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A small natural molecule promotes mitochondrial fusion
through inhibition of the deubiquitinase USP30
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Mitochondrial fusion is a highly coordinated process that mixes and unifies the mitochondrial compartment for
normal mitochondrial functions and mitochondrial DNA inheritance. Dysregulated mitochondrial fusion causes
mitochondrial fragmentation, abnormal mitochondrial physiology and inheritance, and has been causally linked
with a number of neuronal diseases. Here, we identified a diterpenoid derivative 15-oxospiramilactone (S3) that
potently induced mitochondrial fusion to restore the mitochondrial network and oxidative respiration in cells that
are deficient in either Mfn1 or Mfn2. A mitochondria-localized deubiquitinase USP30 is a target of S3. The inhibition
of USP30 by S3 leads to an increase of non-degradative ubiquitination of Mfn1/2, which enhances Mfnl and Mfn2
activity and promotes mitochondrial fusion. Thus, through the use of an inhibitor of USP30, our study uncovers an
unconventional function of non-degradative ubiquitination of Mfns in promoting mitochondrial fusion.
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ization between Mfnl and Mfn2 are essential for the
tethering of adjacent mitochondria before the complete
fusion of neighboring mitochondria [4-7]. Another GT-
Pase, OPA1, localized in the intermembrane space and
the inner membrane of mitochondria, is responsible for
fusion of the inner mitochondrial membrane [8, 9]. Dys-
regulated activity of fusion mediators leads to extensive
mitochondrial fragmentation and severe mitochondrial
dysfunction, such as loss of mitochondrial potential and
defect in respiratory capacity, possibly as a consequence
of the loss of mitochondrial DNA (mtDNA) in individual
mitochondria [10, 11]. Mice lacking Mfn1, Mfn2 or

Introduction

Mitochondria are highly dynamic organelles undergo-
ing constant fission and fusion to maintain normal mor-
phology, which is important for mitochondrial functions
and fundamental cellular processes [1, 2]. Several key
molecules are known to mediate this complex process.
Mifnl and Mfn2 are GTPases anchored to the outer mi-
tochondrial membrane [3]. The homo- and heterodimer-

*These two authors contributed equally to this work.

Correspondence: Quan Chen®, Xiaojiang Hao"

“Tel: +86-010-64807322

E-mail: chenq@jioz.ac.cn

*Tel: +86-0871-5219684

E-mail: haoxj@mail kib.ac.cn

Received 30 March 2013; revised 25 October 2013; accepted 26 Novem-
ber 2013; published online 11 February 2014

OPAL1 die at an early embryonic stage, indicating that
fusion factors are strictly required during early develop-
ment [12, 13]. Moreover, point mutations in Mfn2 or
OPA1 lead to severe neurodegenerative diseases such as
Charcot-Marie-Tooth type 2A and dominant optic atro-
phy [14, 15]. On the other hand, mitochondrial fission is



regulated by another GTPase family member, dynamin-
related protein 1 (Drpl) [16]. Drpl is recruited to mito-
chondria by mitochondrial fission factor or MiD49/51
and self-assembles into spirals surrounding the mitochon-
dria to drive membrane constriction and fission [16-19].
Cells lacking Drpl showed deficiency in mitochondrial
fission and exhibited abnormally elongated mitochondria
[20]. Despite the importance of mitochondrial dynamics
in many biological processes, including embryo develop-
ment, neuron degeneration, cellular metabolism and cell
survival, the regulatory mechanisms by which the mito-
chondrial fusion and fission processes are orchestrated to
fulfill these complex functions remain poorly understood.
In particular, little is known about how mitochondrial fu-
sion is regulated. Recently, the mitofusin binding protein
(MIB) was found to be a negative regulator of Mfn1 [21].

Early studies in yeast revealed that ubiquitination af-
fects mitochondrial morphology and mitochondrial inher-
itance [22]. In mammalian cells, several E3 ligases were
found to localize at or translocate to mitochondria to
mediate ubiquitination of Mfn1/2 or Drpl for their deg-
radation [23-30]. Recent research has shown that ubiq-
uitination not only leads the protein substrate to the pro-
teasome or lysosome for degradation, but also regulates
various cellular functions, including signal transduction,
endocytic trafficking and DNA repair without affecting
protein stability [31]. Many proteins contain ubiquitin-
binding domains or motifs that function as ubiquitin
receptors for protein-protein interactions [32]. It is thus
intriguing to determine whether such a mechanism is
involved in regulating mitochondrial dynamics. Protein
ubiquitination is a reversible process and this revers-
ibility is accomplished by deubiquitinases that remove
ubiquitin from their substrates [33]. There are about 100
deubiquitinases in the human genome, and more than
half of human deubiquitinases belong to the ubiquitin-
specific protease (USP) subfamily that contains critical
cysteine and histidine residues in the reactive center [34].
A number of deubiquitinases are reported to play critical
roles in diverse cellular and physiological functions such
as cell signaling, histone modification and so on [35, 36].
Abnormal deubiquitinase activity is closely related to
tumor cell survival as these enzymes modulate TGF-f3,
Wnt and TNF signaling pathways [37]. Several small
molecules that inhibit distinct deubiquitinases have been
identified, and these small molecules would be useful
tools for studying the molecular mechanisms underlying
the actions of these deubiquitinases, in addition to their
potential therapeutic applications [38, 39].

