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Abstract We have previously shown that prolonged mito-
chondrial elongation triggers cellular senescence. Here,
we report that enforced mitochondrial elongation by hFisl
depletion caused a severe defect in cell cycle progres-
sion through G2/M phase (~3-fold reduction in mitotic
index; p < 0.01). Reintroduction of Myc-hFisl to these
cells induced mitochondrial fragmentation and restored
the cell cycle, indicating that morphodynamic changes
of mitochondria closely link to the cell cycle. In hFisl-
knockdown cells, cell cycle regulators governing the G2/M
phase, including cyclin A, cyclin Bl, cyclin-dependent
kinasel (Cdkl), polo-like kinasel (Plkl), aurora kinase A
and Mad2, were significantly suppressed (2- to 10-fold).
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Notably, however, when mitochondrial fragmentation was
induced by double knockdown of hFisl and Opal, the cells
regained their ability to enter mitosis, and cell cycle regula-
tors were rebounded. Reconstitution of the cyclin B1/Cdkl
complex, a major regulator of the G2/M transition, failed
to restore mitotic entry in hFis1-depleted cells. In contrast,
expression of Plkl, an upstream regulator of the cyclin
B1/Cdkl complex, or FoxM1 (forkhead box M1), a master
transcriptional factor for the cell cycle regulators of G2/M
phase, restored the cell cycle in these cells. Our findings
suggest that mitochondrial fission molecule hFisl ensures
the proper cell division by interplay with the cell cycle
machinery.
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Abbreviations

Cdkl1 Cyclin-dependent kinasel
Drpl Dynamin-related proteinl
DTB Double thymidine block
FoxM1 Forkhead box M1

HU Hydroxyurea

Mfnl Mitofusinl

Mfn2  Mitofusin2

PIk1 Polo-like kinasel
Introduction

Numerous studies have sought to understand the mecha-
nisms of cell division, not only in terms of the inheritance
of genetic information, but also in the context of recent
insights into organelle biogenesis. The number, morphol-
ogy, and size of any given organelle should be regulated

@ Springer


http://dx.doi.org/10.1007/s00018-013-1428-8

712

S. Leeetal.

during the cell cycle, and organelles must be properly
partitioned into daughter cells. However, we are just now
beginning to understand the mechanisms that underlie the
biogenesis and partitioning of cellular organelles.

Mitochondria are multifunctional organelles that play
critical roles in many cellular processes, including energy
production, metabolism, apoptosis, and senescence [1, 2].
In live cells, the mitochondria form a tubular network in
which their sizes and shapes constantly change, reflecting
the balance of mitochondrial fusion and fission activities.
This dynamic feature is also closely correlated with mito-
chondrial and cellular functions [1, 2]. The initial genetic
and morphological studies on the inheritance of mito-
chondria during cell division were performed in yeast. In
the yeast Candida albicans, mitochondria fragment upon
entrance into the mitotic phase [3], whereas in the fission
yeast Schizosaccharomyces pombe, they re-organize during
the cell cycle via a dynamin- and microtubule-dependent
process [4]. In mammals, the long tubular mitochondrial
network seen during interphase fragment during mito-
sis [5, 6], and the presence of hyperfused mitochondria in
G,/S phase are thought to be important for proper G,/S
progression [6]. The dynamin-like GTPases, mitofusinl
(Mfnl) and mitofusin2 (Mfn2), are known to play criti-
cal roles in the fusion process [7], but it is not yet known
how these fusion molecules are specifically involved during
cell cycle progression. Yeast Fislp (an ortholog of hFisl)
and Mff promote mitochondrial fission by recruiting Drpl
(dynamin-related proteinl; a dynamin-related GTPase) to
mitochondria [8, 9].

Communication between the cell cycle machinery and
mitochondria morphodynamic changes was first identified
in Drpl. The activity of Drpl is modulated by cyclin B/
cyclin-dependent kinasel (Cdkl)-dependent phosphoryla-
tion, which stimulates mitochondrial fission during mitosis
[5]. SenP5, a SUMO protease, moves to mitochondria and
targets Drpl during mitosis, facilitating the formation of
functional Drpl oligomers [10]. In addition, a recent report
showed that the mitotic kinase, Aurora A, also promotes
the cyclin B/Cdk1-dependent phosphorylation of Drpl by
relocalization of RalA, a small Ras-like GTPase, and its
effector, RalBP1, to mitochondria [11]. Thus, it seems that
Drpl-mediated mitochondrial fragmentation in mitosis may
help ensure the equal delivery of mitochondria to daughter
cells. Meanwhile, maintenance of elongated mitochondria
morphology appears to also be important in proper G,/S
transition [6]. Suppression of Drpl activity accompanied
by mitochondrial hyperfusion has been shown to contrib-
ute to cyclin E build-up, facilitating entry into S phase [6].
On the other hand, we have previously shown that persis-
tent mitochondrial elongation induced by hFis1 knockdown
triggers cellular senescence [12]. However, our previous
paper did not fully address the link between this process
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and the cell cycle. Together, the machinery responsible for
governing mitochondrial morphology is likely to intimately
link with that of the cell cycle but only limited information
is available, so far.

In the present study, we show that hFisl knockdown
leads to the loss of several cell cycle regulators governing
G,/M phase, and a defect in cell cycle progression through
G,/M phase. Notably, the expression of Plkl or FoxM1 in
hFis1-depleted cells restored cell cycle progression, provid-
ing new insights into the crosstalk between mitochondrial
morphodynamics and the cell cycle machinery.

