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ABSTRACT

The ubiquitination of mitochondrial proteins labels damaged mitochondria for degradation through
mitophagy. We recently developed an in vivo system in which mitophagy is slowed by inhibiting
mitochondrial division through knockout of Dnm1l/Drpi1, a dynamin related GTPase that mediates
mitochondrial division. Using this system, we revealed that the ubiquitination of mitochondrial proteins
required SQSTM1/p62, but not the ubiquitin E3 ligase PRKN/parkin, during mitophagy. Here, we tested
the role of PINK1, a mitochondrial protein kinase that activates mitophagy by phosphorylating ubiquitin,
in mitochondrial ubiquitination by knocking out Pink1 in dnm1l/-knockout liver. We found mitochondrial
ubiquitination did not decrease in the absence of PINK1; instead, PINK1 was required for the degrada-
tion of MFN1 (mitofusin 1) and MFN2, two homologous outer membrane proteins that mediate
mitochondrial fusion in dnm1/-knockout hepatocytes. These data suggest that mitochondrial ubiquitina-
tion is promoted by SQSTM1 independently of PINK1 and PRKN during mitophagy. PINK1 and PRKN
appear to control the balance between mitochondrial division and fusion in vivo.

Abbreviations: DNM1L/DRP1: dynamin 1-like; KEAP1: kelch-like ECH-associated protein 1; KO: knockout;
MAP1LC3/LC3: microtubule-associated protein 1 light chain 3; MFN1/2: mitofusin 1/2; OPA1: OPA1,
mitochondrial dynamin like GTPase; PDH: pyruvate dehydrogenase E1; PINK1: PTEN induced putative
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Introduction

Mitochondria are essential organelles that function in
a variety of bioenergetic, metabolic, and developmental pro-
cesses; therefore, cells employ multiple quality control
mechanisms to maintain the functional integrity of mitochon-
dria. For example, mitochondria contain many proteases that
degrade misfolded proteins inside mitochondria, such as
ATP-dependent AAA proteases [1,2]. Misfolded proteins
inside mitochondria can induce the mitochondrial unfolded
protein response to import more chaperone proteins that
increase the folding capacity or induce the degradation of
these misfolded proteins [3,4]. Mitochondrial unfolded pro-
tein responses also remodel cellular metabolism through
changes in gene expression. There are several ubiquitination
enzymes that target surface-exposed outer membrane proteins
for proteasomal degradation [5]. In addition, a portion of the
mitochondrion that is damaged can be pinched off by gen-
erating small vesicles that bud out from the mitochondrial
membrane, called mitochondrial-derived vesicles, which are
transported to lysosomes [6,7].

Damaged mitochondria are also eliminated as whole struc-
tures through selective autophagic degradation, which is termed

mitophagy [8,9]. To mark mitochondria for mitophagy, mito-
chondrial proteins undergo ubiquitination and autophagosomes
are recruited to the ubiquitinated mitochondria through recep-
tor proteins that interact with both polyubiquitin chains and
autophagy-related proteins, such as MAP1LC3/LC3. It has been
reported, in response to the loss of the mitochondrial membrane
potential, that the protein kinase PINKI, which is usually
imported into healthy mitochondria, becomes trapped at the
outer membrane and phosphorylates ubiquitin and the ubiquitin
E3 ligase PRKN on the surface of mitochondria [8,9]. These
phosphorylation events activate PRKN and further induce ubi-
quitination of mitochondrial proteins. However, our current
understanding of the role of PRKN and PINK1 in mitophagy
in vivo is limited since most of the studies have been done in cell
culture systems.

We have developed in vivo systems in which mitophagy
can be blocked by increasing the size of mitochondria by
knocking out Dnml1l/Drpl, a dynamin-related GTPase that
mediates mitochondrial division [10-12]. Using the floxed
alleles of Dnmll and tissue-specific CRE recombinase, we
deleted Dnm1ll individually in multiple organs, such as the
brain, heart, and liver [13-17]. In all organs we tested, the
loss of DNMIL enlarged mitochondria and decreased

CONTACTS Hiromi Sesaki 8 hsesaki@jhmi.edu @ Department of Cell Biology, Institute for Cell Engineering, Johns Hopkins University School of Medicine,
Baltimore, MD 21205, USA; Miho lijima @ miijima@jhmi.edu e Department of Cell Biology, Institute for Cell Engineering, Johns Hopkins University School of

