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The MICOS complex (mitochondrial contact site and cristae organizing system) is essential for mitochondrial inner membrane

organization and mitochondrial membrane contacts, however, the molecular regulation of MICOS assembly and the physiological

functions of MICOS in mammals remain obscure. Here, we report that Mic60/Mitofilin has a critical role in the MICOS assembly,

which determines the mitochondrial morphology and mitochondrial DNA (mtDNA) organization. The downregulation of

Mic60/Mitofilin or Mic19/CHCHD3 results in instability of other MICOS components, disassembly of MICOS complex and

disorganized mitochondrial cristae. We show that there exists direct interaction between Mic60/Mitofilin and Mic19/CHCHD3, which

is crucial for their stabilization in mammals. Importantly, we identified that the mitochondrial i-AAA protease Yme1L regulates

Mic60/Mitofilin homeostasis. Impaired MICOS assembly causes the formation of 'giant mitochondria' because of dysregulated

mitochondrial fusion and fission. Also, mtDNA nucleoids are disorganized and clustered in these giant mitochondria in which

mtDNA transcription is attenuated because of remarkable downregulation of some key mtDNA nucleoid-associated proteins.

Together, these findings demonstrate that Mic60/Mitofilin homeostasis regulated by Yme1L is central to the MICOS assembly,

which is required for maintenance of mitochondrial morphology and organization of mtDNA nucleoids.
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Mitochondria have a key role in oxidative phosphorylation and

related cellular metabolism, in energy conversion, in pro-

grammed cell death, in cell growth and in diseases.

Mitochondrial outer and inner membranes strongly differ in

architecture and functions. The mitochondrial outer mem-

brane forms a barrier to cytosol, and contains channels and

the translocases of outer membrane, which is the main protein

entry gate of mitochondria.1,2 In contrast, the mitochondrial

inner membrane consists of two morphologically distinct

regions: the inner boundary membrane is in close proximity

to the outer membrane and the cristae membranes that are

large tubular invaginations.3–8 The mitochondrial inner bound-

ary and cristae membrane are physically separated by cristae

junctions, which are narrow tubular or slot-like structure.4,9

Themitochondrial cristae are arranged in regular arrays and

are the main sites of ATP production in the mitochondria, but

the molecules that are associated with the maintenance of

cristae architecture still remain elusive. Recently, several

groups identified a large protein complex, MICOS complex

(mitochondrial contact site and cristae organizing system;

previously named MINOS, MitOS, Mitofilin or Fcj1 complex ),

that has a crucial role in the formation of cristae junctions,

contact sites to the outer membrane, and the organization of

inner membrane.10–14 In yeast, MICOS consists of at least six

subunits: Mic60 (Fcj1), Mic10 (Mio10/Mcs10/Mos1), Mic19

(Aim13/Mcs19), Mic26 (Mio27/Mcs29/Mos2), Mic12 (Aim5/

Msc12) and Mic27 (Aim37/Mcs27). In mammals, five subunits

of MICOS have already been identified, including Mic60

(Mitofilin/IMMT), Mic10 (MINOS1), Mic19 (CHCHD3/MINOS3),

Mic25 (CHCHD6/CHCM1) andMic27 (APOOL).15–18However,

the physiological functions of MICOS and how MICOS is

assembled in mammals are largely unknown.

The maintenance of mitochondrial protein homeostasis is

critical for mitochondrial functions. Mitochondrial inner mem-

brane i-AAA protease Yme1L is a key regulator in the quality

control of mitochondrial proteins.19 Yme1L exerts ATP-

dependent proteolytic activity, resulting in either degradation

or processing of its substrates such as optic atrophy 1 (OPA1)

and some subunits of oxidative phosphorylation.20–22

Mitochondria are dynamic organelles whose morphology

are determined by continuous fusion and fission events.23

Mfn1, Mfn2 and OPA1 are key factors for mitochondrial

fusion;24 dynamin-related protein 1 (Drp1) is a cytosolic

protein and is essential for mitochondrial fission, it is recruited

by mitochondrial outer membrane protein mitochondrial

fission factor (Mff), mitochondrial dynamics protein 49 kDa
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(Mid49) and Mid51 during fission.25 Mitochondrial dynamics

are crucial for normal mitochondrial network and cellular

functions,26 and are highly associated with some neurode-

generative diseases.27,28 The giant mitochondria, which are

enlarged spherical mitochondria, were rare in normal cells, but

were observed more frequently in aged or diseased cells.29–33

Yeast cells lackingMdm10, Mdm12, Mdm1, Mdm31 or Mdm32

harbor giant mitochondria with abnormal internal structure and

mitochondrial DNA (mtDNA) nucleoids;34–37 however, no

mammalian homologs of Mdm10, Mdm12, Mdm1, Mdm31 or

Mdm32 are identified, and the functions and molecular

mechanisms for the formation of giant mitochondria in

mammals remain poorly understood.

Mitochondria contain mtDNA, which encodes several key

components of oxidative phosphorylation. mtDNA is asso-

ciated with several proteins and packaged into nucleoprotein

complexes called 'mitochondrial nucleoids' or 'mtDNA

nucleoids'.38,39 mtDNA nucleoids are crucial for the biogen-

esis and maintenance of mtDNA.40 mtDNA nucleoids are

dynamic and relatively uniform in shape and size,41 but the

factors for controlling the distribution and organization of

mtDNA nucleoids remain to be explored.