Materials and methods
Reagent and antibodies

MitoTracker Red™ CMXRos, MitoTracker green, 4/,6-
diamidine-2-phenylindole (DAPI), 2/, 7’-dichlorodihydro-
fluorescein diacetate (H,-DCFDA) and 5, 50, 6, 60-tetra-
chloro-1, 10, 3, 30-tetra-thylbenzimidazole carbocyanide
iodide (JC-1) were obtained from Molecular Probes
(Eugene, OR, USA). The polyethylenimine (PEI) used for
DNA transfection was purchased from Polysciences (War-
rington, PA, USA), Lipofectamine™ 2000 was obtained
from Invitrogen (Carlsbad, CA, USA), and hygromycin B
was from Roche (Indianapolis, IN, USA). Cyclin B1, cyc-
lin A, c-myc, and FoxM1 antibodies were purchased from
Santa Cruz laboratory (CA, USA). Antibodies against
phospho-histone H3 (S10), y-H2AX, and a-tubulin were
obtained from Upstate technology (Lake Placid, NY, USA),
and B-actin antibody was from Sigma. hFisl and CENP-
F antibodies were purchased from Abcam. Cdkl, p-Plkl
(T210), and Drpl antibody were obtained from BD bio-
sciences (Franklin Lakes, NJ, USA). The anti-V5 antibody
was purchased from Invitrogen. Mfnl and Opal antibodies
were kindly provided by Richard J. Youle (NIH, Bethesda,
MD, USA).

Cell culture and synchronization

HeLa, SNU387 or COS7 cells were grown in DMEM
(Dulbecco’s modified Eagle’s Medium, Gibco BRL, Grand
Island, NY, USA) supplemented with 10 % FBS and main-
tained in CO, at 37 °C. HeLa, SNU387, or COS7 cells
were synchronized at G,/S boundary using the double thy-
midine block (DTB) method. Briefly, cells were incubated
with 2 mM of thymidine for 20 h, followed by release into
thymidine-free medium for 8 h. For the second thymidine
block, the cells were again incubated with 2 mM of thy-
midine for 16 h, subjected to thymidine-free medium
(G,/S phase), and allowed for further cell cycle progres-
sion through G,/M phase. Alternatively, cells released
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from double thymidine block for 6 h, and then treated with
100 uM of roscovitine for 4 h to obtain cells of G2 phase
or 20 uM of MG132 for 4 h to get mitotic cells. To obtain
cells synchronized at S phase, cells were grown in 2 mM of
hydroxyurea (HU) for 14 h.

shRNA, siRNA and plasmid

Knockdown of hFisl was carried out using the short hair-
pin-activated gene-silencing system [13]. The hFis] shRNA
or Opal short hairpin RNA (shRNA) were expressed under
the pREP4 (Invitrogen) that allows for long-term sup-
pression of gene expression. One day after transfection
of shRNA constructs using PEI, HeLa cells were incu-
bated with 200 pwg/ml of hygromycin B for 36 h and then
changed into the media containing 30 pg/ml hygromycin
B for 1 day. Floating cells sensitive to hygromycin B were
removed by brief centrifugation and synchronized by the
DTB method, if necessary. To knockdown hFisl by small
interfering (siRNA) in SNU387 cells was based on the fol-
lowing sequence: sense strand #1 5'-AACGAGCUGGUGU
CUGUGGAG-3'[14],#3 5'-CCGGCUCAAGGAAUACGA
GAA-3, #4 5'-AAGGCCAUGAAGAAAGAUGGAAdTAT-3
(Dharmacon) [8], and Fisl siRNA for COS7 cells was
based on the following sequence: sense strand #2 5'-AGG-
CAUGUGCUGCUCGAGATAT-3' (Ambion) [15]. The
V5-tagged expression vectors of cyclin B1 and active Cdk1
(Cdk1-AF) were kindly provided by Dr. H. Huang (Univer-
sity of Minnesota, USA). Plasmid for FoxM1 was provided
by Dr. Rene’ H. Medema (University Medical Center Utre-
cht, Utrecht, the Netherlands). Plasmids for wild type and
kinase dead mutant of Plkl were supplied by Dr. Kunsoo
Rhee (Seoul National University, South Korea).

Flow cytometry for analysis of DNA contents and mitotic
index counting

HeLa cells were synchronized at each phase and collected
by trypsinization. Cells were analyzed for DNA contents
after propidium iodide staining, and the fluorescence inten-
sities were measured by flow cytometry (FACS Vantage,
Becton—Dickinson). To analyze mitotic index, cells were
stained with aceto-orcein (Sigma, St. Louis, MO, USA)
in 60 % acetic acid, and mitotic index was determined by
counting cells with condensed chromatin under optical
microscopy. At least 200 cells were counted in each condi-
tion, and counting was repeated at least three times.

Cyclin Bl-associated Cdk1 kinase activity assay
Cells were harvested each time point after DTB release and

lysed in lysis solution [20 mM Tri-HCI (pH 7.4), 150 mM
NaCl, 1 % Triton X-100, 0.1 % SDS, 1 mM EDTA, 5 mM

NaF, 0.5 mM Na;VO,, 1 mg/ml leupeptin, 1 mg/ml apro-
tinin]. A total of 80 g of protein per sample was incubated
with anti-cyclin B1 antibody for 2 h at 4 °C. Protein G aga-
rose bead (20 wl) was added into the mixture, which was
then further incubated for 1 h at 4 °C. Immune complexes
were centrifuged at 2,500 rpm for 5 min, and the precipi-
tates were washed three times with lysis buffer and twice
with kinase buffer [S0 mM Tris—HCI (pH 7.5), 10 mM
MgCl,, 1 mM DTT]. Cdkl kinase assay was performed
with histone H1 by mixing the respective immune com-
plexes with 5 pg of histone H1 and 10 wCi of [y->*P] ATP
in 30 pl of kinase buffer, and the reaction was stopped by
addition of 2 X SDS sample buffer [10 mM Tris (pH 6.8),
10 % glycerol, 2 % SDS, 0.01 % bromophenol blue, 5 %
p-mercaptomethanol]. The reaction mixtures were resolved
by 12 % SDS-PAGE, and phosphorylated substrates were
detected by autoradiography.