In the present study, we identified a small natural de-
rivative S3, which potently activated mitochondrial fu-
sion accompanied by restoration of normal mitochondrial
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function. We found that S3-induced inhibition of USP30,
a mitochondria-localized deubiquitinase, increased the
ubiquitination of Mfnl and Mfn2 without affecting their
protein levels. This non-degradative ubiquitination of
Mfhns is involved in regulation of mitochondrial fusion.

Results

S3-induced mitochondrial re-networking in the absence
of either Mful or Mfn2

To understand the regulatory mechanism of mito-
chondrial fusion and fission, we screened for small mol-
ecules that could induce the elongation of mitochondria
in Mfnl-knockout (Mfnl™") MEF cells. In these cells,
small-fragmented mitochondria dispersed within the cell
and the elongation of mitochondria was readily detect-
able. From the 300 compounds obtained, we identified
15-oxospiramilactone, a diterpenoid derivative (named
S3 hereafter) [40], which could induce remarkable mi-
tochondrial elongation in cells that lack Mfnl. Using a
mitochondrial matrix-targeted DsRed protein, we moni-
tored mitochondrial morphological changes at the single-
cell level in real time (Figure 1A). Following the addi-
tion of 5 uM S3, the mitochondrial morphology changed
from spheres to highly-interconnected filaments, and the
disrupted mitochondrial network was rebuilt within 2 h.
S3-induced mitochondrial morphological change occurs
in a dose- and time-dependent manner (Figure 1A and
1B). Treatment with 2 uM S3 for 24 h could efficiently
induce mitochondrial elongation in approximately 80%
of the cells without affecting the cell viability, while con-
centration higher than 5 uM could kill the cells through
apoptosis [38] (Supplementary information, Figure S1).
We thus chose this dose and timepoint for further experi-
ments.

To demonstrate that S3 induces complete mitochondrial
fusion, but not mere mitochondria association or
aggregation, we carried out an ultrastructural analysis
by electron microscopy (EM). EM pictures showed
that following S3 treatment, the dot-like or rod-like
mitochondria in Mfnl™~ or Mfn2”~ MEF cells were
changed to an interconnected mitochondrial network
with branching (Figure 1C), indicating that S3 induces
complete and coordinated mitochondrial fusion.

We next sought to understand if S3-induced mito-
chondrial fusion is dependent on the core mitochondrial
fusion machinery. We compared the effects of S3 treat-
ment on mitochondrial morphology in WT, Mfn1™",
Mfn2™", Mfn1/2-double knockout (Mfn Dko) and OPA -
knockout (OPA17") MEF cells. All mitochondria in these
mutant cells were fragmented and dot-like or rod-like as
described earlier. We found that S3 induced a remarkable
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Figure 1 S3 induces mitochondrial elongation. (A) An Mfn1”~ MEF cell transfected with MitoDsRed and treated with 5 uM S3
was monitored by confocal microscopy for 2 h with an interval of 15 min. The scale bar (5 uM) is shown on the top left. (B)
Quantification of cells with connected and tubular mitochondria at the indicated time points after exposure to different concen-
trations of S3. Data represent the mean + SD of three independent experiments, each with > 200 cells counted per condition.
(C) Ultrastructural analysis of mitochondria of Mfn1~~ and Mfn2”~ MEF cells. Cells were untreated or treated with 2 uM S3 for
24 h and fixed for electron microscopy analysis. (D) Mitochondrial morphologies of WT, Mfn1™", Mfn2”", Mfn Dko and OPA1™"
MEF cells untreated or treated with 2 uM S3 for 24 h. Cells were transfected with MitoDsRed for visualization of mitochon-
dria. (E) Quantification of the indicated cells with connected and tubular mitochondria before and after 2 uM S3 treatment for
24 h. Data represent mean * SD of three independent experiments, each with > 200 cells counted per condition. **P < 0.001,
unpaired t test, two tailed.
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mitochondrial elongation in cells that were deficient in
either Mfnl or Mfn2 (Figure 1D and 1E). Actually, in
most of these S3-treated cells, mitochondria were well
interconnected to form a mitochondrial reticulum simi-
lar to that observed in WT cells. However, S3 failed to
change the mitochondrial morphology when both Mfnl
and Mfn2 were deleted, or in cells that were deficient in
OPA1. These data demonstrate that OPA1 and at least
one of the Mfns are required for S3-induced mitochon-
drial fusion.

To further clarify whether S3-induced mitochondrial
fusion requires functional Mfns, we overexpressed GT-
Pase mutants of Mfnl and Mfn2 in Mfn Dko cells. As
shown in Supplementary information, Figure S2, when
WT Mfnl or Mfn2 was expressed in Mfn Dko cells,
mitochondria became highly fused and aggregated. Af-
ter S3 treatment, the mitochondrial morphology did not
show much change due to the already very condensed
structure. However, when GTPase mutants of Mfns (Mfn1
K88T or Mfn2 K109A) were expressed in Mfn Dko
cells, mitochondria remained fragmented in the absence
or presence of S3, which indicates that S3-induced mi-
tochondrial fusion is dependent on the normal function
of Mfns. These data showed that S3 requires functional
Mifns (either Mfnl or Mfn2) to induce mitochondrial fu-
sion.