Mic60/Mitofilin, a key component of MICOS complex, was

altered under several different pathological conditions.42–46

However, how the integrity of MICOS and the homeostasis of

MICOS subunits are controlled and the physiological functions

of MICOS complex in mammals still remain unknown. In the

present study, we show that the stability of Mic60/Mitofilin is

dependent on its assembly into MICOS complex by direct

interaction with Mic19/CHCHD3, and mitochondrial protease

Yme1L regulates Mic60/Mitofilin homosteosis. Moreover, we

reveal that the integrity of MICOS complex is critical for the

maintenance of mitochondrial morphology and the organiza-

tion of mtDNA nucleoids.

Results

The deficiency of MICOS complex subunits leads to

disorganized cristae structure. In mammals, Mic60 (Mito-

filin/IMMT), Mic10 (MINOS1), Mic19 (CHCHD3/MINOS3) and

Mic25 (CHCHD6) have been identified to be main subunits of

MICOS complex.15–17 We then study the effect of the

knockdown of Mic60/Mitofilin, Mic19/CHCHD3, Mic10/MINOS1,

Mic25/CHCHD6 or Mic25/CHCHD6 plus Mic19/CHCHD3,

respectively, on mitochondrial cristae architecture in mouse

embryonic fibroblasts (MEFs) by transmission electron

microscope. In shMic60 (short hairpin-mediated RNA inter-

ference to Mic60), shMic19 or shMic10 MEFs, most of

mitochondrial cristae junctions were lost, but little onion-like

cristae structure was found (Figure 1A and Supplementary

Figure 1A); in addition, mitochondrial cristae junctions were

moderately reduced in shMic25 MEFs (Figure 1A and

Supplementary Figure 1A). In addition, comparing with wild

type (WT), shMic60, shMic19, shMic10 but not shMic25

mitochondria were found to harbor reduced cristae

(Figure 1A and Supplementary Figure 1B), indicating that

Mic60/Mitofilin, Mic19/CHCHD3 and Mic10 are essential for

the formation of mitochondrial cristae junctions and have an

important role in maintenance of mitochondrial cristae

structure.

Mic25/CHCHD6 is highly homologous with Mic19/CHCHD3

in mammalian,17 we then examined the effect of Mic25 and

Mic19 double knockdown on mitochondrial cristae structure.

As shown in Figure 1A,Supplementary Figures 1A and B,

shMic25 slightly reduced mitochondrial cristae junctions, and

Mic25 and Mic19 double knockdown have the similar effect on

the loss of mitochondrial cristae or cristae junctions with

shMic19, suggesting that Mic19/CHCHD3 is more critical than

Mic25/CHCHD6 in organizing mitochondrial cristae structure.

Mic60/Mitofilin and Mic19/CHCHD3 homeostasis are

essential for the integrity of MICOS complex in mamma-

lian cells. To analyze the MICOS complex homeostasis,

we check the effect of Mic60/Mitofilin, Mic19/CHCHD3,

Mic10/MINOS1 or Mic25/CHCHD6 knockdown on the

steady-state protein levels of other MICOS complex subunits.

As shown in Figure 1B, shMic60 results in remarkable

downregulation of Mic19/CHCHD3, Mic10/MINOS1 and

Mic25/CHCHD6 (Figure 1B-a); similarly, shMic19 also leads

to dramatical reduction of Mic60/Mitofilin and Mic10/MINOS1,

but has no effect on stability of Mic25/CHCHD6 (Figure 1B-b),

suggesting that the steady-state levels of Mic60/Mitofilin and

Mic19/CHCHD3 are highly correlated. However, the levels of

Mic60/Mitofilin, Mic19/CHCHD3 and Mic25/CHCHD6 were

unchanged in shMic10 cells (Figure 1B-c). In addition,

Mic60/Mitofilin was slightly reduced but Mic19/CHCHD3

and Mic10/MINOS1 remain unchanged in shMic25 cells

(Figure 1B-d), suggesting that Mic25/CHCHD6 is partially

associated with Mic60/Mitofilin proteolysis. Taken together,

Mic60/Mitofilin and Mic19/CHCHD3 are critical for stability of

MICOS complex subunits.

It is still unknown how MICOS complex is organized in

mammals. To test the role of Mic60/Mitofilin orMic19/CHCHD3

in assembly of MICOS complex, mitochondria from WT,

shMic10, shMic25, shMic19 or shMic60MEFswere separated

by BN-PAGE and then analyzed by western blot analysis. As

shown in Supplementary Figure 1C, the similar size of MICOS

complex were detected by western blot using anti-Mic60, anti-

Mic19 or anti-Mic10 antibodies, respectively, suggesting that

Mic60/Mitofilin, Mic19/CHCHD3 and Mic10/MINOS1 are

integrated into MICOS complex. Importantly, shMic60 or

shMic19 results in remarkable reduced MICOS complex

(Figure 1C); however, shMic10 leads to slight decrease in

MICOS complex in MEFs (Figure 1C). These results

demonstrate that both Mic60/Mitofilin and Mic19/CHCHD3

are crucial for the integrity of MICOS complex. In addition,

shMic25 causes medium reduction of MICOS complex in

MEFs (Figure 1C); the reduction of MICOS complex induced

by shMic25 is possible due to the slight reduction of Mic60

(Figure 1B-d).

To explore whether the stability of mammalian MICOS

subunits are dependent on their status of assembly, we

infected HeLa cells with lentivirus containing pMSCV/Mic60-

Flag, pMSCV/Mic19-Flag or pMSCV/Mic10-Flag. BN-PAGE

and western blot analysis revealed that exogenous expressed

Mic60-Flag, Mic19 -Flag or Mic10-Flag could be assembled

into MICOS complex (Supplementary Figure 1C), and the

expression of exogenous MICOS subunits results in the
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decrease or disappearance of the corresponding endogenous

proteins in HeLa cells (Figure 1d). In addition, the total

exogenous and endogenous protein levels are equal to the

level of endogenous protein in control cells (Figure 1D).