Immunofluorescence staining and confocal microscopy

For visualization of mitochondria, cells were stained for
30 min with 125 nM MitoTracker Red™ and fixed in 4 %
paraformaldehyde solution for 10 min. Fixed cells were
permeabilized for 20 min in 99 % MeOH at —20 °C, pre-
incubated in blocking solution (5 % bovine serum albumin
in phosphate buffered saline [PBS]) and then incubated
overnight with appropriate primary antibodies at 4 °C. The
cells were then washed, probed with a fluorescence-con-
jugated secondary antibody, and mounted for microscopic
observation. All images were captured with an LSM510
Zeiss confocal microscopy (Carl Zeiss).

RNA isolation and reverse transcription-polymerase chain
reaction

Total RNA was extracted using TRIzol reagent (Invitro-
gen) according to the manufacturer’s instructions. To syn-
thesize first-strand complementary DNA (cDNA), 1 pg of
RNA was reverse transcribed using reverse transcriptase
from avian myeloblastosis virus (TaKaRa, Japan). The syn-
thesized cDNAs were amplified in triplicate using specific
primers. The primers used were as follows: hFisl sense
primer, 5’-GTC GAC ATG GAG GCC GTG CTG AAC-3/;
hFis1 antisense primer, 5'- CGG CCG TCA GGA TTT GGA
CTT GGA-3’; GAPDH sense primer, 5'-CCA TGG AGA
AGG CTG GGG-3'; GAPDH antisense primer, 5-CAA
AGT TGT CAT GGA TGA CC-3’; PIk1 sense primer, 5'-AT
C ACC TGC CTG ACC ATT CCA CCA AGG-3'; Plkl
antisense primer, 5'-AAT TGC GGA AAT ATT TAA GGA
GGG TGA TCT-3/; cyclin B1 sense primer, 5-AAG GCG
AAG ATC AAC ATG GC-3’; cyclin B1 antisense primer,
5'-AGT CAC CAA TTT CTG GAG GG-3’; Aurora B sense
primer, 5'-CCT ATC GCC GCA TCG TCA AG-3’; Aurora
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B antisense primer: 5-GCA GCA CCC TCC GAG AGT
TG-3'; FoxM1 sense primer, 5-TGC AGCT AGG GAT
GTG AAT CTT C-3; FoxM1 antisense primer, 5-GGA
GCC CAG TCC ATC AGA ACT-3'.

Immunoblotting

Cells were trypsinized, washed twice with PBS, and lysed
with lysis buffer (50 mM Tris.HCI, pH 7.5, 100 mM Nac(l,
1 mM EDTA, 1 % Triton X-100, 1 pg/ml each of aprotinin
and leupeptin, and 1 mM PMSF) for 30 min on ice. After
centrifugation at 12,000 rpm for 30 min at 4 °C, lysates
were collected. Equivalent amounts of proteins were run
on polyacrylamide gels, transferred to nitrocellulose mem-
brane. The blot was blocked with PBS containing 5 % non-
fat milk, and 0.1 % Tween-20 for 1 h at room temperature
and immunoblotted. The immunoblots were visualized by
the enhanced chemiluminescence system (ECL, Amersham
Bioscience, Piscataway, NJ, USA).

Statistical analyses

All bars represent the mean standard deviations of deter-
minations. Two-sided unpaired ¢ tests were used to assess
statistical significance.

Results
Mitochondrial fragmentation occurs prior to mitotic entry

Mitochondrial fission and fusion events have been shown
to be intimately correlated with many cellular functions
[16], and a recent report proposed that hyperfused mito-
chondria play a role in regulating the G,-S transition dur-
ing the cell cycle [6]. However, our group and others have
also observed fragmented mitochondria during the mitotic
phase [5, 17, 18]. In order to clarify precisely when mito-
chondrial fragmentation occurs during cell cycle progres-
sion, we herein synchronized cells at the late G, S, or G,
phases by using the DTB method, HU treatment, or rosco-
vitine treatment, respectively. General tubular networks of
mitochondria were observed in all interphase cells. How-
ever, similar to the previous findings [6], highly elongated
tubular mitochondria were evident in cells arrested at late
G, and S phase (Fig. 1a). Notably, in cells arrested at G,
phase by treatment with 100 WM roscovitine (a concen-
tration known to inhibit cyclin B/Cdk1), the mitochondria
showed much less interconnection than that observed in
S-phase cells (Fig. 1a), indicating that mitochondrial frag-
mentation occurs prior to mitotic entry. To verify these
observations, cells were stained with CENP-F, which is a
cell-cycle biomarker that can be used to follow the G,/M
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Fig. 1 Representative mitochondrial morphodynamics during cell >
cycle. a HeLa cells were synchronized at each phase (G,/S, S, or G,)
by the double thymidine block (DTB) method or treatment of 2 mM
hydroxyurea (HU) and 100 uM of roscovitine, respectively. Mito-
chondria were visualized by staining with Mitotracker Green under
confocal microscopy. b Cells were synchronized at G,/S bound-
ary by the DTB. At 10 h after the DTB release, cells were fixed in
4 % paraformaldehyde, and mitochondrial morphology and CENP-F
localization were visualized by MitoTracker Red staining or immu-
nofluorescence staining against CENP-F. Nucleus was stained with
4’ 6-diamidine-2-phenylindole (DAPI) and the images were cap-
tured under confocal microscopy. ¢ Acquired mitochondria images of
Fig. 1b were applied to image (j), following background subtraction,
filtration, threshold, and binarization. The mitochondria fragmenta-
tion count was then obtained by counting the particles after normali-
zation to the total mitochondria pixels as shown previously [20]. d
Cells were harvested at each time point after HU release. Expres-
sions of mitochondrial fusion and fission regulators were analyzed by
immunoblotting. **p < 0.05 by Student’s ¢ test

