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Abstract 

Background: The role of the cytoskeleton in regulating mitochondrial distribution in dividing mammalian cells is 
poorly understood. We previously demonstrated that mitochondria are transported to the cleavage furrow during 
cytokinesis in a microtubule-dependent manner. However, the exact subset of spindle microtubules and molecular 
machinery involved remains unknown.

Methods: We employed quantitative imaging techniques and structured illumination microscopy to analyse the 
spatial and temporal relationship of mitochondria with microtubules and actin of the contractile ring during cytokine-
sis in HeLa cells.

Results: Superresolution microscopy revealed that mitochondria were associated with astral microtubules of the 
mitotic spindle in cytokinetic cells. Dominant-negative mutants of KIF5B, the heavy chain of kinesin-1 motor, and of 
Miro-1 disrupted mitochondrial transport to the furrow. Live imaging revealed that mitochondrial enrichment at the 
cell equator occurred simultaneously with the appearance of the contractile ring in cytokinesis. Inhibiting RhoA activ-
ity and contractile ring assembly with C3 transferase, caused mitochondrial mislocalisation during division.

Conclusions: Taken together, the data suggest a model in which mitochondria are transported by a microtubule-
mediated mechanism involving equatorial astral microtubules, Miro-1, and KIF5B to the nascent actomyosin contrac-
tile ring in cytokinesis.
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Background
Mitochondria are essential organelles that function 
in ATP energy production, calcium buffering, and the 
generation of reactive oxygen species (ROS) [1–4]. The 
distribution of mitochondria within the cytoplasm is 
determined by interactions with the cytoskeleton. In 
mammalian cells, mitochondria are transported over 
long distances on microtubules, while short-range move-
ment and docking require actin [5–7]. However, the role 
of the cytoskeleton and associated proteins in determin-
ing the distribution of mitochondria during cytokinesis, 
the final stage of cell division, is poorly understood.

Cytokinesis begins in anaphase with the assembly of a 
contractile ring composed of filamentous actin (F-actin) 

and Myosin II at the equatorial cortex. Constriction 
of the actomyosin ring results in a cleavage furrow that 
physically divides the parent cell into two daughter cells 
[8]. Microtubules of the mitotic spindle specify the 
assembly of the actomyosin ring by delivering the small 
GTPase RhoA to the equatorial cortex [9–11]. Subse-
quently, RhoA triggers local actin polymerisation and 
Myosin II contractility via downstream effectors such as 
the diaphanous-related formin mDia1, Rho kinase, and 
citron kinase [12–14].

We recently reported that mitochondria localize to the 
cleavage furrow during cytokinesis in mammalian cells 
using a mechanism that is dependent on microtubules 
of the mitotic spindle [15]. However, while we found that 
mitochondrial transport to the cleavage furrow during 
cytokinesis was microtubule-dependent, the subset of 
spindle microtubules and molecular machinery remained 
unknown. In contrast, a recent RNAi screen for new 
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actin-based motors that function in division also iden-
tified the mitochondrial motor Myosin XIX (Myo19) as 
being involved in the regulation of mitochondrial distri-
bution in dividing HeLa cells [16]. Indeed, when Myo19 
expression was knocked down in dividing cells, mito-
chondria were mislocalized and asymmetrically inher-
ited. The authors reported a similar phenotype for cells 
treated with Latrunculin B [16] and concluded that both 
Myo19 and actin were necessary for appropriate mito-
chondria distribution during cell division. In contrast, we 
previously showed, through systematic spatial and tem-
poral analysis, that mitochondria accumulated at the cell 
equator following anaphase onset with no overall quanti-
fiable differences in mitochondrial distribution between 
DMSO- or Latrunculin A-treated cells [15]. Thus, the 
mechanism of mitochondrial redistribution in dividing 
cells remains controversial.