Medicine, Baltimore, MD 21205, USA
© 2019 Informa UK Limited, trading as Taylor & Francis Group


http://orcid.org/0000-0002-6906-9861
http://orcid.org/0000-0003-0868-2563
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2019.1643185&domain=pdf&date_stamp=2019-09-11

mitophagy. Consequently, halted mitophagy intermediates
accumulated, such as mitochondria that piled up ubiquiti-
nated proteins and LC3 on their surfaces. By analyzing these
mitophagy intermediates, we found that the ubiquitination
of enlarged mitochondria is independent of PRKN in neu-
rons in the brain, cardiomyocytes in the heart, and hepato-
cytes in the liver [13-17]. Additional knockout (KO) of
Prkn in dnml1l KO hearts, brains, or livers did not decrease
mitochondrial ubiquitination. Supporting these findings,
recent studies have shown that mitophagy occurs in vivo
in the absence of PRKN or PINKI1 [18-21]. The molecular
mechanisms that ubiquitinate mitochondrial proteins and
drive mitophagy independently of PRKN and PINKI1 are
largely unknown.

The mitophagy intermediates that were captured in the
absence of DNMIL accumulated SQSTM1 on their surfaces
[13,14,16]. SQSTMI is thought to function as an autophagy
receptor that connects autophagy substrates and autophagosomes
by binding both ubiquitin and LC3 [22,23]. Surprisingly, in con-
trast to this current view, we have recently reported that the
additional KO of Sgstml dramatically decreased mitochondrial
ubiquitination in dnmil KO hepatocytes [13]. At mitochondria,
SQSTMI associates with KEAP1 (kelch-like ECH-associated pro-
tein 1), a protein that forms a cullin-RING ubiquitin ligase with
the E3 ligase RBX1. Both KEAP1 and RBX1 were recruited to the
mitophagy intermediates by SQSTMI in dnml1l KO hepatocytes
[13]. Knockdown of RbxI also decreased mitochondrial ubiquiti-
nation. These data suggest a new mechanism by which the
SQSTMI1-KEAP1-RBX1 complex ubiquitinates mitochondrial
proteins in mitophagy. Although association of SQSTM1 blocks
the function of KEAPI in the suppression of the transcription
factor NFE2L2/NRF2 in autophagy-defective atg7 KO livers [24],
we found that sqstm1 KO livers maintain the low level of Nfe2I2
target genes [13]. Therefore, the role of KEAP1 in SQSTMI-
driven mitophagy is independent of the NFE2L2 pathway. We
also showed that general macroautophagy is not activated in
dnmll KO livers [13].

SQSTM1-dependent mitochondrial ubiquitination takes
place independently of PRKN [13]; however, it is possible that
SQSTM1 and PRKN have overlapping functions in mitochon-
drial ubiquitination, i.e. in the presence of SQSTM1, the role of
PRKN may be masked. It also remains to be determined
whether this SQSTM1-independent ubiquitination involves
PINK1. PINKI1 has been reported to promote mitochondrial
ubiquitination independently of PRKN, likely through other
ubiquitin E3 ligases [25]. In the current study, to address these
critical mechanistic questions, we simultaneously knocked out
Sgstml and Prkn in dnmlil KO livers and tested a potential
functional overlap between SQSTM1 and PRKN. We also gen-
erated double KO livers for dnmil and pinkl to examine the
role of PINK1 in mitochondrial ubiquitination.

Results

PRKN is dispensable for mitochondrial ubiquitination in
the absence of SQSTM1

We have previously shown that mitochondrial ubiquitination
requires SQSTMI, but not PRKN, in mitophagy in the liver,
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heart, and brain [13,16,17]. In the absence of SQSTMI, mito-
chondrial ubiquitination is decreased by 80% in dnm1l:sqstm1l
KO livers [13]. To test whether the residual level of ubiquitina-
tion is mediated by PRKN, we combined the KO of SgstmI and
Prkn in Alb-dnmll KO mice (Alb-dnmll:prkn:sqstml KO
mice). At 3 months of age, the mice were chemically fixed by
cardiac perfusion with paraformaldehyde and frozen liver sec-
tions were analyzed by immunofluorescence microscopy with
antibodies against ubiquitin, SQSTM1, and a mitochondrial
protein, pyruvate dehydrogenase (PDH). Consistent with our
previous findings [13], mitochondria were highly ubiquitinated
in Alb-dnm1l KO livers (Figure 1A and B). Biochemical fractio-
nation of mitochondria confirmed the association of SQSTM1
with mitochondria in Alb-dnm1l KO livers (Figure 1C-F). The
additional loss of SQSTM1 decreased mitochondrial ubiquitina-
tion by 80% in Alb-dnm1l::sqstm1 KO livers, whereas the loss of
PRKN did not decrease ubiquitination in Alb-dnmll::prkn KO
livers (Figure 1A and B). Compared to Alb-dnmIll::sqstml KO
livers, Alb-dnmll:prkn::sqgstml KO livers did not show
decreased mitochondrial ubiquitination (Figure 1A and B).
Therefore, it appears that PRKN does not account for the
remaining mitochondrial ubiquitination activity in Alb-dnmIll:
sgstml KO livers. These data exclude the possibility that
SQSTM1 and PRKN have partially overlapping functions in
mitochondrial ubiquitination.