transition [19]; it localizes in the nucleus during G, phase,
transitions to the nuclear membrane at late G, phase,
moves to the kinetochores after nuclear envelope break-
down, and then degrades when the cell reenters G, phase.
When CENP-F was found in the nucleus and the nuclear
membrane, indicating G, and late G, phase, respectively,
we observed fragmented mitochondria (Fig. 1b). The
fragmented mitochondria observed at prometaphase then
returned to the elongated tubular network once the two
daughter cells had divided (Fig. 1b). The acquired images
from mitochondria staining (Fig. 1b) were analyzed for
the degree of mitochondria fragmentation using Image
J software as described in Rehman et al. [20]. The mito-
chondria fragmentation count (MFC) revealed a markedly
higher degree of fragmentation (20-25 %) in cells of G,
and prometaphase than that (~5 %) of G, cells (Fig. 1c).
Because mitochondrial morphology is maintained in a
dynamic balance between fusion and fission, we exam-
ined the expression levels of fission and fusion modulators
(hFisl, Drpl, and Mfnl) during cell cycle progression, but
did not observe any significant change at the protein level
(Fig. 1d). Together, these data indicate that the mitochon-
drial network became fragmented during G, phase, prior to
mitotic entry.

Cells with highly elongated mitochondria fail to enter
mitosis

We next examined whether mitochondrial fragmentation
at G, phase has any biological meaning. Because we have
previously shown that prolonged mitochondrial elonga-
tion triggered cellular senescence [12, 21], we assumed
that suppression of mitochondrial fragmentation would
affect the cell cycle machinery. We suppressed mitochon-
drial fission by shRNA-mediated knockdown of hFisl
[12], and consistently observed highly elongated tubular
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cells (Fig. 2a), whereas cells introduced with the control
shRNA showed a relatively short tubular mitochondrial
structure. Next, the hFisl-depleted cells were synchro-
nized at G,/S phase using the DTB method, and then

was set as 7 = 0, and DNA content profiles were analyzed
by flow cytometry at the indicated time points. At 8 h after
DTB release, two-thirds of control and hFis1-shRNA cells
had progressed into G, phase, and these cells reached the
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peak of the G,/M phase at 10 h (Fig. 2b). Notably, 2 hours
later (at 12 h), a portion of the G,/M population of control
cells had progressed into G, phase; in contrast, the G,/M
population of hFisl-depleted cells remained relatively
unchanged (Fig. 2b), and thus showed a marked delay at
G,/M phase. To determine whether the delay observed
in hFisl-depleted cells was a result of a delay in mitotic
entry or a defect in the M/G; transition, the mitotic index
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was determined by chromosomal staining with aceto-
orcein. Our results revealed that the mitotic index peaked
at 18 % around 10 h after DTB release in control cells. In
contrast, less than 5 % of the hFisl-depleted cells entered
the mitotic phase, indicating that the mitotic entry of these
cells was severely retarded (Fig. 2¢). The delay in mitotic
entry was further confirmed by time-lapse microscopy
(Fig. Sla, b in the electronic supplementary material).
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< Fig. 2 Highly elongated mitochondria by inhibition of mitochon-

drial fission failed to enter mitosis. HeLa cells were transfected with
pREP4 construct containing short hairpin RNA (shRNA) of the tar-
get sequence of hFisl and the transfectants were selected by growing
in media containing hygromycin B. Mitochondrial morphology was
analyzed by confocal microscopy. a Elongated net-like mitochondrial
morphology in hFisl-depleted cells was visualized by MitoTracker
staining (left) and evaluation of hFisl knockdown by immunoblot-
ting (right). Mitochondrial morphology was analyzed by confocal
microscopy. b hFis1-depleted cells were synchronized at G,/S bound-
ary using double thymidine block (DTB) method and released from
DTB. Synchronized HeLa cell extracts were harvested at the indi-
cated times after thymidine release and DNA contents were analyzed
by flow cytometry. ¢ Cells were harvested at the indicated time point
after DTB release and stained with aceto-orcein. Mitotic index was
determined by counting cells with condensed chromatin under opti-
cal microscopy. At least 200 cells were counted under each condition
and repeated three times to calculate mean standard deviation. d Cell
lysates for analysis of cyclin Bl/cyclin-dependent kinasel (Cdkl)
kinase activity were harvested at each time point and the expression
levels of cyclin B1 and phospho-histone H3 (p-H3) were analyzed by
immunoblotting. Anti-cyclin B1 antibody was used to immunoprecip-
itate kinase complexes and histone H1 was used as a substrate. Phos-
phorylated substrates were detected by autoradiography. The graphs
represent quantification of cyclin B1 or p-H3 expression levels by
normalization to GAPDH. *p < 0.05, **p < 0.01 vs. control shRNA
by Student’s ¢ test

Cells stably expressing DsRed1-H1 were transfected with
hFis1 shRNA and synchronized by the DTB method. Cells
entering mitosis were determined at 30-min intervals from
6 h to 10 h after thymidine release. In total, less than 10 %
of the hFisl-depleted cells divided during G,/M phase,
whereas about 35 % of control cells progressed to the
mitotic phase (Fig. S1c). These results clearly indicate that
hFis1-depleted cells with highly elongated mitochondria
showed severe retardation of mitotic entry. Next, we deter-
mined cyclin B1 levels during cell cycle progression, and
found that cyclin B1 accumulated at G,/M phase in con-
trol cells, but was very low at this point in hFis1-depleted
cells. Moreover, the phosphorylation of p-H3 (p-H3) at
Ser 10, which is used as a general mitotic marker, grad-
ually increased in control cells but was not detected in
hFis1-shRNA cells (Fig. 2d). Densitometry quantifica-
tion revealed that levels of cyclin Bl and p-H3 in hFisl-
depleted cells were significantly lower than those in con-
trol cells throughout the G,/M progression (Fig. 2d, lower
panels). These data collectively indicate that the inhibi-
tion of mitochondrial fragmentation at G, phase in hFisl-
depleted cells severely impairs mitotic entry.