The kinesin-1 family of motor proteins play a key role 
in transporting mitochondria in the anterograde direc-
tion along microtubules [17–20]. Mammals possess 
three isoforms of kinesin-1 (KIF5A, B and C). KIF5A 
and KIF5C are neuronal, whereas KIF5B is ubiquitously 
expressed [18]. KIF5B binds to mitochondria via an adap-
tor complex composed of the mitochondrial Rho GTPase 
(Miro) and the cytoplasmic adaptor protein Milton [5]. 
Miro is an highly conserved atypical GTPase that is 
anchored in the mitochondrial membrane [21–23]. Miro 
binds to Milton, which in turns binds to KIF5B, thereby 
linking mitochondria to microtubules [24, 25]. It is not 
known if the KIF5B-Miro machinery mediates microtu-
bule-based transport of mitochondria to the furrow dur-
ing cytokinesis.

Herein, we used a combination of live spinning disk 
and superresolution structured illumination microscopy 
(SIM) to gain mechanistic insights into the previously 
reported relationships of mitochondria with microtu-
bules and actin in mammalian cytokinesis. The mecha-
nism of microtubule-based transport of mitochondria 
to the furrow was investigated using dominant-negative 
mutants of KIF5B and Miro-1. Finally, systematic spatial 
and temporal quantification of control- and cell-permea-
ble C3 transferase treated-cells, allowed us to investigate 
the relationship of mitochondria with the contractile ring 
during cytokinesis.

Results
Mitochondria associate with astral microtubules 
during cytokinesis
We previously demonstrated that mitochondria are 
transported to the cleavage furrow in a microtubule-
dependent manner [15, 26]. To gain further insight into 
the relationship between mitochondria and microtu-
bules during cell division and determine the specific 

subset of spindle microtubules responsible for trans-
porting mitochondria to the furrow, we imaged micro-
tubules and mitochondria in dividing HeLa cells by 
spinning disk confocal microscopy and superresolu-
tion SIM (Fig.  1). HeLa cells were transfected with 
GFP-Tubulin and stained with MitoTracker Deep Red 
FM to detect microtubules and mitochondria respec-
tively. Images of microtubules (green) and mitochon-
dria (magenta) at six representative stages of division 
from metaphase to late cytokinesis are given in Fig. 1A 
(for a full time series see Additional file  1: Movie S1). 
Mitochondria begin to accumulate at the cleavage fur-
row coincident with the appearance of equatorial astral 
microtubules of the mitotic spindle (Fig.  1A, green 
arrowheads). However, the visualization of astral micro-
tubules was limited by the resolution of the spinning 
disk microscope. To overcome this, we imaged micro-
tubules and mitochondria at high resolution using SIM. 
Mitotic HeLa cells were stained with an anti-alpha tubu-
lin antibody and MitoTracker Red CMX Ros to visualize 
microtubules and mitochondria respectively (Fig.  1B, 
C). A maximum projection image of the full confocal 
stack of a representative cell in early cytokinesis and 
magnified regions at the pole, side and equator of the 
cell are given in Fig. 1B. Mitochondria at the cell poles 
were localized in proximity to the polar astral micro-
tubules (Fig. 1B; inset a, blue arrowheads). In addition, 
long equatorial astral microtubules originating from the 
cell poles curved towards the cleavage furrow (Fig. 1B; 
inset b, green arrow) and appeared to be associated with 
mitochondria (Fig. 1B; inset b, blue arrowheads). Inter-
estingly, mitochondria at the cleavage furrow were clus-
tered in a region devoid of microtubules, likely occupied 
by the contractile ring (Fig. 1B; inset c, blue arrow). To 
better visualize the association of mitochondria with 
microtubules, we analysed single z slice images taken 
from the centre of the stack of cells in metaphase, 
early- and late-cytokinesis (Fig. 1C). In metaphase cells, 
mitochondria did not appear to be associated with 
microtubules at either the equator or the poles of the 
cell (Fig. 1C; top row). We also confirmed using Noco-
dazole that the metaphase mitochondrial distribution is 
not dependent on microtubules (Additional file  2: Fig-
ure S1). In contrast, mitochondria in early cytokinesis 
appeared to be associated with astral microtubules at 
both the equator and poles (Fig.  1C; middle row, blue 
arrowheads). In late cytokinesis, mitochondria also 
appeared to be associated with astral microtubules at 
the equator and the poles (Fig.  1C; bottom row, blue 
arrowheads). These observations suggest that astral 
microtubules are the subset of spindle microtubules 
responsible for transporting mitochondria to the cleav-
age furrow during cytokinesis.
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(See figure on previous page.) 
Fig. 1 Imaging of microtubules and mitochondria in dividing HeLa cells. A Spinning disk confocal images of HeLa cells transfected with GFP-Tubulin 
and stained with MitoTracker Deep Red FM to visualize microtubules (shown in green) and mitochondria (shown in magenta) respectively. Images are 
maximum projections of five z-slices from the centre of the confocal stack at six representative time-points of division from metaphase to late cytoki-
nesis. Green arrowheads indicate equatorial astral microtubules. (B, C) HeLa cells were stained for mitochondria (MitoTracker Deep Red FM) then fixed 
and stained for microtubules (anti-α tubulin, shown in green) and visualized by SIM. In (B) images are maximum projections of the full confocal stack. 
The yellow insets indicate the regions at the cell pole (a), side (b) and equator (c) that have been magnified in adjacent panels. Blue arrowheads indi-
cate mitochondria associated with astral microtubules. The green arrow indicates the direction of equatorial astral microtubules curving towards the 
cleavage furrow and the blue arrow indicates mitochondria accumulated in a microtubule-devoid region at the equator. The yellow outline indicates 
the position of the cell cortex. In (C) images are central z slices from the confocal stack of cells in metaphase (top row), early cytokinesis (middle row) 
and late cytokinesis (bottom row). The yellow insets indicate regions at the cell pole (a) and equator (b) that have been magnified in adjacent panels. 
Blue arrowheads indicate mitochondria that are associated with microtubules in early and late cytokinesis