These results suggest that unassembled Mic60/Mitofilin,

Mic19/CHCHD3 or Mic10/MINOS1 are unstable and degrade

quickly. We also found that mitochondrial morphology is not

changed upon co-expression of Mic60-GFP andMic19-Flag in

HeLa cells, and Mic60-GFP is not increased when co-

expressed with Mic19-Flag (Supplementary Figures 2A and B),

indicating that besides Mic19/CHCHD3, some other MICOS

subunits are still required for the stability of Mic60/Mitofilin.

Mic60/Mitofilin directly interacts with Mic19/CHCHD3.

Mic60/Mitofilin harbors two coiled coil domains, and

Mic19/CHCHD3 has a CHCH domain (Figure 2A). We check

the relationship between Mic60/Mitofilin and Mic19/CHCHD3

by co-immunoprecipitation (co-IP) assay. Figure 2B-a

showed that Mic19-Flag but not beads alone (control)

successfully precipitated Mic60-GFP, indicating that Mic19/

CHCHD3 binds to Mic60/Mitofilin. In addition, we used anti-

Mic60 antibody to perform co-IP assay in HeLa cells, and

found that the endogenous Mic60/Mitofilin interacts with

endogenous Mic19/CHCHD3 (Figure 2B-b). We also

expressed recombinant GST, GST-Mic60(35–200), GST-

Mic60(35–480), GST-Mic60(371–590) or Mic19-His in E. coli

to perform GST pull-down assay in vitro. As shown in

Figure 2c, Mic19-His was precipitated with GST-Mic60(371–

590) but not with GST, GST-Mic60(35–200) or GST-Mic60

(35–480), suggesting that GST-Mic60(371–590) interacts

directly with Mic19-His. Taken together, the interaction

between Mic60/Mitofilin and Mic19/CHCHD3 is direct, and

the region binding to Mic19/CHCHD3 locates at residues

371–590 of Mic60/Mitofilin.

Mitochondrial i-AAA protease Yme1L regulates Mic60/

Mitofilin homeostasis. Mitochondrial i-AAA protease

Yme1L locates at mitochondrial inner membrane and

regulates quality control of mitochondrial proteins.19-22 To

clarify how Mic60/Mitofilin is degraded in mitochondria, we

check the relationship between Yme1L and Mic60/Mitofilin.

As WT Yme1L interacts and reacts with its substrates

transiently, we mutated the glutamate residue of HEXXH

motif, which is required for proteolysis in human Yme1L to

glutamine (E600Q), and the mutant Yme1L-E600Q binds to

its substrates stably. As show in Figure 3A-a, Yme1L-E600Q-

Myc successfully precipitated Mic60-GFP but beads alone

(control) did not, indicating that Yme1L interacts with Mic60/

Mitofilin. To further confirm the interaction, we used

anti-Mic60 antibody to perform co-IP assay in HeLa cells,

and endogenous Yme1L was detected in the precipitates

(Figures 3A-b), suggesting that endogenous Yme1L binds to

endogenous Mic60/Mitofilin.

We also identified the region of Mic60/Mitofilin interacting

with Yme1L by GST pull-down assay in vitro. Recombinant

Mic60(371–590)-His was remarkably precipitated with GST-

Yme1L(46–773) (Figure 3B); in contrast, Mic60(35-200)-His

or Mic60(35–480)-His was not detected in the precipitateswith

GST-Yme1L(46–773) (Figure 3B-b), suggesting that

Mic60/Mitofilin directly interacts with Yme1L, and the

binding region of Mic60/Mitofilin interacting with Yme1L is

residues 371–590, which is the same region binding to

Mic19/CHCHD3.

To investigate the effect of Yme1L knockdown (shYme1L)

on the protein level of Mic60/Mitofilin, the western blot and

immunostaining analysis were performed. We revealed that

the protein level of endogenousMic60/Mitofilin was not altered

in shYme1L MEFs (Figure 3C). However, loss of Mic19/

CHCHD3 largely reduced the protein level of Mic60/Mitofilin

(Figure 3D), and the loss of Yme1L in shMic19 MEFs could

rescue the protein level of Mic60/Mitofilin (Figure 3D). These

results demonstrate that Mic60/Mitofilin is a proteolytic

substrate of Yme1L under certain cellular conditions such as

Mic19/CHCHD3 depletion, and indicate that Mic19/CHCHD3

may stabilize Mic60/Mitofilin by direct interaction to cover the

binding site (Mic60(371–590)) of Mic60/Mitofilin and prevent

Mic60/Mitofilin to be recognized and proteolysed by Yme1L

under normal condition.

We also examined whether endogenous Mic60/Mitofilin are

more stable in shYme1L cells after overexpression of Mic60-

Flag. We stably overexpressed Mic60-Flag in MEFs and then

deleted Yme1L. We found that both the levels of exogenous

Mic60-Flag and endogenous Mic60/Mitofilin in shYme1L

MEFs are slightly more stable than the levels in Mic60-Flag

overexpressed MEFs (Supplementary Figure 3A), suggesting

that Yme1L has a role in regulating Mic60/Mitofilin degrada-

tion. In addition, shYme1L alone does not lead to the increase

of endogenous Mic60/Mitofilin (Figure 3C-a), indicating that

Yme1L is not only mitochondrial protease controlling

Mic60/Mitofilin degradation and some other mitochondrial

proteases may also regulate Mic60/Mitofilin proteolysis.

