
of ischemia followed by 30 min of reperfusion. For autophagic
flux assay, hearts were perfused with Tyrode solution contain-
ing either a combination of 5 ug/ml pepstatin A (Sigma) and 30
mm NH,CI (Sigma) or DMSO as solvent control. Ventricular
myocardium was harvested, and total protein was extracted for
Western blot.

For measurement of AW, , the heart was perfused with
Tyrode solution containing 100 nM tetramethylrhodamine
methyl ester (Invitrogen) and 10 nMm blebbistatin (Sigma). Con-
focal images were taken from multiple randomly selected
regions before and after I/R. Each image was taken ~30 wm
deep into the epimyocardium of the left ventricle. The same
procedure was performed for detection of functional lysosomes
by perfusing with Tyrode solution containing 50 nm Lyso-
Tracker™ red (Invitrogen). To quantify the lysosome produc-
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tion, the percentage surface area covered by LysoTracker™
red was measured using Image]J software.

Statistical Analysis—Data are reported as mean * S.E. The
unpaired ¢ test with repeated measures was applied, when
appropriate, to determine the statistical significance of differ-
ences. p < 0.05 was considered statistically significant.

RESULTS

Cardiac Deficiency of MFN2 Leads to Accumulation of
Autophagosomes in Cardiomyocytes—The cardiac MFN2
knock-out mouse model (CKO) was generated to specifically
study the cardiac function of MFN2 (supplemental Fig. S1).
Interestingly, although MFN2 depletion in mouse embryonic
fibroblasts by adenovirus-mediated Cre transfection (supple-
mental Fig. S2A4) led to mitochondrial fragmentation as
expected (supplemental Fig. S2B), knock-out of MFN2 in car-
diomyocytes resulted in increased numbers of large mitochon-
dria (supplemental Fig. S3A) and an average 61.5% increase in
individual mitochondrial area, from 0.65 um? in control heart
to 1.05 um? in MFN2 CKO heart from micrographs of trans-
mission electron microscopy (TEM) sections (supplemental
Fig. S3B). However, no significant change of total mitochon-
drial mass was found in the MFN2 CKO mouse heart, as indi-
cated by unaltered mitochondrial volume density and mtDNA
copy number (supplemental Fig. S3, C and D). Moreover, the
CKO heart showed no difference in the deletion containing
NADH dehydrogenase subunit 4 (ND4), a common feature of
diseased and aging hearts (32, 33), compared with control heart
(supplemental Fig. S3D). Indeed, the relative frequency of mito-
chondrial area distribution shifted to the right, showing an
increased proportion of large mitochondria in the population
(supplemental Fig. S3E). These results are thus in general agree-
ment with a recently published study in which enlarged mito-
chondria were described in the heart of a different MFN2 car-
diac knock-out mouse model (26). These data from MFN2
knock-out hearts indicate that MFN2 plays roles other than
mediating mitochondrial fusion in the heart.

Surprisingly, the TEM data revealed a large number of dou-
ble and multimembrane autophagosome-like vacuolar struc-
tures in the MFN2 CKO heart (Fig. 14). To confirm that MFN2
depletion is associated with abnormal autophagic activity, the
conversion of the soluble form of LC3 (LC3-I) to the lipidated
and autophagosome-associated form (LC3-II), the hallmark of
autophagic processing at the molecular level, was measured
(34). A 1.97-fold increase of LC3-II protein level was found in
the MEN2 CKO heart over that from wild-type littermate heart
(Fig. 1B). Furthermore, immunohistochemical staining of
MEFN2 CKO heart sections with LC3 antibody showed accumu-
lated LC3-positive staining (Fig. 1C), and immunofluorescent
staining of single cardiomyocytes isolated from the CKO heart
also showed elevated LC3-positive puncta (Fig. 1D), consistent
with the notion that LC3-II protein accumulates in autophago-
somal membranes, whereas LC3-Iis localized in the cytosol in a
soluble form (34, 35). These data suggest that the depletion of
MEN2 in heart leads to the increased accumulation of
autophagosomes.
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FIGURE 1. MFN2 depletion causes autophagosome accumulation. A, rep-
resentative multimembrane structures (arrows) and autophagic vacuoles
(arrowheads) in CKO mouse heart at 4 months of age by TEM. Scale bar, 1 um.
B, increased LC3-Il level. n = 3 pairs. C, immunohistochemical staining of
endogenous LC3 in wild-type and CKO heart. Scale bar, 50 wm. D, immuno-
fluorescence staining of endogenous LC3 in isolated wild-type and CKO car-
diomyocytes. Scale bar, 20 um. *, significant difference between wild-type
and MFN2 CKO hearts.