Reconstitution of mitochondrial morphology by hFis1
expression restores mitotic entry

We tested whether the expression of an shRNA-resistant
hFisl transgene in hFisl-knockdown cells could rescue
the inhibition of mitotic entry. In hFisl-depleted cells,
the mitochondria remained highly elongated at G, phase,

as judged by co-staining with CENP-F. In contrast, they
were fragmented at this stage of the cell cycle in control
cells (Fig. 3a), confirming that at G, phase, mitochondria
remained elongated in hFisl-depleted cells. Next, when
myc-tagged hFis1 was introduced into hFis1-depleted cells,
we observed that cells expressing abundant myc-tagged
hFisl (Fig. 3b, green) had much less elongated mitochon-
drial morphologies than cells with lower-level expression
of myc-hFisl (Fig. 3b, yellow arrow), in which the mito-
chondria remained highly elongated. Moreover, reconstitu-
tion of hFisl expression was accompanied by restoration
of the p-H3 and cyclin B1 levels at 10 h following release
from the DTB (Fig. 3c). In addition, reconstitution of
hFisl expression increased the proportion of mitotic cells
(Fig. 3d), indicating that the impairment of mitotic entry in
hFis1-depleted cells can be attributed to the suppression of
hFis1 expression at G,/M phase.

Next, we examined whether the cell cycle retardation
by hFisl knockdown occurs in cell types other than HeLa
cells. We first tested three different hFisl siRNAs in HeLa
cells (Fig. S2a). The hFisl siRNA sequences were origi-
nally derived from the previous reports [8, 14] and #4 of
hFisl siRNA was further modified at the 3’ end for better
efficiency according to the manufacturer (Dharmacon). All
three targeting human Fisl messenger RNA (mRNA) (#1,
3, 4) reduced the hFisl protein levels in HeLa cells (Fig.
S2a, b), and we observed that #4 was most consistently
effective in reducing the hFisl level. When we applied #1
and #4 to HeLa cells, we found a similar mitotic delay and
low phospho-H3 levels along with the mitochondria elon-
gation (Fig. S2c, d). We therefore applied the #4 siRNA for
SNU387 human liver cancer cells (Fig. 4a). Fisl siRNA
sequence (#2) targeting COS7 monkey kidney epithelial
cells was also generated [15]. In SNU387 human liver
cancer cells and COS-7 cells, introduction of Fisl siRNAs
induced the mitochondria elongation (Fig. 4a, d), accompa-
nied with retardation of mitotic entry (Fig. 4b, e). Western
blotting revealed that reduction of the hFis1 protein in these
cells showed a significant decrease in p-H3 and cyclin B1
levels (Fig. 4d, f). Thus, we conclude that highly elongated
mitochondria induced by hFisl depletion were responsible
for the observed impairment in mitotic entry.

Opal knockdown restores impaired mitotic entry in
hFis1-depleted cells

We next postulated that mitochondrial fragmentation must
occur for proper G,/M progression of cell cycle, and ques-
tioned whether mitochondrial fragmentation per se pro-
motes the mitotic entry of hFisl-depleted cells. We uti-
lized a double-knockdown of both hFisl and Opal [12],
in which both mitochondrial fission and fusion activi-
ties were severely impaired and extensive mitochondrial
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fragmentation was seen (Fig. 5a). Notably, the significant = overcomes the bar to mitotic entry. We confirmed whether
retardation of mitotic entry seen in hFisl-knockdown cells ~ hFisl depletion affected the pro-fusion proteins Opal or
was not observed in the double shRNA cells (Fig. 5b), = Mfnl expression levels. When hFis1 was depleted in HeLa
strongly suggesting that mitochondrial fragmentation per se  cells, neither Opal nor Mfn1 levels changed (Figs. 5c, 6a).
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4Fig. 3 Reconstitution of hFisl rescued the impaired mitotic entry
in hFisl-depleted cells. a Mitochondrial morphology and CENP-
F localization were visualized by MitoTracker Red staining (red) or
immunofluorescence staining against CENP-F (green). Mitochon-
drial morphology was analyzed by using confocal microscopy. b The
myc-hFis] plasmid was transfected into the hFis1 short hairpin RNA
(shRNA)-expressing HeLa cells. The myc-hFisl expression vector
was introduced into the hFisl-depleted cells. Myc expression and
mitochondria were visualized by immunofluorescence staining against
myc (green) and MitoTracker Red staining (red). Yellow arrow in (b)
indicates hFisl knockdowned cell without myc-hFisl expression. ¢
After pcDNA or Myc-hFis] reconstituted in hFis1-depleted cells, cell
extracts were harvested at 10 h after double thymidine block (DTB)
release. The expression levels of cyclin B1 and phospho-histone H3
(p-H3) were analyzed by immunoblotting. An asterisk indicates non-
specific bands. The lower panel represents quantification of cyclin B1
or p-H3 expression levels by normalization to actin. d Percentage of
mitotic index was determined at the indicated times after thymidine
release by staining with aceto-orcein. * p < 0.05, ** p < 0.01 vs. con-
trol shRNA by Student’s # test

Consistent with the finding of Fig. 5a, we also observed
that hFisl- and Opal-knockdown cells had elevated lev-
els of p-H3 (Fig. 5d) as well as enhanced kinase activities
of cyclin B1/Cdk1 (Fig. 5e). Next, we addressed whether
the mitotic reentry is only specific to the hFis1/Opal dou-
ble knockdown cells. When both hFisl and Mfnl were
depleted in HeLa cells, dominant mitochondria morphol-
ogy was mitochondrial fragmentation (Fig. S3a) and these
cells also regained the ability to progress into mitosis (Fig.
S3b). Consistent with this, we also observed that hFisl1-
and Mfnl-knockdown cells showed the restored p-H3 lev-
els (Fig. S3c). Together, these results indicate that mito-
chondria morphodynamics per se tightly communicate with
the cell cycle machinery.