We also investigated the localization of Yme1L and

Mic60/Mitofilin by immunostaining analysis. As shown in

Supplementary Figure 3B, Mic60/Mitofilin is colocalized with

Yme1L in the mitochondria.

Consistent with previous report,47 our data show that

the reduction of Mic60/Mitofilin results in the loss of

mitochondrial cristae junctions (Figure 1A). As Mic60/Mitofilin

is substrate of Yme1L, we then analyzed the mitochondrial

ultrastructure in shYme1L MEFs by transmission electron

microscope. Mitochondria in WT cells have well-defined

lamellar cristae structures, whereas the majority of mitochon-

dria in shYme1L cells display clearly abnormal cristae

Figure 1 Mic60/Mitofilin and Mic19/CHCHD3 are required for the structure of mitochondrial cristae and the assembly of MICOS complex. (A) Mitochondrial ultrastructure in
WT, shMic60, shMic19, shMic10, shMic25 or shMic25 plus shMic19 MEFs were analyzed by transmission electron microscope. (B) Western blot analysis of Mic60/Mitofilin,
Mic19/CHCHD3, Mic10/MINOS1 and Mic25/CHCHD6 in control, shMic60 (a), shMic19 (b), shMic10 (c) or shMic25 (d) MEFs. TOM20 and GAPDH served as protein-loading
control. (C) Equal mitochondrial protein samples from control, shMic10, shMic25, shMic19 or shMic60 MEFs were separated by BN-PAGE, and MICOS complex were analyzed
by western blot analysis with antibody against Mic60/Mitofilin. SDHA served as loading control. (D) Lysates form HeLa cells expressing Mic60-Flag (a), Mic19-Flag (b) or Mic10-
Flag (c) were analyzed by western blot analysis with antibodies against the indicated proteins

The proteostasis and function of Mic60/Mitofilin
H Li et al

383

Cell Death and Differentiation



structures (Supplementary Figure 3C), suggesting that

Yme1L is linked to maintaining mitochondrial cristae morphol-

ogy. However, it is still obscure how Yme1L regulates

mitochondrial ultrastructure. OPA1 is associated with mito-

chondrial cristae remodeling;48 our observations that both

Mic60/Mitofilin and OPA1 are the substrates of Yme1L,20

provide important clues to study the role of Yme1L in

regulating mitochondrial ultrastructure.

Downregulation of Mic60/Mitofilin causes giant mito-

chondria and impaired mitochondrial fusion and fission.

To examine the role of MICOS complex in mito-

chondrial dynamics, we disrupted MICOS complex by

knockdown of Mic60/Mitofilin, which stabilizes other MICOS

components and is essential for integrity of MICOS

(Figures 1B and C). Mitochondrial morphology was then

assessed by confocal microscope in cells stably expressing

Figure 2 Mic19/CHCHD3 directly binds to Mic60/Mitofilin at the residues 371–590. (A) The schematic representation of human Mic19/CHCHD3 and Mic60/Mitofilin. 'MTS'
indicates 'mitochondrial targeting signal'; 'TM' indicates 'transmembrane domain'; 'C-C' indicates 'coiled–coil domain'. (B) (a) Human Mic60-GFP or Mic60-GFP plus Mic19-Flag
were transiently expressed in 293T cells and immunoprecipitated with Flag resin, eluted protein samples were detected by western blot analysis using indicated antibodies;
(b) HeLa cell lysates were used for co-immunoprecipitation assay by anti-Mic60 antibody, and the eluted protein samples were analyzed by western blot with anti-Mic19 or anti-
Mic60 antibodies. (C) Interaction of human Mic60/Mitofilin with human Mic19/CHCHD3 in vitro analyzed by GST pull-down assay. Mic19-His, GST, GST-Mic60(35-200), GST-
Mic60(35–480) or GST-Mic60(371–590) was expressed in E. coli BL21, bacteria were then lysed and used for GST pull-down assay by using Pierce Glutathione Agarose

Figure 3 Mic60/Mitofilin is the substrate of mitochondrial protease Yme1L. (A) Mic60/Mitofilin interacts with Yme1L. (a) Human Mic60-GFP or Mic60-GFP plus Myc-tagged
Yme1L-E600Q were transiently expressed in 293t cells and co-immunoprecipitated with 9E10 beads (anti-Myc resin), the protein samples were then analyzed by western blot
with anti-GFP or anti-Myc antibodies; (b) HeLa cell lysates were used for co-immunoprecipitation by anti-Mic60 antibody, and the eluted protein samples were analyzed by
western blot with anti-Yme1L or anti-Mic60 antibodies. (B) (a) The schematic representation of human Yme1L. 'MTS' indicates 'mitochondrial targeting signal'; 'TM' indicates
'transmembrane domain'. (b) Interaction of human Mic60/Mitofilin with human Yme1L in vitro determined by GST pull-down assay as described in 'Figure 2C'. (C) (a) Western blot
analysis of Mic60/Mitofilin, Yme1L and GAPDH in control or shYme1L MEFs; (b) the protein levels of Mic60/Mitofilin and HSP60 in control or shYme1L MEFs were analyzed by
immunostaining using indicated antibodies. The shYme1L MEFs were produced by infection with retrovirus generated by construct containing Yme1L short hairpin RNA and
nuclear GFP. The MEFs expressing Nuclear GFP indicates shYme1L MEFs. (D) (a) Western blot analysis of Mic60/Mitofilin, Mic19/CHCHD3, Yme1L and GAPDH in control,
shMic19 or shMic19 plus shYme1L MEFs; (b) the levels of Mic60/Mitofilin in control, shMic19 or shMic19 plus shYme1L MEFs were detected by immunostaining using antibody
against Mic60
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mitochondrial matrix targeted DsRed (mito-DsRed). WT