Miro‑1 localizes with mitochondria at the cleavage furrow 
during cytokinesis
In line with our observation that mitochondria are trans-
ported along equatorial astral microtubules, we investi-
gated the role of the Miro-Milton-KIF5B machinery in 
localizing mitochondria during cytokinesis. To visualize 
the distribution and localisation of Miro-1 during cytoki-
nesis, HeLa cells were stained with MitoTracker Red, 
then fixed and stained with an anti-RhoT1(A16) antibody 
(shown in magenta) to detect Miro-1 (shown in green). 
Five representative stages of division from metaphase 
to late cytokinesis are shown in Fig.  2. In metaphase, 
Miro-1 was homogenously distributed in the cell cyto-
plasm. Cells in early-, mid-, and late-cytokinesis showed 
increased Miro-1 signal at the cleavage furrow (Fig.  2,  
green arrowheads). As expected, in all stages of divi-
sion, the Miro-1 distribution colocalized with mitochon-
dria (Fig.  2, merge), which is compatible with recently 
published observations by Kanfer et  al. [27]. We also 
observed some signal that did not co-localize with mito-
chondria, this may represent some non-specific stain-
ing of the antibody, or a yet undescribed localisation of 
Miro-1.

Miro‑1 and KIF5B are required for mitochondrial 
distribution during cytokinesis
To examine the role of Miro-1 and its binding partner, 
KIF5B, in cytokinesis, mitochondrial distribution was 
assessed in dividing HeLa cells transfected with either 
control vector, dominant negative Miro-1 (Miro-1ΔTM), 
or dominant negative KIF5B (KIF5BTail). Miro-1ΔTM 
lacks the transmembrane domain that anchors Miro-1 
to the outer mitochondrial membrane [22] and, thus, 
exerts a dominant negative effect by binding and seques-
tering TRAK1 and KIF5B in the cytoplasm. KIF5BTail 
consists of the C-terminal cargo-binding domain of the 
full-length KIF5B and is able to bind mitochondria but 
not microtubules [28] and, thus, inhibits microtubule-
based mitochondrial transport. Transfected cells were 
stained with MitoTracker Deep Red FM and imaged 
by spinning disk confocal microscopy. Images of five 