Expression levels of cell cycle regulators closely correlate
with changes in mitochondrial morphology

G,/M progression is driven by the sequential activation of
cyclin B1/Cdk1 kinase, which is coordinated by different
upstream kinases and phosphatases [22-25]. Since cyclin
B1 levels are significantly reduced in hFisl-knockdown
cells, we also determined the expression profiles of other
cell cycle regulators. Surprisingly, most of the cell cycle
regulators that are important for G,/M progression were
dramatically reduced by 2- to 10-fold (Fig. 6a). These
regulators included not only cyclin A and B but also Cdkl,
levels of which are generally constant throughout the cell
cycle. In addition, polo-like kinasel (Plkl) and aurora
A kinase, which are important for the activation of cyc-
lin B1/Cdkl, were down-regulated, and Mad2, which is
a critical component of the mitotic checkpoint complex,
was almost completely absent from hFisl-knockdown
cells. Remarkably, these levels were at least partly recov-
ered in double-knockdown cells (Fig. 6a). In contrast, the

levels of Mfnl did not change throughout G,/M progres-
sion in control cells, and remained constant in both hFis1-
knockdown and double-shRNA cells. This is the first report
showing that the expression levels of cell cycle regula-
tors can closely correlate with changes in mitochondrial
morphology.

Next, we examined whether the reduction of cell cycle
regulators occurs at the transcriptional level. Our results
revealed that the mRNA levels of cyclin B1 and PIkl
were reduced in hFisl-knockdown cells but rebounded
in the double-knockdown cells (Fig. 6b), indicating that
these factors are regulated at the transcriptional level. We
also determined the mRNA levels of forkhead box M1
(FoxM1), which acts as a central transcriptional regula-
tor for cyclin B1 and Plk1 [26-31], and found that FoxM1
expression was also reduced in hFisl-depleted cells and
slightly elevated in double-knockdown cells, indicating
that it may be upstream of the other cell cycle regulators
in this pathway.

Overexpression of FoxM1 and Plk1 in hFis1-depleted cells
restores mitotic entry

Given that reductions in the cell cycle regulators impor-
tant for G,/M progression appear to cause impaired mitotic
entry, we postulated that the addition of these regulators
should restore mitotic entry. Since the cyclin B1/Cdkl
complex is the main regulator of the G,/M transition, we
first attempted to reconstitute cyclin B1 and Cdkl1 in hFis1-
depleted cells. Cdk1 undergoes an inhibitory phosphoryla-
tion during the cell cycle, so we employed an active form
of Cdkl1 that does not contain any inhibitory phosphoryla-
tion sites [32]. As expected, ectopic expression of cyclin
B1 or/and active Cdk1 (Cdk1-AF, T14A/Y15F) increased
the kinase activity of the cyclin B1/Cdkl complex against
histone H1 in control HeLa cells (Fig. 7a). Surprisingly,
however, co-expression of cyclin Bl and Cdkl-AF in
hFisl-depleted cells failed to rescue the inhibition of
mitotic entry (Fig. 7b). In fact, hFisl-depleted cells co-
expressing cyclin B1 and Cdk1-AF failed to show kinase
activity (Fig. 7c), suggesting that upstream regulators of
Cdk1 and cyclin B1 are also required for restoration of the
cell cycle.

Activation of the cyclin B1/Cdkl complex is coordi-
nated by Weel/Mytl kinase and members of the Cdc25
phosphatase family. Plk1 is believed to be an upstream
regulator of these kinases and phosphatases, and PlklI-
dependent feedback loops are thought to enhance cyclin
B-Cdk1 activation during G,/M progression [33]. G,/M
progression is also controlled by a transcriptional pro-
gram of FoxM1, which increases the levels of cyclin B1
mRNA and transcriptionally activates Plkl, Cdc25B,
aurora B, etc. [27, 29]. Therefore, we introduced
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Fig. 4 Mitochondrial elonga-
tion by depletion of Fisl by
small interfering RNA (siRNA)
caused delayed mitotic entry
in a variety of cell lines. a~d
SNU387, human liver cancer
cell line or COS7, monkey
kidney cell line, were synchro-
nized at indicated time after
double thymidine block (DTB)
method same to HeLa. a After
SNU387 cells were transfected
with control or hFis1 siRNA,
mitochondria was visualized
with MitoTracker Red staining.
Mitochondria morphology was
analyzed by confocal micros-
copy. b Each siRNA-expressing
SNU387 cell was harvested at
the indicated time after DTB
release. Cells were stained
with aceto-orcein, and mitotic
index was determined. At least
200 cells were counted in each
condition. ¢ Using the lysates
obtained from (b), the expres-
sion of proteins were analyzed
by immunoblotting. d After
transfection of siRNA target
for COS7 cells, mitochondria
morphology was analyzed. e
siRNA-expressing COS7 cells
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Plk1- and FoxM1-expressing vectors into hFis1-depleted
cells and analyzed the mitotic indexes after DTB
release. As shown in Fig. 8a, the significant retardation
of mitotic entry in hFisl-knockdown cells was partially
restored in cells expressing wild-type Plkl or FoxMl,
but not in cells expressing a Plkl kinase-dead mutant
(PIk1 KD). Introduction of both FoxM1 and Plkl into
hFis1-depleted cells did not show any additive or syn-
ergistic effects (data not shown). The mitotic index was
increased to the levels seen in the double-knockdown
cells (~10 %). The kinase activity of the cyclin B1/Cdkl1
complex was also slightly increased in cells expressing
wild-type Plkl or FoxM1 (Fig. 8b), indicating that the
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hFisl depletion-induced inhibition of mitotic entry is
likely due to a lack of several cell cycle regulators gov-
erned by FoxM1 and Plk1.