Depletion of MFN2 Impairs Autophagosome-Lysosome
Fusion in the Heart— Autophagy is a highly regulated process,
which includes the formation of autophagosomes with seques-
tration of cytosolic proteins or organelles, the fusion of
autophagosomes with lysosomes to generate autophagolyso-
somes, and the degradation of the cargo in autophagolysosomes
by lysosomal proteases (36). The question raised here is
whether the accumulation of autophagosomes in response to
MEN?2 depletion is mainly due to the increased formation of
autophagosomes or a consequence of an impaired autophagic
degradation process. To address this question, we first assessed
the expression levels of p62 protein, a specific autophagic sub-
strate protein representing autophagic flux (37). Compared
with wild-type littermates, hearts from MFN2 CKO mice
showed a 2.09-fold increase in p62 level (Fig. 2A4), indicating
impaired autophagic degradation due to defects of autophago-
some turnover. To further evaluate the dynamic autophagic
process in the MFN2 CKO mouse heart, the combination of
two lysosomal inhibitors, NH,Cl and pepstatin A, was intro-
duced into Langendorff-perfused hearts to interrupt the degra-
dation of autophagosomes. Inhibition of lysosomes by these
compounds led to the accumulation of autophagosomes in
wild-type mouse heart, as indicated by increased levels of
LC3-II (Fig. 2B). In sharp contrast, LC3-II protein in MFN2

JOURNAL OF BIOLOGICAL CHEMISTRY 23617


http://www.jbc.org/cgi/content/full/M112.379164/DC1
http://www.jbc.org/cgi/content/full/M112.379164/DC1
http://www.jbc.org/cgi/content/full/M112.379164/DC1
http://www.jbc.org/cgi/content/full/M112.379164/DC1
http://www.jbc.org/cgi/content/full/M112.379164/DC1
http://www.jbc.org/cgi/content/full/M112.379164/DC1
http://www.jbc.org/cgi/content/full/M112.379164/DC1
http://www.jbc.org/cgi/content/full/M112.379164/DC1
http://www.jbc.org/cgi/content/full/M112.379164/DC1
http://www.jbc.org/cgi/content/full/M112.379164/DC1

Mitofusin 2 in Cardiac Autophagy

B WT CKO WT CKO

A LC3-l T - 8 e

| . »
WIE RO LC3-I B v mee
i ——

Tubulin [ — Tubulin| S5 saw = " e e == -
S25 NHGCl+ - * - *+ - o+ - ¥
s 7 pepA
g2 control IR
o
T 15 aowrt
e (o B CKO
o 1 —

o (<]

0.5 @

< 2c

x 0 g;

WT CKO G2

S
==
23
= -
1]
©
4
NH,Cl+ Sk - k-t
pepA control IIR

D control IIR E

WT g 25 Owr

8 = mcKo
£ 2
4
>
215
o #
©
[
©
3
CKO {:L; 0.5
H
L0
control IIR

FIGURE 2. Defective autophagic degradation in MFN2 CKO heart. A,
increased p62 level by Western blot and statistics of the p62/tubulin ratio.n =
3 pairs of wild-type control and MFN2 CKO mice at 4 months old. B, LC3-II
protein levels showing the autophagic flux determined by Western blot in
Langendorff-perfused hearts under ischemia-reperfusion stress (IR) with or
without the lysosomal inhibitors NH,Cl and pepstatin A. C, LC3-ll/tubulin
ratios from B. n = 3 for each group. D, confocal images of Langendorff-per-
fused hearts stained by LysoTracker™ red before and after ischemia-reperfu-
sion stress. E, surface area of LysoTracker™ red staining counted from D. ¥,
significant difference between wild-type and MFN2 CKO hearts; 1, significant
difference between inhibitor-treated and untreated groups; #, significant dif-
ference between ischemia-reperfusion (I/R)-treated and untreated groups.