The loss of PINK1 does not decrease mitochondrial
ubiquitination

PINKI stimulates ubiquitination of mitochondrial proteins by
phosphorylating and activating the ubiquitin E3 ligase PRKN
[26,27], but also promotes mitochondrial ubiquitination inde-
pendently of PRKN [25]. To ask if mitochondrial ubiquitination
in Alb-dnm1l KO livers depends on PINK1, we generated Alb-
dnm1l:pinkl KO mice by crossing Alb-dnmll KO mice with
pinkl KO mice [28]. At 3 months of age, frozen liver sections
were analyzed by immunofluorescence microscopy with anti-
bodies against ubiquitin, SQSTM1, LC3, and PDH. We found
no significant decrease in mitochondrial ubiquitination in Alb-
dnmll:pinkl KO livers, compared to Alb-dnmll KO livers
(Figure 2A and C). Similarly, the accumulation of SQSTM1
on mitochondria was not decreased in Alb-dnmll:pinkl KO
livers (Figure 2A, B and D). SQSTM1 was colocalized with both
ubiquitin and LC3 on mitochondria in Alb-dnmil and Alb-
dnmll::pinkl KO mice. These data suggest that recruitment of
SQSTM1 to mitochondria and the ubiquitination of mitochon-
drial proteins were independent of PINK1.

The loss of PINK1 restores normal levels of MFN1 and 2

The loss of mitochondrial division leads to the inactivation of
three dynamin related GTPases that mediate mitochondrial
fusion: the outer membrane proteins MFN1 and MFN2 and
the inner membrane protein OPAl. In the absence of
DNMI1L, the levels of MFN1 and 2 are decreased by protea-
somal degradation, whereas OPA1 is subjected to inactivating
site-specific proteolytic cleavage [29,30]. These changes in
these three mitochondrial fusion GTPases are thought to
counterbalance  decreased mitochondrial division by
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Figure 1. Mitochondrial ubiquitination requires SQSTM1, but not PRKN. (A) Frozen liver sections in the indicated mice were subjected to immunofluorescence
microscopy with ubiquitin, SQSTM1, and a mitochondrial protein, pyruvate dehydrogenase (PDH). Lower panels are magnified images of boxed regions. Bars in
higher panels: 10 pm. Bars in lower panels: 2 pm. (B) Quantification of cells showing the accumulation of ubiquitin on mitochondria. Values are average + SD
(n = 3-5 mice). (C) Mitochondria were isolated from control and Alb-dnm1/ KO livers and analyzed by western blotting with antibodies to SQSTM1, GAPDH, VDAC and
TOMM20. 20 pg of protein was loaded in each lane. (D-F) Band intensity was quantified, and values are presented as average = SD (n = 3 mice). Statistical analysis

was performed using one-way ANOVA followed by the post-hoc Tukey test in (B) and Student’s t-test in (D-F):

inhibiting mitochondrial fusion. We have previously shown
that this balancing mechanism recognizes the size of mito-
chondria rather than the loss of DNMI1L or the loss of mito-
chondrial division since restoring mitochondrial size in the
absence of DNMIL can restore normal levels of MEN1 and 2
[13]. As a mechanism that specifically controls the abundance
of MFN1 and MFN2, we have found that PRKN is necessary

*p < 0.05, **p < 0.01, ***p < 0.001.

for the degradation of MFN1 and MFN2, but not the proteo-
Iytic cleavage of OPAL, in Alb-dnm1il KO livers [13].

To determine whether the degradation of MFN1 and 2
requires PINK1, we analyzed Alb-dnmil::pinkl KO livers using
Immunoblotting. We found that the amounts of both MFN1 and
2 were significantly increased in Alb-dnmll:pinkl KO livers,
compared to Alb-dnmll KO livers (Figure 3A, B, and C).
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Figure 2. Mitochondria undergo ubiquitination in the absence of PINK1. (A and B) Frozen liver sections were examined by immunofluorescence microscopy with
antibodies against ubiquitin, SQSTM1, and PDH (A) and LC3, SQSTM1, and PDH (B). Lower panels are magnified images of boxed regions. Bars in higher panels:
10 um. Bars in lower panels: 2 pm. (C and D) Quantification of cells showing the accumulation of ubiquitin (C) and SQSTM1 (D) on mitochondria. Values are average
+ SD (n = 3 mice). Statistical analysis was performed using one-way ANOVA followed by the post-hoc Tukey test: *p < 0.05, **p < 0.01, ***p < 0.001.