representative time points from metaphase to late cytoki-
nesis in control, Miro-1ΔTM and KIF5BTail-expressing 
cells are given in Fig. 3 (for the full time series see Addi-
tional file  3: Movie S2). In control cells, mitochondria 
were enriched at the cleavage furrow and depleted from 
the cell poles during cytokinesis (Fig. 3a). In KIF5BTail-
expressing cells, mitochondria were partially mislo-
calized at the cell poles in late cytokinesis (Fig.  3a). In 
Miro-1ΔTM-expressing cells, mitochondria were mislo-
calized at the cell poles from early-cytokinesis through 
to late cytokinesis (Fig. 3a). Furthermore, mitochondrial 
enrichment at the cleavage furrow was reduced in cells 
expressing Miro-1ΔTM. We quantified these observa-
tions by performing line-scan measurements of mito-
chondrial fluorescence intensity from cell pole to equator 
in control, KIF5BTail-, and Miro-1ΔTM-expressing cells 
at each representative phase of division (Fig. 3b). Quan-
tification confirmed that the difference in mitochondrial 
distribution was statistically significant in late cytokinesis 
in KIF5BTail-expressing cells and from early cytokinesis 
onwards in Miro-1ΔTM-expressing cells compared with 
control cells. We also quantified the effect of wild-type, 
full-length Miro1 expression and observed no difference 
in mitochondrial distribution compared with control 
cells (Additional file 4: Figure S2). These results support a 
role for Miro-1 and KIF5B in mediating the interaction of 
mitochondria with microtubules during cytokinesis.

Mitochondrial enrichment at the cell equator occurs 
simultaneously with the formation of the contractile ring
In a previously published study, we used systematic spatial 
and temporal quantification of mitochondria distribution 
to show that mitochondrial transport to the equatorial por-
tions of the cell equator in dividing cells was not affected by 
Latrunculin A or Jasplakinolide treatment [15]. However, 
these observations do not preclude that actin may act indi-
rectly to regulate mitochondria distribution, for example 
through sequestration or for localized (i.e. at the furrow) 
transport. Indeed, a knockdown of the actin-binding based 
motor protein, Myo19, was shown to cause mitochon-
drial mislocalization to the cell poles distribution during 
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cytokinesis [16]. An attractive explanation for this apparent 
discrepancy would involve a mechanism similar to that of 
neural cells where actin provides a docking mechanism fol-
lowing delivery the cell equator by microtubule-mediated 
transport [29–34]. For these reasons and to investigate 
further the relationship between mitochondria and actin, 
dividing cells were transfected with GFP-UtrCH, a marker 
for F-actin, stained with MitoTracker Deep Red FM to visu-
alize mitochondria and imaged using spinning disk micros-
copy (Fig. 4). The distribution of F-actin and mitochondria 
at six representative stages of division from metaphase to 
late cytokinesis is shown in Fig. 4a (for the full time series 
see Additional file  5: Movie S3). Mitochondria enrich-
ment at the cell equator coincided with the appearance of 
the contractile ring in anaphase B as indicated by cortical 
F-actin staining (Fig.  4a). Furthermore, mitochondria and 

cortical F-actin were progressively depleted from the cells 
poles as division proceeded. Interestingly, mitochondria 
appeared to co-localize with a cloud of sub-cortical F-actin 
that persisted throughout cytokinesis (Fig.  4a, red arrow-
heads). Spatial and temporal quantification of the pole: 
equator fluorescence intensity (F.I.) for both F-actin and 
mitochondria revealed that the polarization of mitochon-
dria and F-actin occurred simultaneously as division pro-
ceeded (Fig. 4b). Indeed, no significant statistical difference 
was found between the pole: equator F.I. of mitochondria 
and F-actin in all stages of division. This colocalization of 
mitochondria with sub-cortical actin was also observed in 
cells displaying aberrant (i.e. collapsed or aggregated) sub-
cortical actin morphologies, as those cells also displayed 
corresponding aberrant mitochondrial distribution (Addi-
tional file 6: Figure S3).

Fig. 2 Visualization of Miro-1 distribution in dividing HeLa cells. Fixed confocal images of HeLa cells stained with MitoTracker Red, an anti-RhoT1 
antibody and DAPI to visualize mitochondria (magenta), Miro-1 (green) and DNA (blue) respectively. Images are single z slices from the centre of the 
confocal stack of cells at five representative stages of division from metaphase to late cytokinesis. Green arrowheads indicate Miro-1 localized to the 
cleavage furrow. Bar, 10 μm
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Next, we sought to quantify the time of onset of F-actin 
and mitochondria enrichment at the cell equator. To 
measure equatorial enrichment, equator: pole F.I. ratios 
for both F-actin and mitochondria were calculated at 
30 s intervals following metaphase exit. The mean equa-
tor: pole F.I. ratio of eight cells (four quarters for each 
cells) ±  SEM was plotted against time (Fig.  4c). Analy-
sis revealed that the equatorial enrichment of both actin 
and mitochondria initiated at 1-min post-metaphase exit 
(Fig. 4c, arrow). Thus, the onset of mitochondrial enrich-
ment at the cell equator occurs simultaneously with the 
onset of the formation of the actomyosin contractile ring.