CKO mouse heart, already at higher levels than control litter-
mates in the basal condition, failed to respond to NH,CI and
pepstatin A (Fig. 2, B and C). Similar results were also obtained
in hearts treated with the autophagosome-lysosome fusion
inhibitor bafilomycin A (data not shown), strongly suggesting
an impairment of autophagosome-lysosome fusion in the
MEN2-deficient heart. Next, we investigated the capacity for
autophagosome formation in MFN2 knock-out hearts by per-
forming ischemia-reperfusion, a well known autophagy-induc-
ing stress (38). Hearts from both wild-type control and MFN2
CKO mice displayed elevated autophagosome activity in
response to ischemia-reperfusion stress, as indicated by LC3-1I
protein levels, to a 1.38-fold increase in wild-type and a 1.56-
fold increase in MFN2 CKO, compared with untreated hearts
(Fig. 2, Band C). In the presence of ischemia-reperfusion stress,
NH,Cl and pepstatin A further increased the accumulation of
autophagosomes in hearts from wild-type littermates but had
no further effect on MEN2 CKO hearts (Fig. 2, B and C), sup-
porting our hypothesis that MFN2 depletion in the heart
impairs autophagosome degradation without affecting their
formation.
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In addition to the formation of autophagosomes, the capacity
for lysosome formation, another factor that affects the degra-
dation process of autophagy, was measured in Langendorff-
perfused intact hearts. The heart was loaded with 50 nm Lyso-
Tracker™, an indicator of lysosomes, for 10 min. Confocal
imaging revealed increased lysosome fluorescence, as indicated
at 543 nm excitation, to a density of 1.48% surface area in MFN2
CKO mouse hearts, compared with the 0.18% surface area in
wild-type control hearts (Fig. 2, D and E), indicating an
increased propensity of MEN2-null cardiomyocytes to degrade
the accumulated autophagosomes. Ischemia-reperfusion stress
further increased lysosome density to 2.15 and 1.12%, in MFN2
CKO and wild-type hearts, respectively (Fig. 2, D and E), sug-
gestive of an unimpaired capacity for lysosome formation in
MEN2-deficient hearts in response to stress. Taken together,
these ex vivo results indicate that MFN2 depletion impairs the
degradation of autophagosomes without affecting the forma-
tion of either autophagosomes or lysosomes.

MFN2 Depletion Triggers ER Stress in Cardiomyocytes—
MEN?2 was recently reported to reside not only on the mito-
chondrial outer membrane but also on the ER membrane, facil-
itating the fine regulation of calcium homeostasis between the
ER and mitochondria (19). So, we then examined the localiza-
tion of MEN2 in adult cardiomyocytes by expressing MEN2-
GEFP fusion protein and loading the cells with the mitochondrial
indicator MitoTracker'™ red. Although confocal imaging
showed the mitochondrial localization of MEN2 as indicated by
the co-localization of green fluorescence from MFN2-GEFP with
the red fluorescence of MitoTracker ™ red, MFN2 was mainly
distributed at the ends of mitochondria where the ER and mito-
chondria contact (Fig. 34). TEM analysis of adult cardiomyo-
cytes confirmed the structural basis of the close contact
between ER and mitochondria (data not shown). Next, we
simultaneously loaded isolated adult cardiomyocytes from
either control or MFN2 CKO mouse heart with ER-Tracker™™
and MitoTracker™ to visualize the ER and mitochondria,
respectively. Compared with the uniform pattern of ER-Track-
er™ in control cardiomyocytes, increased fluorescence of ER-
Tracker™ was detected in MFN2-deficient cells surrounding
cavities lacking MitoTracker™ staining (Fig. 3B), pointing to
the possibility that MFN2 depletion causes stressed ER and dys-
functional mitochondria. To test this, we analyzed the mRNA
levels in control and MFN2 CKO hearts by RT-PCR and found
an overall increase in the ER stress-related genes Asns, Atf4,
Trib3, Chop, Atf6, and Gstal, in the CKO hearts (Fig. 3C). In
addition, phosphorylation of eukaryotic initiation factor 2«
(elF2a), a substrate of activated PRK-like ER kinase in response
to increased ER stress, was also elevated in the CKO hearts (Fig.
3D), supporting the idea of increased ER stress signals conse-
quential to MFN2 depletion in the heart.