Discussion

In this study, we demonstrate that enforced mitochondrial
elongation by hFisl depletion suppresses the cell cycle
regulators governing the G,/M transition, thereby impairing
mitotic entry. This provides important insights into intimate
crosstalk between mitochondrial morphodynamics and the
cell cycle machinery.
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Fig. 5 Mitochondrial fragmen-
tation-induced depletion of both
hFis1 and Opal was capable of
restoring the impaired mitotic
entry. HeLa cells were trans-
fected with pREP4 construct
containing short hairpin RNA
(shRNA) of the target sequence
of hFis1, Opal, or both of them
together along with control,

and the transfectants were
selected and synchronized using
the double thymidine block
(DTB) method. a The elon-
gated mitochondrial morphol-
ogy in hFis1-depleted cells

was reversed by knockdown

of Opal. b Cells were stained
with aceto-orcein and the
mitotic index was determined.
At least 200 cells were counted
in each condition and repeated
three times to calculate mean
standard deviation. ¢ In hFis1-
depleted cells, Opal levels were
determined by Western blotting.
d Cells were harvested at each
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Mitochondrial fusion likely allows mitochondria to
mix their contents, thus enabling protein or mitochro-
ndrial DNA (mtDNA) complementation and the distribu-
tion of metabolites [34]. Fission may help facilitate the
equal segregation of mitochondria into daughter cells
during cell division, whereas hyperfused mitochon-
dria can disturb the equal segregation of mitochondria.
Recent data have supported these predictions by show-
ing that the clustered and filamentous mitochondria in
Drpl-deficient mouse embryonic fibroblasts (MEFs)

were segregated unequally to daughter cells [35]. How-
ever, the mechanisms are not yet fully understood. In the
present study, we found that mitochondrial fragmentation
started at the G, phase of the cell cycle (Fig. 1), and that
the extensive mitochondrial elongation caused by hFisl
depletion inhibited mitotic entry (Figs. 2, 3). The hFisl
shRNA-resistant construct could rescue the extended
mitochondrial morphology, indicating that the elongation
of mitochondria was caused by the loss of hFisl func-
tion (Fig. 3). Interestingly, in cells depleted of both hFisl
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Fig. 6 Expression of cell cycle a

regulators were decreased in Control shRNA hFis1shRNA

hFis1+Opal
shRNA

hFis1-depleted cells. a Cells

Sh 10h 11h 9h 10h 11h Sh 10h 11h (after DTB release)

expressing each short hairpin
RNA (shRNA) constructs were

|-——-_-;-_——— | Cyclin B1

harvested at each time point
after double thymidine block

|-—-—-—-—--——-——--—-]CyclinA

OControl shRNA

14- WhFis1shRNA

(DTB) release. Expressions I- - e s e l Mad? DhFis1+Opal ShRNA
of cell cycle regulators were 5 124 N
analyzed by immunoblotting. | L ._-l AuoraA 3 T 104
The graph represents quantifica- = E b
tion of protein expression levels | T . s e e — —— | Cdk1 B L 08|
at 10 h after DTB release by 2 ——— = e O 064 ”
normalization to actin (right). Fm—rl Plk1 3 -% ’ -
b Total RNA was isolated from m Min1 = o 041
each shRNA-expressing cell. ' - . n S 2,
Each messenger RNA (mRNA) IT--—_ | hFis1 & )
level was detected by reverse- —_— 0.0+
transcription polymerase chain I_-i_-_ R r— ] Opat _ (g::\ -\\o?' ‘!\@S" @‘” Osl:‘ Q*\ \!5(:\
reaction (PCR). GAPDH was — Up‘ & v§~°
used as an internal control. The I L T ————— | Actin
graph represents quantification
of cyclin B1, polo-like kinasel
(Plkyl) or FOX]:;V[] expression b 1.5 5 © Control ShRNA
’ P Control hFis1 hFis1+Opal : * mhFis1shRNA
levels at 7 h after DTB release shRNA ShRNA  shRNA @hFis1+Opal shRNA
by normalization to GAPDH 7h Sh  7h Sh  7h  Sh (afterDTB release)
(right). * p < 0.05, ** p < 0.01 = ] E
vs. control by Student’s ¢ test |"'_" — | Cyclin B1 aT 4
D x®
| -—— — | Plk1 % % x
o
[ Eg
>
) F=N14 J
[—— | hFis1 B g 09
x
[ = e e e e e | GAPDH
0 4+