MEFs exhibit largely tubular mitochondria; however,

about 69% shMic60 MEFs showed enlarged spherical

mitochondria, which are termed 'giant mitochondria'

(Figure 4A). In addition, shMic19 leads to about 21% MEFs

containing 'giant mitochondria' but little shMic25 MEFs show
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'giant mitochondria' (Supplementary Figure 4); interestingly,

about 33% Mic25 and Mic19 double knockdown MEFs

contain 'giant mitochondria' (Supplementary Figure 4). These

data suggest that Mic60/Mitofilin is crucial in maintaining

mitochondrial shape in MEFs, and the integrity of MICOS

complex is required for the regulation of mitochondrial

morphology.

To directly assess the effect of shMic60 on mitochondrial

fusion and fission activity, we stably expressed mito-DsRed

and photoactivatible GFP (PA-GFP) targeted to mitochondrial

matrix (mito-PA-GFP) in MEFs and performed PA-GFP assay.

Within a single cell, we photoactivated a small subset of

mitochondria by excitation and then tracked the mitochondrial

fusion and fission events by time-lapse microscopy for about

20min. In WT MEFs, mito-PA-GFP in mitochondria was found

to be transferred to non-photoactivated mitochondria because

of mitochondrial fusion (Figure 4B and Supplementary Movie 1).

In shMic60 MEFs, photoactivated mitochondria could also

transfer mito-PA-GFP to nonactivated mitochondria, but

shMic60 MEFs displayed obviously less GFP fluorescence

diffusion thanWTMEFs (Figure 4BandSupplementaryMovie 2);

these results indicate that shMic60 leads to decreased

mitochondrial fusion activity. We also tracked 10 photoacti-

vated WT or shMic60 mitochondria labeled with mito-DsRed

and mito-PA-GFP in MEFs, and quantified fusion and fission

events within 20min. The quantitative data show that 10 WT

mitochondria proceed about 20.7 mitochondrial fusion and

about 20.3 fission events per 20min; however, 10 shMic60

mitochondria undergo only about 11.3 fusion and 9.7 fission

events within 20min (Figure 4C), suggesting that shMic60

leads to significant decreased mitochondrial fusion and

fission. We conclude that shMic60 impairs mitochondrial

dynamics.

In addition, we observed that shMic60 reduced the level of

mitochondrial fusion and fission factors Mfn1, Mfn2, OPA1,

Drp1, Mff and Mid49 (Figure 4D); moreover, shMic60 also led

to the increased processing of OPA1 at S1 site but not at S2

site (Figure 4D). These results suggest that Mic60/Mitofilin is

required for maintaining the stability of mitochondrial fusion

and fission factors, and the disturbed mitochondrial dynamics

induced by shMic60 is due to decreased mitochondrial fusion

and fission factors.

Disorganized mtDNA nucleoids induced by Mic60/Mitofi-

lin and Mic19/CHCHD3 deficiencies. To test the role of

MICOS complex in the organization and distribution of

mtDNA nucleoids, living MEFs expressing mito-DsRed were

stained with SYBR Green I to visualize mtDNA nucleoids by

confocal microscope. WT MEFs displayed normal-sized and

normal-distributed mtDNA nucleoids (o1 μm; Figure 5A).

However, shMic60 MEFs exhibited decreased amount of

mtDNA nucleoids; importantly, shMic60 cells possessed

some extremely enlarged nucleoids (41 μm; Figure 5a).

The quantitative data reveal that about 61.8% of shMic60

MEFs contain mtDNA nucleoids larger than 1 μm in diameter

(Figure 5B-a). Furthermore, almost all giant mitochondria

induced by shMic60 contain enlarged mtDNA nucleiods

(Figure 5a and Supplementary Figure 5A), and the short

tubular in shMic60 MEFs harbor remarkably less number of

mtDNA nucleiods than the similar length of short tubular in

WT MEFs (Supplementary Figure 5), indicating that the

enlarged mtDNA nucleoid is due to the clustering of nucleoids

and the disorganized mtDNA nucleiods is highly associated

with abnormal mitochondrial morphology.

To verify the role of Mic60/Mitofilin in organization of mtDNA

nucleoids, we performed the recovery assay by expressing

human Mic60/Mitofilin or Mic60/Mitofilin truncated mutants in

shMic60 MEFs. The expression of human Mic60-Flag

successfully inhibited the formation of giant mitochondria

(data not shown) and enlarged mtDNA nucleoids induced by

shMic60 in MEFs (Figure 5B), suggesting that human Mic60/

Mitofilin is functional in MEFs. Previous study showed that

Mic60/Mitofilin was contained in purified HeLa mtDNA

nucleoids49 and embedded in mitochondrial inner membrane

with its C-terminus facing mitochondrial intermembrane

space.47,50 We then checked the effect of Mic60/Mitofilin

N-terminal truncates on the morphology of mtDNA nucleoids.

Human Mic60(1–200)-Flag or Mic60(1–480)-Flag failed to

rescue the morphology of mtDNA nucleoids in shMic60 MEFs

(Figure 5B), suggesting that C-terminal of Mic60/Mitofilin is still

required for maintenance of normal mtDNA nucleoids.