Next, to clarify whether the accumulation of autophago-
somes was merely a consequence of increased ER stress, a
potent autophagy trigger, in response to MFN2 depletion, we
measured the merging of autophagosomes with lysosomes in
neonatal cardiomyocytes. Cells were transfected with adeno-
GFP-LC3 to show the autophagosome signal, stained with
LysoTracker™ to show the lysosome signal, and then treated
with the ER stress inducers, thapsigargin and tunicamycin.
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FIGURE 3. MFN2 depletion increases ER stress signals. A, confocal images
of adult cardiomyocytes transfected with Ad-MFN2-GFP for 48 h and then
loaded with MitoTracker. Scale bars are as follows: 10 um for the whole cell
and 1 um for the high magnification view. B, cardiomyocytes from control
(upper) and MFN2 CKO (middle) mouse heart stained with ER-Tracker™ and
MitoTracker™. High magpnification views (bottom) of ER-Tracker™ staining in
MFN2 CKO cardiomyocytes. Scale bars are as follows: 20 um for top and mid-
dleand 5 um for bottom. G, mRNA levels of ER stress-related genes. D, expres-
sion of phospho-elF2« and total-elF2« in wild-type and CKO hearts. E, confo-
calimages of neonatal cardiomyocytes transfected with Ad-GFP-LC3, treated
with 1 um thapsigargin or 5 ug/ml tunicamycin for 5 h, and loaded with
LysoTracker™ for 10 min before imaging. F, relative fold change of merged
LC3 dots and LysoTracker™ dots in cells treated with thapsigargin (1 um),
tunicamycin (5 ug/ml), or bafilomycin A1 (50 nm) compared with cells treated
with DMSO. n = 35 cells for each group from three independent experiments.
*, significant difference between control and treated cells.

Although both stress-inducers increased the numbers of
autophagosomes in neonatal cardiomyocytes, as shown by
increased numbers of GFP-LC3 puncta, the percentage of
autophagosomes merged with lysosomes in total autophago-
somes showed no difference in tunicamycin-treated cells (Fig.
3, E and F). In sharp contrast, thapsigargin and the autophago-
some-lysosome fusion inhibitor bafilomycin A dramatically
reduced the percentages of the autophagosomes merged with
lysosomes by 59.5 and 35.8% compared with control car-
diomyocytes (Fig. 3, E and F). In addition to a potent ER stres-
sor, however, thapsigargin itself has been shown to directly
impair autophagosome-lysosome fusion by blocking the
recruitment of RAB7 to autophagosomes even in the ER stress-
deficient mouse embryonic fibroblasts (39). Together, our data
provide evidence that MFN2 depletion triggers ER stress in the
heart, but the increased ER stress per se has no effect on the
fusion of autophagosomes with lysosomes, thus further sug-
gesting that the impairment of autophagosome-lysosome
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fusion in MFN2-deficient cardiomyocytes is due to MFN2
depletion but is not a consequence of ER stress.

MFN?2 Is Required for Autophagosome-Lysosome Fusion and
Interacts with RAB7—To demonstrate the causal role of MFN2
depletion in the impaired autophagosome-lysosome fusion, we
transiently transfected cultured neonatal rat cardiomyocytes
with adenovirus containing MFN2 shRNA to down-regulate,
and MFN2 cDNA to restore, the MFN2 protein level. Two sets
of shRNAs (MFN2-shRNA1 and MFN2-shRNA?2) effectively
down-regulated MFN2 protein by 62.4 and 74.6%, as compared
with scrambled control, and co-transfection of MEN2 ¢cDNA
with MEN2 shRNA?2 largely restored MEN2 protein to the con-
trol level (Fig. 4A). The merging of autophagosomes with lyso-
somes was then measured by transfecting the cells with adeno-
GFP-LC3 and staining with LysoTracker™. Knockdown of
MEN2 by shRNA2 significantly diminished the percentage of
autophagosomes merged with lysosomes, from 25.5% in scram-
bled control to 5.9% in MFN2 knockdown cardiomyocytes (Fig.
4, Band C), whereas re-expression of MFN2 largely restored the
level to 18.3% (Fig. 4, B and C). Similarly, rapamycin, a stimula-
tor of autophagy, while increasing the numbers of autophago-
somes and lysosomes, caused parallel changes to the merged
autophagosomes-lysosomes in response to MFN2 knockdown
or restoration (Fig. 4D). The ratio of autophagosomes merged
with lysosomes by rapamycin was decreased to 12.0% in the
presence of MEN2-shRNA2 and recovered to 26.0% with co-ex-
pression of MFN2 ¢cDNA, compared with scrambled control at
a ratio of 30.1% (Fig. 4D). Thus, our data indicate that MFN2 is
necessary for the fusion of autophagosomes with lysosomes in
cardiomyocytes.