Inhibiting contractile ring formation prevents 
mitochondrial enrichment at the cell equator
The formation of the actomyosin contractile ring at the 
cleavage furrow is a spatiotemporally regulated event 
orchestrated by RhoA activity [9–14]. To investigate 
whether mitochondria enrich at the cell equator in the 
absence of a contractile ring, contractile ring forma-
tion was blocked by incubating cells with a commer-
cially available, cell permeable, Rho-specific inhibitor, 
C3 transferase. C3 transferase is an ADP ribosyl trans-
ferase that selectively ribosylates RhoA, RhoB and RhoC 
proteins on asparagine residue 41, rendering them inac-
tive. It has extremely low affinity for other members of 
the Rho family such as Cdc42 and Rac1 and does there-
fore not affect these GTPases. C3 transferase-treated 
cells were then stained with MitoTracker Deep Red 
FM and imaged by spinning disk confocal microscopy 
(Fig. 5). Images of five representative time points of divi-
sion in control and C3-treated cells are given in Fig.  5a 
(for the full time series see Additional file 7: Movie S4). 
As expected, control dividing cells showed a progres-
sive depletion of mitochondria from the cell poles to the 
equator and cleavage furrow. In contrast, RhoA inhibi-
tion caused cytokinesis failure and a reduction in mito-
chondrial polarization towards the cell equator (Fig. 5a, 
blue arrowheads). We confirmed these observations 
using the previously described systematic quantification 
method (Fig. 5b). Quantification confirmed that the dif-
ference in mitochondrial distribution was statistically 

significant in C3-treated cells from early cytokinesis 
onwards compared with control cells.

Discussion
We previously reported that mitochondria localize to 
the furrow during cell division and that microtubule 
depolymerization inhibits this process [15]. In this 
study, we further validate these observations by dem-
onstrating using superresolution microscopy that mito-
chondria appear to associate with astral microtubules 
of the mitotic spindle, are enriched at the cell equator 
coincident with the nascent contractile ring and require 
Miro-1 for proper distribution during cytokinesis 
(Fig.  6). A similar a model of microtubule- and Miro-
1-dependent delivery of mitochondria to a contrac-
tile ring has been observed at the immune synapse in 
T-cells [35].

The involvement of microtubules and Miro-1 in the re-
distribution of mitochondria during the transition from 
late cytokinesis to interphase has also been recently con-
firmed by Kanfer et  al., which provided evidence that, 
upon entry into mitosis, CENP-F redistributes to mito-
chondria via Miro-1 binding and links mitochondria to 
microtubule plus-tips [27]. Herein, we investigated the 
role of KIF5B in linking mitochondria to microtubules 
during mitosis and found that inhibition of KIF5B activity 
caused mislocalized mitochondria in late cytokinesis but 
not during earlier stages of cytokinesis. One interpreta-
tion is that KIF5B mediates mitochondrial transport only 
during late cytokinesis. Alternatively, since our transfec-
tions were stringently optimized to minimize cytotoxic 
effects, dominant negative expression levels may not 
have been adequate to completely inhibit endogenous 
KIF5B activity. Another possibility is that other mem-
bers of the kinesin-3 family members, such as KIF1B and 
KLP6, or CENP-F may compensate for KIF5B inhibition 
[36, 37]. In this regard, it would be interesting to assess 
the role of CENP-F and other kinesins in mediating the 
microtubule-mitochondria interaction at earlier stages of 
cytokinesis.