Restoration of mitochondrial oxidative phosphorylation
and the distribution of mtDNA

Previous studies have revealed that cells that are defi-
cient in Mfnl, Mfn2 or OPA1 have impaired mitochon-
drial functions [10, 11]. It is therefore important to deter-
mine whether S3 can restore mitochondrial functions in
these cells. We first monitored Ay, using a mitochondria-
specific dye MitoTracker Red, whose sequestration into
the mitochondria is dependent on Ay,,. Cells were trans-
fected with mitoGFP, which is located in the mitochon-
drial matrix independent of Ay,,, and then stained with
MitoTracker Red. In WT cells, GFP-marked mitochon-
dria were uniformly stained by MitoTracker Red and the
two fluorophores were completely colocalized (Figure
2A). However, Mfnl ™", Mfn2", Mfn Dko and OPA1™"
cells showed heterogeneity in Ay,,. A portion of the mi-
tochondria in these cells were marked only by mitoGFP,
but not by MitoTracker Red. Importantly, following S3
treatment, the mitochondria fused and the mitochondrial
network remerged with the overall Ay, recovered in
Mfnl~" and Mfn2 ™" cells (Figure 2A), indicating that the
Ay, had been restored by the whole mitochondrial re-
ticulum. However, S3 failed to restore the loss of Ay, in
Mfn Dko or OPA1™" cells, which is consistent with their
unchanged mitochondrial morphology (Figure 1D and
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1E).

We next measured the cellular ATP levels. In Mfnl~"
or Mfn2 ™" cells, S3 induced a significant increase in the
ATP levels (Figure 2B). However, there was no differ-
ence between the untreated and treated Mfn Dko cells
(Figure 2B), indicating that the increase in ATP levels is
related to the restoration of the mitochondrial network.
To verify that the increase of ATP level is due to the in-
crease of mitochondrial oxidative phosphorylation (OX-
PHOS), we estimated the OXPHOS capacity as previous-
ly described [41] (Figure 2C). A substrate of OXPHOS,
methylpyruvate (MeP), was added to the adherent cells
to activate respiration and the ATP level was measured
at an interval of 5 min. Oligomycin, an inhibitor of ATP
synthase, was used to confirm that the ATP level increase
is derived from mitochondria.

Interestingly, untreated Mfn1™", Mfn2”" or Mfn Dko
cells showed weak or no increase in the ATP level upon
MeP treatment, as previously reported [41]. However,
after S3 treatment, Mfnl~"~ and Mfn2™" cells showed a
significant increase in the level of ATP when treated with
MeP, while the ATP level of Mfn Dko cells still remained
at the basal level. These results suggest that the increase
in the cellular ATP level occurred mainly because of the
enhanced ATP production from mitochondria.

A distinguishing feature of mitochondria is the exis-
tence of mitochondrial DNA (mtDNA), which encode
components of the electron transport chain. Previous
reports have shown that mitochondrial fusion is impor-
tant for the maintenance of mtDNA, and that cells that
are deficient in Mfnl or Mfn2 have abnormal mtDNA
inheritance [42, 43]. Using a specific antibody that rec-
ognizes DNA, we found that in Mfnl™" or Mfn2™" or
OPA1™" cells, a portion of the mitochondria lack mtD-
NA, which is consistent with previous reports [42, 43].
As expected, in S3-treated Mfnl™" or Mfn2 ™" cells, the
mitochondrial network was rebuilt and the mtDNA was
distributed throughout the mitochondrial network (Figure
2D and 2E). In contrast, in S3-treated OPA1™" cells, this
did not occur due to the complete lack of mitochondrial
fusion. We also measured the numbers of mtDNA cop-
ies in untreated and S3-treated cells. Our results showed
that the overall mtDNA copy numbers were not changed
after S3 treatment (Supplementary information, Figure
S3). Clearly, S3 only induced redistribution of mtDNA
through restoration of the mitochondrial network without
affecting the total mtDNA copy number.

S3-induced activation of mitochondrial fusion re-
networks mitochondria

Mitochondrial morphology is regulated by two op-
posing processes, namely fusion and fission. S3-induced
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Figure 2 S3 treatment restores mitochondrial functions. (A) MEF cells of the indicated genotypes expressing mitochondria-
targeted GFP (green) were untreated or treated with 2 uM S3 for 24 h, and then stained with MitoTracker Red (red), whose
sequestration into mitochondria is dependent on membrane potential. (B) Total ATP levels in WT, Mfn1™", Mfn2”" and Mfn
Dko cells untreated or treated with 2 uM S3 for 24 h. Data represent the mean + SD of four independent experiments. **P <
0.001, unpaired t test, two tailed. (C) Measurement of mitochondrial OXPHOS capacity in WT, Mfn1™", Mfn2”~ and Mfn Dko
cells. Cells were pretreated with 2 uM S3 for 24 h, and then 10 mM MeP was added into the medium. Total ATP levels were
assayed after 5 min, 10 min and 15 min. Also, cells were treated with oligomycin (10 pM) and MeP to confirm the detected
ATP production is originated from the mitochondria. Data represent the mean + SD of five independent experiments. (D)
MEFs of the indicated genotypes were untreated or treated with 2 uM S3 for 24 h, and were examined for colocalization of
mitochondria (MitoDsRed, red) and mtDNA nucleotides (anti-DNA, green). Circles and arrows highlight examples of mito-
chondria without mtDNA nucleotides. (E) Quantification of cells with loss of mtDNA in WT, Mfn1™", Mfn2™~ and OPA1™~ MEFs.
Data represent mean * SD of at least three independent experiments. **P < 0.001, unpaired ¢ test, two tailed.
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re-networking of mitochondria could be due to either
activation of fusion or inhibition of fission. To clarify
this question, we first assayed the rate of mitochondrial
fusion using a mitochondria-targeted photoactive fluo-
rescence protein, Mito-PAGFP, as previously described
[44]. After activation by 405 nM exciting light, activated
Mito-PAGFP will diffuse to other mitochondria accom-
panied by the occurrence of mitochondrial fusion. Thus
the rate of fusion can be calculated by the decline in
fluorescence intensity. In Mfnl~~ or Mfn2 ™" cells, due to
the lack of fusion, the intensity of fluorescence remained
stable over 3 h. Strikingly, upon S3 treatment, the rate
of mitochondrial fusion dramatically increased to a level
that is comparable to that of the WT cells (Figure 3), as
reflected by the rapid diffusion of fluorescence within the
mitochondrial network. Overexpression of Drpl did not
decelerate the rate of mitochondrial fusion in both S3-
treated and untreated Mfn1™" cells (Figure 3). In contrast,
there is no decrease of fluorescence intensity in Mfn Dko
cells when treated with S3 (Figure 3).