Because MFN2 resides on the ER membrane, which is one of
the major origins of autophagosome membrane, we hypothe-
sized that MFN2 serves as an adaptor on ER-derived autopha-
gosome membrane to mediate the fusion of autophagosomes
with lysosomes. We then measured the protein levels of FYCO1
and RAB7, two mammalian autophagosome maturation-re-
lated proteins (40-42), but we found no difference between
control and MFN2 CKO mouse hearts (Fig. 4E). However,
immunoprecipitation experiments showed an interaction
between MFN2 and RAB7, the small GTP-binding protein
needed for the final maturation of late autophagic vacuoles (40,
41). Furthermore, control mice were subjected to starvation for
2 days to elevate cardiac autophagy. Interestingly, although
both MFN2 and RAB7 protein levels were not changed in
response to starvation, the interaction of MFN2 with RAB7 was
significantly increased (Fig. 4F). These results suggest that
MEN2 mediates the maturation of autophagy in the heart by
serving as an adaptor protein recruiting RAB7 to the autopha-
gosomal membrane.

MFN2 Knock-out Disturbs Cellular and Mitochondrial
Metabolism and Causes Late Onset Cardiac Dysfunction and
Increased Vulnerability to Ischemia Reperfusion Injury—Defec-
tive autophagy is known to impair the restoration of cellular
nutrients and homeostasis, thus compromising cell function
(43, 44), so we tested whether the autophagic impairment
induced by MFN2 deletion causes metabolic dysfunction in
cardiomyocytes. Because the heart is a lipid-consuming tissue,
we first investigated the impact of MFN2-mediated autophagic

JOURNAL OF BIOLOGICAL CHEMISTRY 23619



Mitofusin 2 in Cardiac Autophagy

Tubulin \— — ——|

B

GFP-LC3

Lysotracker

shRNA-2 Scramble

shRNA-2
+MFN2

E WT
FYCO1 [== == e |

Rab7 | e a |

Mfn2 | —— o |

Tubulin |...-{

CKO F

[J Scramble
H shRNA-2
@ shRNA-2+MFN2

(@)

Merged dots(%)

O

Merged dots(%)
n
o

Rapamycin

. \ Mfn2 Input
IP: Qg;o \QO
starve +

- + -
IB: Mfn2 |"% & & -

FIGURE 4. Regulation of autophagosome-lysosome fusion by MFN2. A, Western blotting showing MFN2 protein levels in neonatal cardiomyocytes trans-
fected with adenovirus containing scrambled RNA, MFN2 shRNA1, MFN2 shRAN2, or MFN2 shRNA2 co-transfected adenovirus containing MFN2 cDNA.
B, confocal images of neonatal cardiomyocytes co-transfected with Ad-GFP-LC3 and indicated adenovirus for 60 h and then loaded with LysoTracker™ red.
Scale bar, 10 um. C, percentages of LC3 dots merged with lysosomal dots in total LC3 dots in neonatal cardiomyocytes in B or D in the presence of rapamycin.
n = 35 cells from three independent experiments. *, significant difference between scrambled and MFN2 knockdown neonatal cardiomyocytes. £, expression
levels of FYCO1, RAB7, and MFN2 in wild-type and CKO hearts. Tubulin was used as loading control. F, whole heart lysates from mice with or without starvation
were immunoprecipitated with anti-RAB7 or anti-MFN2 and analyzed with MFN2 or RAB7 antibodies, respectively. IgG was used as negative immunoprecipi-

tation control. IP, immunoprecipitation; /B, immunoblot.