A recent study found that the deletion of Drp1 results in

enlarged and clustered mitochondrial nucleoids;41we showed

that Mic60/Mitofilin deficiency caused a remarkable reduced

Drp1 (Figure 4D). To investigate whether the clustering of

mtDNA nucleoids induced by shMic60 is due to down-

regulation of Drp1, we overexpressed Drp1-YFP in WT or

shMic60 MEFs and analyzed the morphology of mitochondria

and mtDNA nucleoids. We observed that overexpression of

Drp1-YFP results in increased mitochondrial fragmentation in

WT cells and limit the formation of giant mitochondria in

shMic60 MEFs (Supplementary Figure 6A); interestingly,

Drp1-YFP expression partially inhibited the clustering of

mtDNA nucleoids caused by shMic60 (Figure 5C), suggesting

that Drp1 is associated with shMic60-induced clustering of

mtDNA nucleoids. In addition, about 36% of cells still maintain

enlarged mtDNA nucleoids in Drp1-YFP overexpressed

shMic60 cells (Figure 5C), suggesting that shMic60-induced

Figure 4 Mitochondrial dynamics were impaired upon downregulation of Mic60/Mitofilin. (A) (a) The infected MEFs containing control or shMic60 were continue to cultured for
6 days, mitochondrial morphology in control and shMic60 MEFs expressing mito-DsRed (mitochondrial marker) and nu-GFP (nuclear marker) was then visualized by confocal
microscope. (b) Mitochondrial morphology was counted according to the criteria detailed in Materials and Methods; bars represent means ± S.D. of three independent
experiments, and statistical significance were determined by Student’s t-test (*Po0.05 versus control). Statistical significant differences are shown with asterisks.
(B) Photoactivated mito-GFP-targeted mitochondria in WT or shMic60 MEFs expressing mito-PA-GFP and mito-DsRed and then were tracked by time-lapse microscopy for
20 min, mitochondrial fusion was assessed by the time-dependent dilution and redistribution of GFP fluorescence. (C) Comparison of mitochondrial fusion and fission between
WT and shMic60 MEFs cell. Ten photoactivated mitochondria labeled with mito-PA-GFP were tracked by time-lapse microscopy for 20 min, and the number of mitochondrial
fission and fusion events within 20 min were counted. Bars represent means± S.D. of three independent experiments. Statistical significance analyses were performed by using
Student's t-test (*Po0.05 versusWT; **Po0.05 versusWT). (D) Levels of Drp1, Mff, Mid51, Mid49, Mfn1, Mfn2, OPA1 and Mic60/Mitofilin proteins in control and shMic60 MEFs
were analyzed by western blot analysis using indicated antibodies. Tom20 and GAPDH were assayed as protein-loading control
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Figure 5 Downregulation of Mic60/Mitofilin leads to clustered mtDNA nucleoids independent on Drp1. (A) The infected MEFs containing control or indicated shRNA were
cultured continuously for 6 days, with mtDNA nucleoids in control and shMic60 MEFs expressing mito-DsRed were stained with SYBR I, and the morphology of nucleoids was
visualized by cofocal microscope. White arrow indicates enlarged mtDNA nucleoid. (B) (a) Control or shMic60 MEFs expressing human Mic60-Flag, Mic60(1–200)-Flag and
Mic60(1–480)-Flag were stained with SYBR I, MEFs containing enlarged mtDNA nucleoids were then counted in each experiment. 100 MEFs were analyzed in each experiment.
Bars represent means± S.D. of three independent experiments. Statistical significance analysis was performed by using Student's t-test (*Po0.05 versus control shMic60
MEFs). (b) The lysates from the MEFs described in a were analyzed by western blot analysis with indicated antibodies. (C) (a) The morphology of mtDNA nucleoids in control and
shMic60 MEFs expressing Drp1-GFP. MEFs containing enlarged mtDNA nucleoids were counted as described in B. (b) The cells lysates from the MEFs described in a were
analyzed by western blot analysis using anti-Mic60, anti-Drp1 and anti-GAPDH antibodies. (D) (a) The morphology of mtDNA nucleoids in control and shDrp1 MEFs containing
enlarged mtDNA nucleoids were counted as described in B. (b) Western blot analysis of control or shDrp1 MEFs using anti-Drp1 or anti-GAPDH antibody
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clustered mtDNA nucleoids is independent of Drp1, and

demonstrating that Mic60/Mitofilin is a novel regulator of

mtDNA nucleoid organization. In addition, about 60.3% of

shMic60 MEFs display enlarged mtDNA nucleoids

(Figure 5B); in contrast, only about 19.3% of shDrp1 MEFs

display clustering of mtDNA nucleoids (Figure 5D), indicating

that Mic60/Mitofilin is more critical than Drp1 in maintaining

morphology of mtDNA nucleoids. It should be noted that

shDrp1 also results in the formation of giant mitochondria in

MEFs (Supplementary Figure 6B).

In addition, the size and distribution of mtDNA nucleoids

were observed to be normal in shMic10 or shMic25 MEFs;

however, about 21% shMic19 MEFs display enlarged clus-

tered mtDNA nucleoids (Supplementary Figure 7A); and

shMic19 caused a severe reduction of Mic60/Mitofilin

(Supplementary Figure 7B); in contrast, shMic25 led to slight

reduction of Mic60/Mitofilin, and shMic10 had no effect on

stability of Mic60/Mitofilin (Supplementary Figure 7B).