To further testify whether S3-induced mitochondrial
fusion is due to the inhibition of Drpl, which is respon-
sible for mitochondrial fission, we overexpressed Drpl
in WT, Mfnl~~ and Mfn2™" cells (Supplementary infor-
mation, Figure S4A and S4B). The results showed that
Drp1 could not prevent S3-induced mitochondrial fusion.
S3 did not affect either the localization or GTPase activ-
ity of Drpl (Supplementary information, Figure S4C
and S4D). As the phosphorylation of Drp1 also regulates
its activity in the process of mitochondrial fission, we
checked the phosphorylation status of Drpl after S3
treatment and did not find any change (Supplementary
information, Figure S4E). Taken together, we conclude
that S3 clearly enhances mitochondrial fusion without af-
fecting the activity of the main fission component Drpl.

Deubiquitinase USP30 is a target of S3 in S3-induced
mitochondrial fusion

To understand the molecular mechanism of S3-
induced mitochondrial fusion, we checked the protein
levels of Mfnl and Mfn2, which are the master factors in
this process. However, we did not detect any significant
change in Mfn1 and Mfn2 protein levels even after a pro-
longed period of S3 treatment (Figure 4A). Interestingly,
the ubiquitination of both Mfnl and Mfn2 increased
after S3 treatment (Figure 4B), suggesting that S3 may
regulate the function of Mfn1/2 via induction of ubiqui-
tination. The cycloheximide (CHX) chase assay revealed
that S3 has no effect on the degradation of Mfn1/2 (Figure
4C).

It is of interest to note that USP30 is a deubiquitinase
localized on mitochondria and can affect mitochondrial
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morphology in an Mfn1/2-dependent manner [45]. Then
we synthesized a Biotin-modified S3 to test whether S3
directly binds to USP30 (Supplementary information,
Figure S5). We incubated the cell lysates with Biotin-S3
and found that Myc-tagged USP30 could be pulled down
by Biotin-S3, confirming the direct interaction between
USP30 and S3 (Figure 4D). As S3 is a “thiol-Michael
addition” molecule, it is likely that Biotin-S3 binds to
cysteine in the catalytic domain of USP30. Several mu-
tants of USP30 were generated, each containing a point
mutation in the catalytic domain of USP30 (Figure 4E).
Among them, two mutants (C77S and H452A) involve
substitution of residues that are critical for deubiquitinase
activity, and the other two (C234S and C284S) involve
cysteine residues that were randomly chosen, and thus
serve as controls. The binding of S3 to USP30 was abol-
ished when C77 was mutated, while other mutations of
cysteine or histidine residues failed to abolish the bind-
ing. Thus, we concluded that C77 in the catalytic domain
of USP30 is the main binding site of Biotin-S3. We also
showed that S3 could inhibit the deubiquitinase activity
of USP30 in vitro (Supplementary information, Figure
S6), as assayed by its cleavage of Lys48- and Lys63-
linked Ub4 chains to produce ubiquitin trimers. Taken
together, these data show that S3 directly inhibits the
deubiquitinase activity of USP30 through its interaction
with the cysteine residue in the catalytic domain.

We next examined whether USP30 inhibition is
responsible for the mitochondrial fusion induced by
S3 (Figure 5A and 5B). Mfnl™" and Mfn2 " cells were
transfected with WT USP30 or a USP30 mutant (USP30-
C77S) and the percentage of cells with filamental
mitochondria was analyzed following S3 treatment. In
untransfected Mfnl~~ or Mfn2 ™" cells, approximately
80% of the cells contained fused mitochondria after
S3 treatment, whereas only ~35% of Mfnl~" cells and
~38% of Mfn2™" cells that were transfected with USP30
showed this phenotype. In contrast, overexpression of
USP30-C77S did not affect S3-induced mitochondrial
fusion in Mfn1™" or Mfn2™" cells, indicating that S3-
induced mitochondrial fusion was partially inhibited by
WT, but not by the inactive form of USP30. These data
suggest that S3 may induce mitochondrial fusion via
inhibition of USP30 activity.