impairment on lipid metabolism in cardiomyocytes. Staining
with BODYPI 493/503, a lipid droplet indicator showing lipid
storage, displayed different patterns in wild-type and MFN2
knock-out cardiomyocytes, with small lipid droplets uniformly
distributed in wild-type cells but heterogeneous lipid drops in
MEN2-depleted cells (Fig. 5A), reflecting defective lipid metab-
olism possibly due to decreased autophagosome removal (44).
In addition, we assessed the accumulation of lipofuscin gran-
ules, which indicates inhibited autophagy (45—47). The MFN2
CKO mouse heart had more lipofuscin granules than the wild-
type control heart, as shown by both periodic acid-Schiff stain-
ing (Fig. 5B) and TEM data (Fig. 5C). Consistently, confocal
imaging of isolated cardiomyocytes from MFN2 CKO mice, at
488 nm excitation, showed increased numbers of autofluores-
cent particles, a known feature of lipofuscin (data not shown).
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We then measured the mitochondrial respiratory control
ratio, a critical feature of mitochondrial integrity with
respect to the coupling of oxidation and phosphorylation,
and we found a 35.2% decrease in cardiomyocytes from
MEN2 CKO hearts, compared with that in wild-type hearts
(Fig. 5D). The decreased mitochondrial respiratory control
ratio was primarily caused by a 30.5% decrease in state III
respiration, although the state IV oxygen consumption was
unaltered between MFN2 CKO and control hearts (Fig. 5E),
indicating that MFN2 deficiency in cardiomyocytes leads to
decreased mitochondrial oxidative phosphorylation without
damaging mitochondrial membrane integrity. Together, our
results suggest that depletion of MFN2 in the heart leads to
an overall depression of metabolic functions at both the cel-
lular and mitochondrial levels.
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Interestingly, although cellular and mitochondrial metabo-
lism was markedly disturbed in cardiomyocytes from MFN2
CKO mice as early as 4 months old, echocardiographic analysis
revealed unchanged cardiac function in these mice until the age
of 17 months (Fig. 5F and supplemental Fig. S4A4). Beginning
from 17 months, however, MFN2 CKO mice displayed a signif-
icant decrease in left ventricular systolic function, as evidenced
by a decrease of ejection fraction from 65.0 to 54.8% and frac-
tional shortening from 30.8 to 25.0% in control and MFN2 CKO
mice, respectively (Fig. 5F and supplemental Fig. S4A4). These
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data point to a functional reserve of cardiac mitochondria in
MEN2 CKO mice at ages younger than 17 months and an
overtly depressed cardiac function in aging mice.

To further explore this late onset of the cardiac phenotype,
we subjected MFN2 CKO and control littermate hearts to
ischemia-reperfusion stress, as a means of unmasking the pos-
sible loss in functional reserve. Loss of mitochondrial mem-
brane potential (AWm) as assessed by ex vivo confocal measure-
ment of a AWm indicator, tetramethylrhodamine methyl ester
fluorescence, was taken as an index of cardiomyocyte damage
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(48). MFN2 CKO and control littermates at 4 months of age
showed no difference in the number of cardiomyocytes that lost
AWm after a 30-min ischemia followed by a 30-min reperfusion
(35.2% in CKO versus 31.2% in control littermates; supplemen-
tal Fig. S4C). However, ischemia-reperfusion resulted in a
greater loss of A¥m in cardiomyocytes from MFN2 CKO mice
than littermate controls and MIc2v-Cre controls at the age of 6
months (42% in CKO versus 29.9% in control littermates and
28.5% in Mlc2v-Cre controls; Fig. 5, G and H), and even more
loss of cardiomyocytes in MEN2 CKO mice at the age of 12
months (68.6% in CKO versus 31.7% in control littermates)
(supplemental Fig. S4, B and C), suggesting a progressive loss of
functional reserve in the MFN2 CKO mouse heart.