These results indicate that enlarged mtDNA nucleoids

induced by shMic19 are probably due to the downregulation

of Mic60/Mitofilin. We also observed more reduction of Mic60/

Mitofilin in Mic19 and Mic25 double knockdown MEFs than in

shMic19 MEFs alone (Supplementary Figure 7B); importantly,

the number of cells containing enlarged mtDNA nucleoids

were increased to about 33% upon Mic19 and Mic25 double

knockdown (Supplementary Figure 7A), suggesting that the

number of cells containing enlarged mtDNA nucleoids is

positively correlated with the extent of downregulation of

Mic60/Mitofilin. Taken together, comparing with other MICOS

components, Mic60/Mitofilin is of central importance for

maintenance of mtDNA nucleoids morphology.

Mic60 knockdown attenuates the transcription of mtDNA.

To check whether mtDNA transcription were impaired upon

disruption of MICOS complex, we assessed all 13 mitochon-

drial mRNA levels in WT and shMic60 MEFs by RT-qPCR.

The mRNA levels for ND4L and COX2 were little changed in

shMic60 MEFs (Figure 6a); however, all the other 11

mitochondrial mRNA levels were reduced upon Mic60/

Mitofilin depletion (Figure 6a); furthermore, the mRNA levels

for ND2, ND4, ND5, COX1, ATP6 and ATP8 were significantly

decreased in shMic60 MEFs (Figure 6a). These findings

suggest that mtDNA transcription is attenuated upon

Mic60/Mitofilin knockdown.

mtDNA nucleoid is composed of a set of mtDNA-binding

proteins associated with mtDNAmaintenance, replication and

transcription.38,39 The core mtDNA nucleoid components

center consists of transcription and replication factors, such

as TFAM (the transcription factor A, mitochondrial), POLG

(the mtDNA polymerase γ), Twinkle (the mtDNA helicase),

mtSSB (the mitochondrial single-strand DNA-binding

protein)38,39 and LONP1 (the Lon protease), were found to

be an integral mtDNA nucleoid factor; and ATAD3, PHB1 and

PHB2 (Prohibitin1 and Prohibitin2) providemolecular scaffold-

ing to stabilize mtDNA nucleiod and promote mitochondrial

translation;38,39 in addition, AFG3L2, a subunit of mitochon-

drial m-AAA protease, is associated with mtDNA nucleiod.38

Upon Mic60/Mitofilin depletion, the protein levels of TFAM and

POLG were not altered (Figure 6b); however, LONP1 and

AFG3L2 were decreased in shMic60 MEFs (Figure 6b);

importantly, mtSSB, Twinkle, ATAD3, PHB1 and PHB2 were

remarkably decreased upon Mic60/Mitofilin depletion

(Figure 6b). These results indicate that LONP1, AFG3L2,

mtSSB, Twinkle, ATAD3, PHB1 and PHB2 may be involved in

disorganization of mtDNA nucleoids and decreased mtDNA

transcription induced by Mic60/Mitofilin knockdown.

Discussion

In this study, we show that Mic60/Mitofilin, Mic19/CHCHD3

and Mic10/MINOS1 are key components of mammalian

MICOS complex and required for MICOS assembly, and

identified Yme1L regulates the stability of Mic60/Mitofilin.

Furthermore, we report that the impaired MICOS complex by

Mic60/Mitofilin knockdown induced a large number of giant

mitochondria, and attenuates mitochondrial fusion and fission

and disturbs mtDNA nucleoid organization (Figure 6c).

Thus, our results suggest that the regulation of Mic60/Mitofilin

proteostasis is essential for MICOS assembly and provides a

novel clue to link mitochondrial dynamics and mitochondrial

nucleoid organization.

The detailed molecular mechanism of mitochondrial

dynamics is still largely unknown, although the key factors

for mitochondrial dynamics are already identified.51 In the

present study, we found that the disassembly of MICOS

complex induced by shMic60 leads to remarkable reduced

mitochondrial fusion and fission due to decreased Drp1, Mff,

Mid49, OPA1 and Mfn2 (Figures 4C and D). Our findings

indicate that Mic60/Mitofilin may function as a mediator linking

mitochondrial outer membrane and inner membrane fusion or

fission. Thus, Mic60/Mitofilin is a novel regulator of mito-

chondrial dynamics. Interestingly, lots of spherical giant

mitochondria were observed in Mic60/Mitofilin-depleted MEFs

(Figure 4A). In mammals, the proteins regulating giant

mitochondria formation are still not identified, although giant

mitochondria were reported to be normally observed in the

aged or some diseased mammalian cells.29–33 Our data

suggest that Mic60/Mitofilin is a key factor in regulating the

formation of giant mitochondria in mammals. In addition, it will

be interesting in the future studies to demonstrate how

downregulation of Mic60/Mitofilin destabilizes somemitochon-

drial fusion or fission factors.

The mechanism of organization, distribution and dynamics

of mtDNA nucleoids are poorly understood in mammals.

Recently, mitochondrial fusion and fission factors have

been shown to influence the organization of mtDNA

nucleoids.41,52,53 In the present study, we found that

Mic60/Mitofilin has an important role in the maintaining of

mtDNA nucleoid organization and function in mammals

(Figures 5B and 6a). Thus, an important question is how

Mic60/Mitofilin regulates the distribution and size of mtDNA

nucleoids? Mic60/Mitofilin localizes in close vicinity of mtDNA

nucleoids;49 and we found that the shMic60 results in the loss

of mitochondrial cristae junctions (Figure 1A); in addition, Drp1

overexpression partially reduces the clustering of mtDNA

nucleoids caused by shMic60 (Figure 5C). Thus, we provide a

hypothesis that mitochondrial cristae junctions connect cristae

to inner boundary membrane to maintain proper internal

membrane compartments where mtDNA nucleoids are

located; and proper mitochondrial fission is required to
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separate mtDNA nucleoids. The loss of mitochondrial cristae

junctions resulting from depletion of Mic60/Mitofilin breaks the

limitation of internal membrane compartments for distribution

of mtDNA nucleoids and leads to clustering of mtDNA

nucleoids; in addition, decreased mitochondrial fission in

shMic60 cells may inhibit the separation of adjacent mtDNA

nucleoids and result in clustering. Taken together, our findings

demonstrate that mitochondrial dynamics and inner mem-

brane organization, linked by Mic60/Mitofilin, are required for

distribution, organization and function of mtDNA nucleoids.