Conversely, OPAL1 processing did not change in Alb-dnm]1l::pink1l
KO livers, compared to Alb-dnm1l KO livers. We found similar
levels of the cleaved forms of OPA1 (S3 and S5) in Alb-dnm1l KO
and Alb-dnm1l::;pinkl KO mice (Figure 3D and E). As a control,
we found similar levels of GAPDH and a mitochondrial outer
membrane protein, TOMM?20 (Figure 3F and G). These results
suggest that PINK1 selectively regulates MEN1 and 2, but not
OPAL, in response to increases in mitochondrial size.

Discussion

In our previous studies, we found that mitochondrial proteins
are ubiquitinated by a mechanism that requires SQSTM1, but
not PRKN [13,16,17]. Since PINK1 can work together with
PRKN, as well as other ubiquitin E3 ligases, in mitochondrial

ubiquitination, it was critical to determine whether PINKI1
functions in this newly discovered mitochondrial ubiquitina-
tion pathway that is mediated by SQSTMI1. In the present
study, we addressed this question and found that SQSTM1-
dependent ubiquitination occurs in the absence of PINKI.
Therefore, it appears that there are multiple distinct mechan-
isms that ubiquitinate mitochondrial proteins to label
damaged mitochondria for mitophagy (Figure 3H). We spec-
ulate that different mechanisms label damaged or dysfunc-
tional mitochondria depending on the types and extent of
mitochondrial damage.

We found that, rather than globally controlling mitochon-
drial ubiquitination, PINKI1, along with PRKN, controls the
specific degradation of MFN1 and 2 when mitochondrial size
is increased due to the loss of DNM1L-mediated mitochondrial
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Figure 3. Additional loss of PINK1 restores the amounts of MFN1 and 2 that are decreased in Alb-dnm1/ KO hepatocytes. (A) Immunoblotting of livers isolated from
the indicated mice at 3 months using antibodies against MFN1 and 2, OPA1, GAPDH, and TOMM20. Lower image represents a model for OPA1 processing. (B-G)
Quantification of band intensity of MFN1 (B), MFN 2 (C), OPA1-S3 (D), OPA1-S5 (E), GAPDH (F), and TOMM20 (G). Values are average + SD (n = 3-4). (H) Model for
mitochondrial ubiquitination mediated by the SQSTM1-KEAP1-RBX1 complex in mitophagy and by the PINK1-PRKN pathway in morphological regulation. Statistical
analysis was performed using ANOVA followed by the post-hoc Tukey test: *p < 0.05, **p < 0.01.



division (Figure 3H). Since the loss of DNMI1L does not cause
gross decreases in the mitochondrial membrane potential,
PINK1 and PRKN may be activated independently of the mem-
brane potential, e.g., when oxidative stress levels increase. It is
also possible that PINK1 and PRKN respond to increases in the
size of mitochondria. Targeted degradation of MFNs could
enable the cell to reversibly readjust the balance between mito-
chondrial division and fusion without grossly removing mito-
chondria. In future studies, it would be important to further
decipher how the balance of mitochondrial dynamics is
maintained.

Materials and methods
Animals

All experiments with animals were conducted according to
the guidelines established by the Johns Hopkins University
Committee on Animal Care and Use. DnmIF¥fo* [29],
prkn’/’ [16], sqstml’/’ [24] and pinkl’/’ [28] mice have
been described previously. Alb-Cre mice [31] were obtained
from the Jackson Laboratory. By breeding, we generated
control (Dnm1P°*f°* and  Alb-Cre*”), Alb-dnmll KO
(Alb-Cre* ::Dnm11°¥flox), prkn KO (Dnmllﬂo"/ﬂox::prkn’/’),
Alb-dnmil:prkn KO  (Alb-Cre™ :DnmI1V"**:.prkn™"),
sgstml KO (DnmI1V"*M%:sqstm17"),  Alb-dnm1l:sqstml
KO (Alb-Cre*" ::Dnm1V"M%::sqstm17"), Alb-dnm1l:prkn::
sgstml KO  (Alb-Cre™ :Dnm 1V % .prkn"::sqstm1™"),
pinkl KO (Dnm1V"°%.pink1”"), and Alb-dnmll:pinkl
KO (Alb—Cre”’::Dnmllﬂox/ﬂox::pinkl’/’) mice.