DISCUSSION

In this study, we demonstrated a novel role of MEN2 in reg-
ulating cardiac function through mediating the autophagic
process mainly at the phase of autophagosome-lysosome
fusion. Several lines of evidence are provided to support our
hypothesis. First, TEM revealed extensive accumulation of
autophagic vacuoles in the MFN2-deficient mouse heart.
Increased protein levels of LC3-1I and p62, autophagic markers,
further pointed to alteration of the autophagic process by
MEN2 knock-out. Second, the MEN2 knock-out heart retained
a relatively normal capacity for autophagosome and lysosome
formation in response to ischemia-reperfusion stress but failed
to respond to blockade of autophagosome-lysosome fusion,
suggesting an impairment of autophagosome degradation.
Third, MFN2 interacted with RAB7, a protein that functions in
the maturation of late autophagosomes, and starvation further
increased the interaction of MFN2 with RAB7. Moreover,
knockdown of MFN2 by shRNA impaired, and co-expression of
MEN? restored, autophagosome-lysosome fusion in neonatal
cardiomyocytes. Finally, MFN2 depletion resulted in a
decreased mitochondrial respiratory control ratio, defective
lipid metabolism, and the accumulation of lipofuscin granules
in cardiomyocytes; this may at least be due in part to impaired
autophagic degradation and the consequent failure to restore
cellular homeostasis.

Autophagy is an intracellular bulk degradation process
important for cell survival and death, yet whether and how
mitochondria regulate autophagy in the heart are still open
questions. This study provides evidence that MFN2 in the heart
is profoundly involved in the regulation of autophagy. MFN2
impacted on the autophagic process at least at two steps, regu-
lating autophagic activity and mediating the maturation of
autophagosomes. Both ER stress (Fig. 3) and dysfunctional
mitochondria (Fig. 5) in response to MFN2 depletion may con-
tribute to the activation of autophagy. ER stress is known to be
a strong inducer of autophagy, and moreover, the stressed ER
itself is autophagosomal cargo (49, 50). A previous study
showed that MEN2 resides on ER membrane as well as mito-
chondrial membrane, regulating local calcium homeostasis and
the environment inside the ER (19). Although the molecular
mechanisms underlying the MEN2-related ER stress need fur-
ther investigation, one speculation is that disturbed communi-
cation of ER with mitochondria and increased ER calcium con-
tent (19, 25) contribute to this process. In addition, the
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deficiency of MFN2 damaged the mitochondrial respiration
capacity; the dysfunctional mitochondria and the subsequently
decreased energy supply may serve as another initiator of the
autophagic response in MFN2 CKO mouse heart.

The dynamic characteristics of autophagosome formation
and their clearance by lysosomal fusion indicate that the pres-
ence of numerous autophagosomes in the MFN2-deficient
heart reflects either an increase in formation or a decrease in
clearance. Interestingly, although MFN2-null hearts retained
considerable intact capacities for autophagosome and lyso-
some formation in response to ischemia-reperfusion stress,
they exhibited impaired autophagosome-lysosome fusion even
in the absence of the lysosome inhibitors NH,Cl and pepstatin
A (Fig. 2). It is noteworthy that inhibiting autophagosome-lys-
osome fusion in control mouse heart increased the LC3-II pro-
tein to a level comparable with that of the MFN2-null heart at
basal levels, suggesting that impaired autophagosome-lyso-
some fusion, but not increased autophagic flux, contributes pri-
marily to the extensive accumulation of autophagosomes by
MEN?2 depletion in the heart. Although MFN2 resides not only
on mitochondrial membrane but also on ER membrane and
depletion of MEN2 triggered ER stress signals which may
induce enhanced autophagosome formation, ER stress per se
did not block the fusion of autophagosomes with lysosomes as
shown by the unaltered ratio of autophagosomes merging with
lysosomes in the presence of an ER stressor (Fig. 3F). Because
the ER is the main origin of autophagosomal membrane (10,
49 -51), we speculated that MEN2 from ER membrane is pres-
ent in the autophagosomal membrane to act as an adaptor to
mediate the maturation of autophagosomes, and this was sup-
ported by the finding that MFN2 interacted with Rab7. More-
over, the restoration of autophagosome-lysosome fusion by the
expression of MFN2 in cardiomyocytes further confirmed the
critical role of MFN2 in regulating autophagosome maturation
(Fig. 4).