Alterations of mitochondrial architecture and dynamics are

linked to several human diseases.27,28,54,55Our study showed

Figure 6 Mic60/Mitofilin reduction attenuates mtDNA transcription. (a) 13 mitochondrial mRNA levels in WTor shMic60 MEFs were analyzed by RT-qPCR. Error bars are
means± S.D. of three independent experiments. Statistical significance analysis was performed by using Student's t-test (*Po0.05 versusWT). (b) Cell lysates of WTor shMic60
MEFs were analyzed by western blot analysis with antibodies against indicated mtDNA nucleoids associated with proteins. (c) The model of Mic60/Mitofioin homeostasis and its
effect on mitochondrial dynamics and mtDNA nucleoid organization. Under normal condition, Mic60/Mitofilin is stabilized by Mic19/CHCHD3 by direct interaction. Upon
Mic19/CHCHD3 reduction, Mic60/Mitofilin is degraded by mitochondrial protease Yme1L. Furthermore, Mic60/Mitofilin downregulation causes abnormal cristae structure,
impaired mitochondrial dynamics and enlarged mtDNA nucleiods; therefore, mtDNA transcription is attenuated
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that Mic60/Mitofilin homeostasis regulates mitochondrial

cristae structure, mitochondrial dynamics and nucleoid orga-

nization (Figure 6c), indicating that the homeostasis of Mic60/

Mitofilin and other MICOS components may be associated

with some human diseases. Actually, impaired Mic60/Mitofilin

homeostasis has been described in a set of pathologies

associated with cardiomyopathy, brain development, function

and degeneration.42–46,56 Future studies will have to uncover

the role and the molecular mechanisms of Mic60/Mitofilin and

other MICOS subunits in the pathogenesis of the diseases.

Materials and Methods
Cell culture and transfection. MEFs, Hela and 293T cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum,
1% penicillin/streptomycin and 1% L-glutamine at 37 °C with 5% CO2. Lipofectamine
2000 and Opti-MEM I (Invitrogen, Carlsbad, CA, USA) were used for transient
transfection according to the manufacturer’s protocol.

Western blot, Co-IP and GST-pulldown assay. Western blot and co-IP
were performed as we have described previously.57 Cells were lysed in a Triton X-100-
based lysis buffer (1% Triton X-100, 10% glycerol, 20 mM Tris,150 mM NaCl, pH7.4,
2 mM EDTA, protease inhibitor mixture). GST- or His-tagged proteins were expressed in
E. coli BL21 and induced with 1 mM IPTG. Bacteria were then lysed and centrifuged,
the supernatants were mixed with Pierce Glutathione Agarose (Thermo Scientific,
Waltham, MA, USA) for 4 h at 4 °C. Beads were collected by 2000 × g centrifugation and
washed five times with PBS. The samples were analyzed by western blot analysis.

Confocal microscopy and image processing. Confocal microscopy
(FV1000) was performed with an Olympus IX81 microscope with a 100 ×UPL SAPO
NA= 1.4 oil objective (Olympus Corporation, Tokyo, Japan). MEFs or HeLa cells were
cultured on coverslips and fixed with 10% formalin. The FV10-ASW 3.0 software
(Olympus Corporation) was used for image processing and analysis. Photoactivable
GFP assay was performed as described previously.21 To determine mitochondrial
morphology, cells were randomly selected for quantitative analysis and visually scored
into four classifications (‘Tubular’, ‘short Tubes’, ‘Fragmented’ and ‘Enlarged’).

Electron microscopy. MEFs were fixed and prepared as we have described
previously.21 The stained sections were imaged onto negatives using a Jeol electron
microscope (Joel Ltd, Tokyo, Japan) operated at 80 kV.

BN-PAGE analysis. Isolated mitochondrial were re-suspended in BN-lysis
buffer (20 mM bis-Tris, 500 mM ε-aminocaproic acid, 20 mM NaCl, 2 mM EDTA,
10% glycerol, 1 mM PMSF and 1x cocktail) on ice, and lysed by the addition of 0.5%
digitonin for 2 h. The samples were separated on 4–15% polyacrylamide gels and
repeated loading for three times.The gel was transferred to PVDF and
immunoblotted with the anti-Mic60/Mitofilin, anti-Mic10/MINOS1 antibody or anti-
Mic19/CHCHD3 antibody, respectively.

Quantitative PCR. RNA from WT or shMic60 MEFs cells were prepared using
TRIzol Reagent (Invitrogen) according to the manufacturer’s instructions. Genome
removed by RNase-free DNase I (Thermo Scientific). Reverse transcription was
performed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific).
RT-qPCR was performed with SsoAdvanced SYBR Green Supermix (Bio-Rad,
Hercules, CA, USA) on the Rotor Gene 6000 Real-time Analyzer (Biolabo Scientific
Instruments SA, Châtel-St-Denis, Switzerland). GAPDH was served as an internal
control. The primer sets for mitochondrial transcripts were used as described
previously.58
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