Immunoblotting

Mouse livers were dissected, flash-frozen in liquid nitrogen, and
homogenized in RIPA buffer (Cell Signaling Technology, 9806S)
containing complete mini protease inhibitor (Roche,
11,836,170,001). Lysates were centrifuged at 14,000 x g for
10 min and the supernatants were collected. Protein concentra-
tions were determined by the Bradford method using a Bio-Rad
protein assay (Bio-Rad, 5,000,006). Proteins were separated by
SDS-PAGE and transferred onto Immobilon-FL membranes
(Millipore, IPFL00010). After blocking in 3% BSA (Sigma-
Aldrich, A9647) in PBS (137mM NaCl, 2.7mM KCl, 4.3 mM
Na,HPO,pH, 1.ImM KH,PO, pH 7.4)-Tween-20 (Sigma-
Aldrich, P7949) for 1 h at room temperature, the blots were
incubated with primary antibodies. Immunocomplexes were
visualized using appropriate fluorophore-conjugated secondary
antibodies and a PharosFX Plus Molecular Imager (Bio-Rad,
CA, USA). Band intensity was determined using Fiji image
analysis software.

Antibodies

The following primary antibodies were used: OPAl (BD
Biosciences, 612,607), PDH (Abcam, ab110333), GAPDH
(Thermo, MAS5-15,738), TOMM20/TOM20 (Santa Cruz
Biotechnology, sc-11,415), MFN1 (Abcam, ab57602), MFN2
(Abcam, ab56889), SQSTM1 (Progen, GP-62C), ubiquitin
(DAKO, z0458), and LC3 (MBL, PMO036). The following

AUTOPHAGY (&) 2017

secondary antibodies were purchased from Invitrogen: Alexa
Fluor 488 anti-rabbit IgG (A21206), Alexa Fluor 488 anti-
mouse IgG (A21202), Alexa Fluor 568 anti-mouse IgG
(A10037), Alexa Fluor 647 anti-mouse IgG (A31571), and
Alexa Fluor 647 anti-guinea pig IgG (A21450).

Immunofluorescence microscopy

Mice were anesthetized by intraperitoneal injection of Avertin
solution (2,2,2-Tribromoethanol (Sigma-Aldrich, T48402) is
dissolved in 2-Methhyl-2-butanol (Sigma-Aldrich, 240,486))
and fixed by cardiac perfusion of ice-cold 4% paraformalde-
hyde (Sigma-Aldrich, 441,244) in PBS (Quality Biological,
119-069-131) as previously described [15,16]. Perfused livers
were dissected and further fixed in 4% paraformaldehyde in
PBS for 2 h at 4°C. The samples were further incubated in PBS
containing 30% sucrose overnight and frozen in OCT com-
pound (Fisher Healthcare, 23-730-571). The frozen sections
were cut, washed in PBS, and blocked in 10% chicken serum
(Sigma-Aldrich, C5405). The sections were then incubated
with primary antibodies followed by fluorescently labeled
secondary antibodies. Samples were visualized using Zeiss
(Oberkochen, Germany) LSM510-Meta, LSM780-FCS, and
LSM800 GaAsP laser scanning confocal microscopes
equipped with a 63x objective, as described previously
[15,16]. Image analysis was performed using Fiji image ana-
lysis software.

Mitochondrial isolation

Mitochondria were isolated from the liver tissues as described
[32] with some modifications. Livers dissected from control
and Alb-dnmll KO mice were rinsed in isolation buffer (i.e.,
1 mM EGTA-Tris, 0.2 M sucrose [Fisher chemicals, S5-3], and
10 mM Tris-MOPS, pH of 7.4) to remove blood. Rinsed livers
were minced and homogenized using a glass potter homoge-
nizer with a Teflon pestle. Homogenates were centrifuged at
600 x g for 10 min at 4°C. The supernatants, which was used
as the total fraction, were centrifuged at 7,000 x g for 10 min
at 4°C. The pellets were washed twice in isolation buffer and
used as the mitochondrial fraction.

Statistical analysis

ANOVA followed by the post-hoc Turkey test was used for
the analysis of immunofluorescence and band intensity of
MENI1 and 2, OPA1 S3 and S5, GAPDH and TOMM?20.
Student t-test was used for the analysis of band intensity of
SQSTM1, VDAC and TOMMZ20 in the mitochondrial frac-
tion. Statistical analysis was done with GraphPad Prism 8.0
software. * P < 0.05, ** P < 0.01, *** P < 0.001.
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