In mammalian cells, MFN1 and MFN2 regulate outer mito-
chondrial membrane fusion (52), and deficiency of MFN1 or
MEN2 leads to fragmentation of mitochondrial tubules,
whereas overexpression of either restores mitochondrial mor-
phology in mouse embryonic fibroblasts (53). Consistent with
this, a recent study reported that combined ablation of MFN1/
MEN?2 in adult mouse heart results in fragmented mitochon-
dria and decreased mitochondrial function, suggesting that
mitochondprial fusion is essential for cardiac function (25). In
contrast, cardiac MFN1 knock-out mice have normal cardiac
function, although with smaller mitochondria; moreover,
MEN1-deficient cardiomyocytes show improved viability in
response to reactive oxygen species challenge (54). A recent
study by Papanicolaou et al. (26) reported that MFN2 depletion
in the heart leads to modest myocyte hypertrophy, mild left
ventricular dysfunction, and enlarged subsarcolemmal mito-
chondria with a lower mitochondrial membrane potential but
normal respiration. Interestingly, MFN2-deficient mitochon-
dria show delayed mitochondrial permeability transition pore
opening, which in turn protects cells against death-inducing
stimuli (26). In this study, we found similarly enlarged mito-
chondria (supplemental Fig. S3), and mice displayed no cardiac
phenotype at base line when less than 4 months old. However,
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in contrast we found abnormal mitochondrial and cellular
functions. Most strikingly, MEN2 depletion in cardiomyocytes
caused the accumulation of autophagosomes due to impair-
ment of autophagosome-lysosome fusion. The MFN2-null
heart showed gradually increased vulnerability to ischemia-
reperfusion injury and late onset cardiac dysfunction (Fig. 5 and
supplemental Fig. S4). The discrepancy between the work of
Papanicolaou et al. (26) and ours in terms of cardiac function
could be due to differences in the location and timing of MFN2
deletion, the genetic background, and the ages of the mice used
in these studies. For instance, the Cre mice used by the two
groups were driven by distinct cardiac-specific promoters. The
Cre driven by a-MHC is expressed in both atria and ventricles
(55), whereas the Cre driven by Mlc2v is expressed only in the
ventricles (56), leading to different knock-out patterns in the
heart, which may subsequently cause disparate phenotypes.

MEN2 is crucial to the maintenance of mitochondrial metab-
olism, such as AWm, glucose oxidation, and cell respiration, and
repression of MFN2 contributes to the metabolic defects asso-
ciated with obesity (20). A link between MFN2 and components
of the mitochondrially encoded oxidative phosphorylation has
been reported in neuropathy (18), consistent with the observa-
tion that decreased MFN2 causes an evident inhibition of the
expression of complexes I- III and V (57), indicating that
MEN?2 in the heart regulates cellular and mitochondrial func-
tions in a mitochondrial fusion-independent manner (4). In this
study, we found that MFN2 knock-out in the heartled to abnor-
mal accumulation of autophagosomes (Fig. 1) and decreased
mitochondrial and cellular metabolism as early as 4 months of
age (Fig. 5, A—E), and the heart showed increased vulnerability
to ischemia-reperfusion stress from 6 months of age (Fig. 5, G
and H, and supplemental Fig. S4, B and C), and significant car-
diac dysfunction appeared at 17 months of age (Fig. 5F and
supplemental Fig. S4A4). Although autophagy enhanced by
ischemia-reperfusion stress or during chronic heart failure has
either protective or deleterious effects, depending on the trig-
ger signals (58, 59), impaired autophagosome degradation is
associated with the development of cardiac myopathy (60).

In summary, our data have shown that, in addition to its role
in regulating mitochondrial fusion, MFN2 is required for the
clearance of damaged organelles as well as the maintenance of
normal cell function in the heart. MFN2 deficiency causes
autophagosome accumulation due to retarded degradation by
autophagy in cardiomyocytes, and it disturbs mitochondrial
structure and metabolism, which undermine cardiac reserve
and eventually lead to enhanced cardiac vulnerability and overt
dysfunction. These findings not only reveal MFN2 as a novel
and essential player in cardiac autophagic regulation but also
shed new light on understanding the molecular mechanisms of
MEN2-associated human diseases.
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