and Opal, mitochondria were highly fragmented and
mitotic entry was restored (Fig. 5). These findings col-
lectively suggest that extensive mitochondrial elongation
per se impedes mitotic entry. We also examined whether
the highly elongated mitochondria in hFisl-knockdown
cells acted as a barrier to other cell cycle processes. After
selection and synchronization of shRNA-transfected
cells, we added 10 uM of BrdU to determine the extent
of DNA synthesis. At 6 h after DTB release, approxi-
mately 60 % of both control and hFisl-depleted cells
were BrdU positive (Fig. S1d, e), indicating that DNA
synthesis occurs in hFisl-depleted cells. In addition,
when we used staining with an anti-CENP-F antibody to
determine the number of cells at G, phase at 9 h after
thymidine release, we found that cell cycle progression
through G, phase appeared to be slow but continuous in
hFisl-depleted cells (Fig. S1f, g). Thus, hFisl-knock-
down-induced mitochondrial elongation appears to most
strongly affect the G,/M transition.
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In addition to hFisl, Drpl and Mff are also required
for mitochondrial fission [8, 13], and Drpl depletion
was shown to induce mitochondrial elongation [5].
However, in our hands, Drpl-depleted HeLa cells using
Drpl shRNA resulted in much weaker mitochondria
elongation than in hFis1-depleted cells (data not shown).
When we overexpressed DrplK38A, a dominant-neg-
ative form of Drpl, we found a significant delay of
mitotic entry as well as the reduction in both cyclin B1
and the phospho-histone H3 levels (Fig. S4). Thus, our
results clearly indicate that forced mitochondria elon-
gation generally interferes with cell cycle progression
through G,/M phase. The data here clarify our previ-
ous findings that prolonged mitochondria elongation
induced by hFisl or MARCHS depletion caused cellular
senescence due to severe cell cycle delay/arrest [12, 21].
Notably, a recent report by Qian et al. [36] elucidated
that hyperfused mitochondria induced by Drpl deple-
tion caused replication stress, which resulted in delay in
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Fig. 7 Ectopic expression of cyclin Bl and cyclin-dependent
kinasel (Cdkl1) in hFisl-depleted cells did not rescue the inhibition
of mitotic entry. a At 48 h after transfection of indicated construct,
cells were harvested and lysates were prepared for cyclin B1/Cdkl
kinase activity. Cdk1-AF (T14A/Y15F) is an active form of Cdkl.
Anti-cyclin Bl antibody was used to immunoprecipitate kinase
complexes and histone Hl was used as a substrate. Phosphorylated
substrates were detected by autoradiography. The expression levels
of V5-cyclinBl and V5-Cdkl were analyzed by immunoblotting.
b Cells were stained with aceto-orcein, and the mitotic index was
determined. At least 200 cells were counted. ¢ Cells were harvested
at 9 or 10 h after double thymidine block (DTB) release and the
lysates were prepared for cyclin B1/Cdk1 kinase activity. The levels
of phosphorylated histone H1, a substrate of cyclin B1/Cdk1 kinase,
were detected by autoradiography

G,/M progression. They also showed that Drpl depletion
induced centrosome hyperamplification, which caused
aneuploidy and genomic instability. Thus, mitochon-
dria biogenesis and morphology is highly interrelated
with cell cycle [17], and the question of how cell cycle
machinery communicates with them would be interest-
ing to address.

Cyclin B1/Cdkl is a major kinase that regulates
cell cycle progression during G,/M phase and we also
found that the cyclin B1/Cdk1 activity was significantly
decreased in hFisl-depleted cells (Fig. 5e). However,
it seemed that the reduced cyclin B1/Cdkl kinase activ-
ity in these cells is not solely responsible for hindrance
in mitotic entry because reconstitution of cyclin B1 and
Cdk1 did not restore the cell cycle progression (Fig. 7).
In addition, cyclin Bl levels remained low in double-
knockdown cells (Fig. 5d) a major portion of which
entered the mitosis (Fig. 5b). These results suggest that
the low cyclin B1 levels in double-knockdown cells
may fulfill the minimal requirement for cyclin B1/Cdk1
kinase activity but other cell cycle regulators, includ-
ing PIkl, are also required for restoring mitotic entry.
Therefore, one key remaining question that will need to
be addressed by future research is how hFisl depletion
broadly affects expression of cell cycle regulators. Our
data suggest that reduction of FoxM1 expression dimin-
ishes the transcriptional activities on its downstream tar-
get genes, which mainly cover cell cycle progression
through G,/M phase. It is also worthwhile to mention that
we previously showed that hFis1 depletion caused DNA
damage [12]. Likewise, the phospho-ATM and phospho-
Chk2 levels are elevated in Fisl knockdown (Fig. S5a).
In addition, overexpression of catalase/superoxide dis-
mutase in Fis1-depleted cells partly restored the cell cycle
progression into mitosis, which is also accompanied with
increased p-H3 level (Fig. S5b, c). Thus, we postulate that
elevated reactive oxygen species (ROS) levels driven from
defective mitochondria causes DNA damage and, in turn,
activation of the G,/M checkpoint as well as a global epi-
genetic change may occur under continuous DNA dam-
age of Fisl knockdown cells (Fig. 8c). It is of note that
DNA damage-induced transcriptional repression can be
mediated through histone modification [37], suggesting
that this may happen in hFisl-depleted cells. Regard-
less, our data are the first to provide a direct molecular
link between the cell cycle checkpoint and the morpho-
logical changes of the mitochondria during cell cycle
progression.

A molecular link between the cell cycle checkpoint and
organelles is not limited to mitochondria. In mammalian
cells, it has been shown that the Golgi breaks down into
many small vesicles at the onset of mitosis and reforms in
both daughter cells after division [38—40]. Prevention of
Golgi fragmentation at this phase inhibits entry into mito-
sis. Thus, fragmentation of the Golgi apparatus is not an
effect of mitosis-specific events, but a key cause to regu-
late entry of cells into mitosis [40]. It is more evidence to
show that organelle checkpoint exists in cell cycle con-
trol. In summary, our findings provide an insight into the

@ Springer



724

S. Leeetal.

o
3

Fig. 8 Expression of FoxM1
and polo-like kinasel (Plk1) in
hFis1-depleted cells reverses
the hFis1 knockdown-induced
inhibition of mitotic entry. HeLa
cells were transfected with
each construct and cell extracts
were harvested at the indicated
times after thymidine release.
a Cells were stained with
aceto-orcein and the mitotic
index was determined. At least
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regulation of cell cycle machinery by organelle, especially
by mitochondria morphodynamics. Our data clearly eluci-
date that the mitochondria morphology has an important
role in mitotic entry by controlling cell cycle regulators.
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