To confirm that USP30 affects mitochondrial fusion
in the absence of Mfnl or Mfn2, we employed the
knockdown approach to specifically downregulate
its expression by shRNAs in Mfnl™" or Mfn2™" cells
(Figure 5C, 5D and Supplementary information, Figure
S7A). Interestingly, we found that knockdown of USP30
in Mfn1™”" and Mfn2™" cells resulted in significant
promotion of mitochondrial fusion (Figure 5D), which
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Figure 3 S3 activates mitochondrial fusion. (A) Visualization and (B) quantification of mitochondrial fusion using Mito-PAGFP
(green) and MitoDsRed (red) in WT, Mfn1™", Mfn1™ with Drp1 overexpression, Mfn2”~ and Mfn Dko MEFs untreated or treat-
ed with 2 uM S3 for 24 h. Cells were co-transfected with Mito-PAGFP and MitoDsRed. Selected regions were photoactivated
using 405 nm light, followed by whole-cell imaging with 488 nm light. Mitochondrial morphology is shown by MitoDsRed (left
panel) and diffusion of Mito-PAGFP is shown in a pseudocolor manner (right panel). Pseudocolor bar indicates arbitrary fluo-
rescence units. Post-acquisition processing and analysis were performed by using ImagePro Plus software. The data repre-
sent mean * SD of at least three independent experiments, each with > 15 cells analyzed per condition. Student’s t-test was
conducted between untreated and S3-treated groups in WT, Mfn1™", Mfn1~~ with Drp1 overexpression, Mfn2”~ and Mfn Dko
cells. P < 0.05, unpaired, two-tailed.

Cell Research | Vol 24 No 4 | April 2014



Wen Yue et al. @

489
A
IP: Mfn1 IP: Mfn1 IP: Mfn2 IP: Mfn2
IB: Ub IB: Mfn1 IB: Ub IB: Mfn2
2uM S3 sS3 - + - + S3 - +
Time/h 0 1 3 6 12 24
Mfn1 I——————I ' |= n 170 kD
B-actin | ——] - ~ T %50 = -
- . 79 kD —
C CHX CHX +S3
Tmeh 0 1 3 6 12 24 0 1 3 6 12 24
Min1 | - - . . ==
MINZ2 | e —— g W — — — -
RGN [ —— — e e e s e e e
120+ 120 4
= 100- =100 -
o =
2 80- 2 80
£ =
o 60 2 60
o o
(o8 - o .
E 40 s \Nithout 53 \E 40 st Without 53
= 20 =—=—withs3 S 20 =e=Withs3
0 : : . : : : 0 y v Y ; .
0 1 3 6 12 24 0 1 3 6 12 24
CHXTime /h CHX Time / h
D
E Biotin-S3
USP30-Myc - + + Biotin 5
Biotin - + - &) 2 o ¥
Biotin-S3  + - + & & & G
Biotin-S3-USP30 | — | Biotin-S3-USP30 | - — e e |
Inputl ——I Input | S.—— — ey =

Figure 4 S3 targets mitochondrial deubiquitinase USP30. (A) Expression levels of Mfn1 and Mfn2 after S3 treatment. Cell
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Myc was detected by anti-Myc antibody. (E) The interactions of USP30 mutants and Biotin-S3. Indicated mutants of USP30-
Myc were expressed in HelLa cells. Biotin-S3 was added to the cell lysates and streptavidin agarose was used to separate
Biotin-S3-bound proteins.
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Figure 5 The effect of USP30 alteration on S3-induced mitochondrial fusion. (A) Overexpression of USP30 attenuates mito-
chondrial fusion induced by S3. Mfn1™~ and Mfn2™ cells were transfected with empty vector or USP30-Myc or USP30-C77S
-Myc and then left untreated or treated with 2 uM S3 for 24 h. Cells were stained with MitoTracker and immunostained with
Myc antibody (green). (B) Statistical analysis of cells with connected and long mitochondria in A. Data shown represent mean
+ SD of at least three independent experiments, each with > 200 cells analyzed per condition. **P < 0.001, unpaired { test,
two tailed. (C) Mitochondrial morphology in USP30-RNAi cells. Mfn1”~ and Mfn2™~ MEF cells were transfected with pSIREN-
DsRed-USP30-RNAi (red) and immunostained with anti-cytochrome c antibody (green) to show the morphology of mitochon-
dria. (D) Statistical analysis of cells with connected and long mitochondria in C. Data shown represent mean + SD of at least
three independent experiments, each with > 100 cells analyzed per condition.
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resembles the effect of S3 treatment. Approximately,
70% of Mfnl1~"" cells and 75% of Mfn2™"" cells
contain filamental mitochondria upon USP30-shRNA
transfection, compared to 3% in scramble-transfected
Mfnl™" and 11% in scramble-transfected Mfn2 ™"~
cells. However, S3 treatment cannot further increase
the percentage of cells with filamental mitochondria
in USP30-shRNA-tranfected Mfnl™ or Mfn2™" cells,
indicating that depletion of USP30 is sufficient to render
cells insensitive to S3 treatment. Collectively, these
data clearly indicate that USP30 is a target of S3, and
is responsible for mediating S3-induced mitochondrial
fusion in Mfn1™~ or Mfn2 ™" cells.