Following inhibition of Miro-1 activity and mito-
chondrial mislocalization, we did not observe obvious 

(See figure on previous page.) 
Fig. 3 Visualization and quantification of mitochondrial distribution in dividing HeLa cells expressing KIF5BTail and Miro-1ΔTM. a Spinning disk con-
focal images of HeLa cells transfected with control vector (top two rows), KIF5BTail (middle two rows) or Miro-1ΔTM (bottom two rows) and stained with 
MitoTracker Deep Red FM to visualize mitochondria. Images are single z slices from the centre of the confocal stack and maximum z-stack projec-
tions are shown for five representative time points from metaphase to late-cytokinesis. Blue arrowheads indicate mitochondria that are mislocalized 
are the cell poles in KIF5BTail- and Miro-1ΔTM-expressing cells. Bar, 10 μm. b Quantification of mitochondrial fluorescence intensity from cell pole 
to equator in control (14 cells, N = 56), KIF5BTail- (14 cells, N = 56), and Miro-1ΔTM-expressing cells (16 cells, N = 64) during metaphase, anaphase, 
and early-, mid- and late-cytokinesis. The normalized distance from cell pole to equator is displayed on the x-axis and the average fluorescence 
intensity normalized against the mean is displayed on the y-axis. Data are represented as the mean ± SEM and lines fitted by non-linear regression. 
The difference in mitochondrial distribution was statistically significant in late cytokinesis in KIF5BTail-expressing cells (F-Test, p < 0.05) and from early 
cytokinesis onwards in Miro-1ΔTM-expressing cells (F-Test, p < 0.05) compared with control cells
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Fig. 4 Visualization and quantification of F-actin and mitochondrial distributions in dividing HeLa cells. HeLa cells were transfected with GFP-UtrCH 
and stained with MitoTracker Deep Red FM to visualize F-actin (shown in green) and mitochondria (shown in magenta) respectively then imaged by 
spinning disk confocal microscopy. a Representative time-lapse images of a dividing HeLa cell showing F-actin and mitochondrial enrichment at 
the cell equator and depletion at the cell poles as division proceeds. Images are maximum projections of five z-slices from the centre of the confo-
cal stack. Green and magenta arrowheads indicate F-actin and mitochondria localized to the cell equator respectively. Blue arrowheads indicate mito-
chondria colocalized with F-actin at the cell equator. Red arrowheads indicate enriched F-actin in the subcortical regions of cytokinetic cells. Bar, 
10 μm. b Quantification of mitochondrial and F-actin fluorescence intensity from cell pole to cell equator at five representative stages of division. 
The normalized distance from cell pole to equator is displayed on the x-axis and the average fluorescence intensity normalized against the mean 
is displayed on the y-axis. Data were represented as mean ± SEM (8 cells, N = 32) and lines were fitted by non-linear regression. The polarization 
of mitochondria and F-actin towards the cell equator was statistically significant relative to metaphase from anaphase onwards (F-Test, p < 0.05). 
c Average equator: pole fluorescence intensity ratios (y-axis) were plotted against time following metaphase exit (x-axis) for both mitochondria 
(magenta line) and F-actin (green line) from metaphase exit (t = 0 min) to late anaphase (t = 5 min). Data were represented as mean ± SEM (8 cells, 
4 quadrants; N = 32). The black arrow indicates the onset of mitochondrial and F-actin polarization towards the cell equator
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defects in cytokinesis or mitochondrial inheritance. 
This may be because mitochondria were only partially 
mislocalized and hence were still present, although 
reduced, at the furrow. It is also worth noting that our 

protocol did not allow for the observation of the effect 
of disrupted Miro-1/KIF5B over multiple generations, 
which may have yielded more robust mitochondrial 
mislocalization.