We also tested whether knockdown of USP30 can en-
hance mitochondrial function as S3 did. We found that
in both Mfnl1™" and Mfn2 ™" cells, knockdown of USP30
recovered the mitochondrial network along with the
restoration of the overall Aym, as indicated by the com-
plete colocalization of Mitotracker Red and mitoGFP
(Supplementary information, Figure S7B). Furthermore,
the cellular ATP levels increased in both cell lines after
knockdown of USP30 (Supplementary information, Fig-
ure S7C). These results indicate that USP30-knockdown
cells have similar phenotypes in mitochondrial function
as S3-treated cells.

USP30 regulates non-degradative ubiquitination of
Mfnl/2

We next investigated whether USP30 regulates non-
degradative ubiquitination of Mfnl and Mfn2. We first
examined whether USP30 had a physical interaction with
Mfnl or Mfn2. Immunoprecipitation was performed
using lysates from HeLa cells overexpressing c-Myc-
tagged USP30, and endogenous Mfnl and Mfn2 were
found to interact with USP30-Myc (Figure 6A). A pull-
down assay showed that purified USP30-MBP protein
can pull down Mfnl or Mfn2 from the whole cell
lysates, suggesting a direct interaction (Figure 6B).
Importantly, we also found that USP30 could affect the
ubiquitination levels of Mfnl and Mfn2. When USP30
was overexpressed in HeLa cells, the ubiquitination
levels of both Mfnl and Mfn2 were obviously decreased
compared to vector-transfected control cells (Figure 6C).
In contrast, the ubiquitination levels of both Mfnl and
Mifn2 were not altered in cells expressing USP30-C77S.
To further demonstrate that the regulatory function of
USP30 in ubiquitination of Mfnl and Mfn2 is specific,
we performed rescue experiments. We stably knocked
down USP30 by using RNAi in HeLa cells and then
reintroduced the RNAi-resistant WT USP30 (Figure 6C).
Indeed, ubiquitination of Mfnl and Mfn2 significantly
increased in USP30-RNAI cells and the ubiquitination
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of Mfnl and Mfn2 was recovered to the levels similar to
those in control cells when USP30 was reintroduced into
these cells. The overall protein levels of Mfnl and Mfn2
were not changed when USP30 expression level was
altered.

To further confirm that USP30-regulated ubiquitina-
tion is non-degradative, we performed CHX chase assay
in USP30-overexpressing and -knockdown cells. Our
results showed that there was no significant difference
in the degradation rate of Mfnl and Mfn2 when USP30
was overexpressed or knocked down (Figure 6D and
6E). These results suggest that S3-induced ubiquitination
of Mfnl and Mfn2 does not lead to protein degradation.
Taken together, we conclude that USP30 can regulate the
non-proteolytic ubiquitination of Mfnl and Mfn2.

Discussion

In the current study, we first identified a small natu-
ral compound, 15-oxospiramilactone (S3) derived from
spiramine A of Spiraea japonica, which potently induces
mitochondrial fusion. In previous studies, high concen-
trations of S3 were found to induce apoptosis, through
inhibition of the Wnt pathway [40] or upregulation of
Bim [46]. However, at a low concentration, such as 2
uM, S3 does not induce apoptosis, indicating a com-
pletely different mechanism for the mitochondrial fusion
induced by S3. S3-induced mitochondrial fusion is de-
pendent on the existing fusion factors on both the outer
and inner mitochondrial membranes as S3 treatment
fails to to induce fusion in the absence of both Mfns or
OPA1. To the best of our knowledge, S3 is the first iden-
tified naturally derived small molecule from plants that
activates mitochondrial fusion and facilitates restoration
of the mitochondrial network. Several chemical com-
pounds including Mdivi-1, 15d-PGJ2 and ethacrinic acid
have been reported to induce mitochondrial elongation
through the inhibition of mitochondrial fission mediated
by Drpl [47-51], which differs from the mechanism of
S3-induced mitochondrial fusion as S3 does not inhibit
Drpl activity or phosphorylation (Supplementary in-
formation, Figure S4). However, Drpl is not the only
molecule involved in mitochondrial fission, whether S3
affects other molecular pathways in mitochondrial fission
needs further investigation.

Recently, Tondera et al. [41] reported that severe cell
stresses, such as mRNA translation inhibition, UV irra-
diation and actinomycin D treatment that downregulates
protein synthesis, can trigger mitochondrial fusion in an
OPA1-, Mfnl- but not Mfn2-dependent manner. This
stress-induced mitochondria hyperfusion (SIMH) is de-
pendent on the presence of stomatin-like protein 2 (SLP2).
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Figure 6 USP30 mediates deubiquitination of Mfn1 and Mfn2. (A) Interaction between USP30 and Mfn1/2. Lysates of HelLa
cells expressing USP30-Myc were immunoprecipitated with anti-Myc antibody. Immunoprecipitates were analyzed by western
blotting for Mfn1 or Mfn2. (B) Left: amylose resin with USP30-MBP protein was incubated with lysates of WT MEF cells for 3
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analysis and stained with Coomassie Blue to confirm that USP30-MBP and MBP bound to the amylose resin. (C) Lysates of the
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However, S3-induced fusion depends on either Mfnl or
Mfn2 and does not induce the degradation of proteins
we examined, and knockdown of SLP2 did not affect
the mitochondrial fusion induced by S3 (Supplementary

information, Figure S8). These results indicate that S3-

induced mitochondrial fusion is different from SIMH.
Using this novel compound as a tool, we further un-

covered a novel regulatory mechanism of mitochondrial
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fusion through the inhibition of a mitochondria-localized
deubiquitinase USP30. We found that S3, which is a
“thio-Michael addition” agent, can specifically react with
the cysteine residue in the catalytic domain of USP30 to
inhibit its deubiquitinase activity. UPS30 physically in-
teracts with Mfns and decreases ubiquitination of Mfnl
and Mfn2, whereas mutation of the active cysteine (C77)
in the catalytic domain to serine abolishes its deubiq-
uitinase activity, and thus the USP30-C77S mutant is
unable to affect the ubiquitination of Mfns. Our data are
in agreement with a previous study showing that disrup-
tion of USP30 resulted in mitochondrial elongation in an
Mfnl/2-dependent manner [45]. Furthermore, our data
suggests a novel mechanism by which this deubiquitinase
regulates mitochondrial fusion. Specifically, we showed
that inhibition of USP30 could lead to enhanced ubiquiti-
nation of Mfnl or Mfn2, which promotes mitochondrial
fusion. It is worth noting that S3 treatment remark-
ably increases the ubiquitination levels of both proteins
without downregulating their protein levels, indicating
that this specific ubiquitination is not related to protein
degradation but to functional regulation. Ubiqutination-
mediated protein-protein interactions have been demon-
strated to play a key role for diverse cellular functions
[31]. Recently, ubiquitination has been shown to regulate
intermolecular interaction during mitochondrial fusion.
Anton et al. [52] found that the yeast homolog of human
USP15, Ubpl2, could modulate non-proteolytic ubiqui-
tination and fusion activity of Fzol (yeast homolog of
Mfhns). Whether USP15 plays a similar role in mammali-
an cells remains unknown and merits further exploration.
Nonetheless, our data indicate a previously undescribed
regulatory mechanism of mitochondrial fusion, which
involves USP30-regulated non-proteolytic ubiquitination
of Mfns. More exploration is needed to further elucidate
the comprehensive molecular mechanism of mitochon-
drial fusion regulated by non-degradative ubiquitination
in mammalian cells.

Our results show that S3 can effectively trigger mi-
tochondrial fusion to restore mitochondrial functions. It
has been shown that a significant portion of individual
mitochondria exhibited a loss of mtDNA and membrane
potential in Mfns- or OPA1-deficient cells [10, 42, 53].
S3 can restore the normal distribution of mtDNA and
recover the Aym. Thus, S3 increases the ATP level and
OXPHOS capacity within the rebuilt mitochondrial
network. The restoration of mitochondrial function and
mtDNA abundance is important as abnormality of mito-
chondrial fusion is closely linked with their pathophysio-
logic functions; for example, mutations in Mfin2 or OPA1
are known to cause severe neurodegenerative diseases
[14, 15]. Thus, S3 has therapeutic implications for treat-
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ment of these non-curable diseases related to defects in
mitochondrial dynamics.

Materials and Methods

Cell culture and transfection

HeLa cells, WT, Mfnl ", Mfn2"", Mfn Dko and OPA1"~ MEF
cells were cultured in complete Dulbecco’s minimum essential me-
dium supplemented with 10% heat inactivated fetal calf serum, 100
U/ml penicillin and 100 pg/ml streptomycin in 5% CO, at 37 °C.
Transfections were performed using Lipofectamine 2000 (Invitro-
gen) according to the manufacturers instructions.

Chemicals and antibodies

The following antibodies were used: anti-Mfnl and anti-Mfn2
monoclonal antibody (Abnova); anti-cytochrome ¢ antibody (BD
Biosciences); anti-ubiquitin (P4D1) and anti-c-Myc monoclonal
antibody (Santa Cruz); anti-USP30 polyclonal antibody (AVIVA);
and anti-DNA monoclonal antibody (Millipore).

MitoTracker Red was purchased from Invitrogen. All other
reagents were from Sigma (St. Louis, MO, USA) unless otherwise
stated.

Vectors

A cDNA encoding mouse USP30 was obtained from a mouse
skeletal muscle library by polymerase chain reaction amplification
and then inserted into the Kpnl-Xhol sites of pPCDNA4/TO/Myc-
His (Invitrogen) to generate a USP30-Myc plasmid. USP30-MBP
was constructed by cloning the cDNA fragment encoding residues
57-517 of USP30 into the BamHI and Hindlll site of pMAL-c2X
(New England Biolabs), respectively. The pSilencer2.1-U6 Puro-
USP30 RNAIi was a kind gift from Shigehisa Hirose (Tokyo Insti-
tute of Technology, Japan). The Mito-PAGFP plasmid was a kind
gift from Jean-Claude Martinou (University of Geneva, Switzer-
land).

Quantification of mitochondrial morphology

To visualize the mitochondrial network with MitoTracker Red
staining, cells grown on coverslips were incubated in a growth
medium supplemented with 50 nM MitoTracker Red for 20 min,
washed in fresh warm medium and fixed with 4% methyl aldehyde
solution for 15 min. The coverslips were washed three times with
PBS and visualized using an LSM510 meta confocal microscope
(Zeiss, Germany). Cells displaying a highly interconnected, tu-
bular mitochondrial network (> 50% of the mitochondria in the
whole cell population) were counted.