Fig. 5 Visualization and quantification of mitochondrial distribution in control and C3 transferase-treated HeLa cells. a Spinning disk confocal 
images of HeLa cells treated with C3 transferase to inhibit RhoA activity and stained with MitoTracker Deep Red FM to visualize mitochondria 
(magenta). A single central z-slice and an overlay of the central slice with the corresponding DIC image are shown for five representative stages of 
division from metaphase to late-cytokinesis. Blue arrowheads indicate mitochondria mislocalized at the cell poles in C3-treated cells. Bar, 10 μm. b 
Quantification of mitochondrial fluorescence intensity from cell pole to cell equator in control (9 cells, N = 36) versus C3-treated (17 cells, N = 68) 
cells from metaphase to late cytokinesis. The normalized distance from cell pole to equator is displayed on the x-axis and the average fluorescence 
intensity normalized against the mean is displayed on the y-axis. Data are represented as the mean ± SEM and lines fitted by non-linear regression. 
The difference in mitochondrial distribution was statistically significant in C3-treated cells relative to control cells from early cytokinesis onwards 
(F-Test, p < 0.05)
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The fact that mitochondria polarize towards the cell 
equator simultaneously with contractile ring formation 
further supports, albeit indirectly, a microtubule-based 
mechanism of mitochondrial distribution during cytoki-
nesis since microtubules are also required to stimulate 
contractile ring assembly at the equatorial cortex [38]. In 
addition, our data show that mitochondrial distribution 
is coordinated with a key event of cytokinesis, contrac-
tile ring assembly. Whether the enrichment of mitochon-
dria in the vicinity of the contractile ring or retention 

of mitochondria at the furrow during ingression has 
functional consequences for cytokinesis remains to be 
established. While we previously reported that mito-
chondria are transported to the cleavage furrow via an 
actin-independent mechanism [15, 26], a recent study 
showed that depletion of the actin-based motor Myo19 
by RNAi in dividing HeLa cells caused mitochondria to 
aberrantly localize to the spindle poles during cytokine-
sis and resulted in defects in mitochondrial inheritance 
and cytokinesis [16]. However, whether Myo19 anchors 

Fig. 6 Model depicting the actin and microtubule-based regulation of mitochondrial distribution during cell division. a Mitochondria in meta-
phase are evenly dispersed in the cytoplasm. b The association of mitochondria with cytoplasmic F-actin may promote mitochondrial dispersal in 
metaphase. c During cytokinesis, mitochondria enrich at the cleavage furrow and are depleted from the cell poles. d Equatorial astral microtubules 
deliver mitochondria to the cleavage furrow. Following delivery on microtubules, mitochondria may dock to actin in the cleavage furrow. RhoA 
activity promotes mitochondrial localization to the furrow, possibly by triggering formin-mediated actin polymerization. e Miro-1 is required for 
transporting mitochondria to the plus ends of microtubules at the cleavage furrow, possibly via interaction with KIF5B. f In late cytokinesis, mito-
chondria begin to re-fuse and are transported away from the furrow towards the cell poles along microtubules in preparation for interphase
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mitochondria to the contractile ring remains unknown 
since, in contradiction with our present and previous 
observations [15], they did not report mitochondria 
enrichment at the cleavage furrow in their control cells. 
The same group also failed to show enrichment of mito-
chondria to the equatorial portion of dividing cell in pres-
ence of Latrunculin B. The reason for this is unknown, 
but may relate to methodological differences in quanti-
fication methods, seeding density, or cell health. Indeed, 
we have reason to believe that the aberrant mitochon-
drial and F-actin distribution we sometimes observed 
during cell division in transfected cells (Additional file 6: 
Figure S3), may have been may be linked to altered cell 
shape or adhesion. Indeed, Fink et  al. [39] suggested 
that adhesion geometry can bias dynamic subcortical 
actin structures in mitotic cells. Spindle positioning have 
been shown to be actin-dependent in a number of other 
models [40], and subcortical actin clouds and retraction 
fibres have been suggested to be involved in centrosome 
positioning [41]. Under our proposed model, aberrant 
spindle positioning due to aberrant retraction fibres (as 
seen in the aggregated phenotype of Additional file  6: 
Figure S3) would produce equally aberrant mitochondria 
distributions.

Interestingly, we also observed the colocalization of 
mitochondria with a subcortical pool of F-actin at the 
cleavage furrow. The source of this subcortical F-actin 
pool is unknown, but may represent pre-formed F-actin 
filaments that have been delivered to the cleavage fur-
row for incorporation into the contractile ring [38]. 
Alternatively, actin may be directly polymerized on 
the surface of furrow-enriched mitochondria. A recent 
paper by Li et  al., showed the formation of actin fila-
ment on the outer mitochondrial membrane in inter-
phase and mitotic cells [42]. Therefore, it is possible 
that actin at the cleavage furrow may promote mito-
chondrial docking and further enrich mitochondria at 
the furrow.