Immunocytochemistry and transfection

For immunocytochemistry, MEF cells were grown on collagen-
coated slides and transfected with pCDNA4/TO-USP30-Myc or
USP30-C77S-Myc. Cells were transfected using Lipofectamine
2000 according to the manufacturers instructions. Twenty four
hour after transfection, cells were treated with 2 uM S3 for another
24 h. After staining with Mitotracker Red, cells were washed with
PBS, fixed with 4% (wt/vol) PFA in PBS for 15 min and permeabi-
lized with 0.2% (vol/vol) Triton X-100 for 10 min. After washing
with PBS, cells were labeled at 4 °C overnight with a c-Myc anti-
body. The next day, cells were washed with PBS and labeled with
a combination of FITC-conjugated anti-mouse secondary antibod-
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ies (Dianova, Germany). Cell nuclei were stained with the fluores-
cent chromatin dye Hoechst 33342 (Molecular Probes, USA).

Electron microscopy

S3-treated or untreated cells were fixed for 2 h at room tem-
perature (RT) in a culture medium supplemented with 2.5% glu-
taraldehyde. After washing in 100 mM phosphate buffer (KH,/
Na,HPO,, pH 7.4), cells were post-fixed for 60 min at RT in 1%
osmium tetroxide (OSO,). After washing in phosphate buffer, cells
were dehydrated in 50, 70, 80, 90 and 100% ethanol (for 8 min for
each procedure). The samples were then infiltrated sequentially in
1:1 (vol/vol) ethanol:Spurr resin (Polyscience), 1:3 ethanol:Spurr
resin for 30 min for each procedure, 100% Spurr resin for 3 h and
finally 100% Spurr resin for 24 h at 60 °C for polymerization.
Ultra-thin sections were isolated on nickel grids and stained for 10
min in 2% uranyl acetate and for 5 min in Reynold’s lead citrate,
and examined at 60 kV using a Philips M400 transmission electron
microscope.

Immunoprecipitation

Cells were lysed in 1% (v/v) NP40 in PBS supplemented with
protease inhibitors, then c-Myc, Mfn-1 or Mfn-2 antibodies were
added and the mixture rotated at 4 °C for 4 h. A total of 20 ul Pro-
tein G sepaharose (Santa Cruz) was then added and the mixture
rotated at 4 °C for a further 4 h. The antibody-bound beads were
washed three times with PBS and then resuspended in 2x loading
buffer containing 0.1 M DTT. After boiling, the supernatant was
then separated by SDS-PAGE and transferred to a nitrocellulose
filter membrane for western blotting.

Measurement of ATP levels

ATP levels were measured using the ATP Determination
Kit (Beyotime Institute of Biotechonology) according to the
manufacturers protocol.

Analysis of protein expression

Briefly, cells were washed and lysed in a lysis buffer containing
150 mMNaCl, 25 mM HEPES pH 7.4, 1% NP40, 0.25% sodium
deoxycholate, ] mM EGTA, 1 mM DTT, with protease inhibitors.
Proteins from total cell lysates were resolved on SDS-PAGE and
transferred to a nitrocellulose membrane. The membranes were
blocked with 5% non-fat dry milk and 0.1% Tween-20 for 2 h at
RT and incubated with the indicated antibodies at 4 °C overnight.
Immune complexes were detected with a HRP-conjugated
secondary antibody and visualized by ECL (Pierce).

Biotin-S3 pull-down assay

Cells were washed and lysed in a lysis buffer on ice for 30 min.
After centrifugation, the supernatant was incubated with 0.5 mM
Biotin-S3 or Biotin at RT for 30 min, and then precipitated with
ice-cold acetone to remove excess Biotin-S3. The air-dried pellet
was dissolved in a 150 pl denaturing buffer (25 mM HEPES pH 7.7,
2 mM EDTA, 2.5% SDS). Two volumes of binding buffer (25 mM
HEPES pH 7.7, 2 mM EDTA, 1% Triton X-100, 150 mM NaCl)
with 50 pl streptavidin-agarose beads (Pierce) was added and
incubated for 3 h at RT. The resin was washed five times with a
washing buffer (25 mM HEPES pH 7.7, 2 mM EDTA, 0.5% Triton
X-100, 600 mM NaCl), boiled in SDS-PAGE loading buffer for 5
min, and subjected to western blot analysis.

Protein purification

The BL21(DE3) bacteria harboring expression plasmid of the
N-terminal MBP-tagged USP30 was cultured in LB containing 20
png/ml ampicillin. Isopropyl thiogalactoside (0.3 mM) was added
and the cells were cultured for another 12 h at 18 °C. The bacte-
rial cells were recovered and subjected to sonification in a lysis
buffer (0.1% Triton X-100 in PBS and protease inhibitors). The
lysate was centrifuged at 10 000 g for 30 min and the supernatant
was incubated with Amylose Resin (New England Biolabs) for 2 h
at RT. The resin was washed with PBS until excess proteins were
completely removed. The USP30-MBP was eluted with 10 mM
maltose in PBS. In total, 200 ug of USP30-MBP was cleaved by 5
ul Factor Xa at 4 °C for 24 h and the cleaved USP30 were used to
detect deubiquitinase activity in vitro.

Statistical analysis

In quantitative analyses using cultured cells represented
as histograms, values were obtained from three independent
experiments and expressed as mean = SD. Statistical analysis
was performed using the Student’s ¢ test, with P-values < 0.05
considered significant. *P < 0.05 and **P < 0.01 versus the
corresponding controls are indicated in the figures. All statistical
data were calculated with the GraphPad Prism software.
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