Mitochondria were retained at the cell poles and the 
enrichment of mitochondria at the cell equator was 
reduced when RhoA was inhibited. Interestingly, RhoA 
has previously been shown to reduce mitochondrial 
motility by promoting mitochondrial tethering to actin 
via mDia1-activation and local actin polymerization [43, 
44]. In the context of dividing cells, local RhoA-triggered 
actin polymerization at the equatorial cortex in dividing 
cells may act similarly to inhibit mitochondrial motility 
in the vicinity of the cleavage furrow. However, it is dif-
ficult to discern the effects of RhoA inactivation since 
such cells exhibit a dramatically altered cell morphology. 
Additionally, since mDia1 has been shown to regulate 
microtubules at the furrow [45], we cannot exclude that 
mitochondrial mislocalization following RhoA inhibition 

may be due to the perturbation of microtubules at the 
furrow. This would however, still be compatible with 
microtubule-mediated transport of mitochondria to the 
cleavage furrow.

Finally, while there is now considerable evidence for 
microtubule-mediated transport to the cleavage furrow, 
it is also possible for mitochondria to be passively distrib-
uted. An example of such a mechanism would involve the 
mitochondria being squeezed toward the equator by the 
growth of the spindle in anaphase, telophase and early 
cytokinesis. Considering the importance of mitochon-
drial inheritance in ensuring daughter cell viability, it 
may be envisaged that mitochondria distribution during 
cell division relies on both passive and active, microtu-
bule-mediated processes.

Conclusions
Herein, we demonstrate, for the first time, an association 
of mitochondria with astral microtubules of the mitotic 
spindle and their co-localization with the nascent con-
tractile ring in early cytokinesis. Furthermore, we pro-
vided evidence that mitochondrial localization to the 
furrow requires KIF5B and Miro-1 and the formation of 
a contractile array. In this model (Fig.  6), mitochondria 
are delivered to the cleavage furrow along equatorial 
astral microtubules in a mechanism involving the KIF5B/
Miro-1 trafficking. A similar a model of microtubule-
dependent delivery and actin-dependent docking at a 
contractile ring has been observed in the context of the 
immune synapse in T-cells [35].

Enriching mitochondria at the cell equator may con-
tribute to the robustness of cytokinesis by promoting 
actomyosin assembly and contractility at the equatorial 
cortex. Cytokinesis failure leads to centrosome amplifi-
cation and tetraploidy and is a hallmark of certain can-
cers [46, 47]; therefore, a complete understanding of the 
mechanisms underlying cytokinesis may have important 
therapeutic implications.

Methods
Cell culture and drug treatments
HeLa cells purchased from ATCC were maintained at 
37  °C in a 5  % CO2 incubator and grown in Minimum 
Essential Media (MEM; Invitrogen) supplemented with 
2 mM GlutaMAX (Gibco) and 10 % foetal bovine serum 
(FBS; Invitrogen). To stain for mitochondria, live cells 
were incubated for 15  min with 20  nM MitoTracker 
Red CMX Ros or MitoTracker Deep Red FM (Molecu-
lar Probes) as indicated in the text. To inhibit RhoA, 
cultured HeLa cells were incubated with 2  μg/ml of a 
commercially available, cell-permeable version of C3 
transferase (Cytoskeleton Inc.) for at least 4 h prior to live 
cell imaging. C3 transferase is an ADP ribosyl transferase 
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that selectively ribosylates RhoA, RhoB and RhoC pro-
teins on asparagine residue 41, rendering them inactive 
[48]. It has extremely low affinity for other members of 
the Rho family such as Cdc42 and Rac1 and does there-
fore not affect these GTPases. Analysis was limited to 
metaphase cells exhibiting the hallmarks of RhoA inhibi-
tion: a spindly, non-round morphology [49, 50].

Plasmid constructs
The cDNA encoding the wild-type, full-length human 
Miro-1 as well as Miro-1 lacking the transmembrane 
binding domain (Miro-1Δ593-618, hereafter referred 
to as Miro-1ΔTM) were purchased from Addgene 
(Addgene plasmids 47888 and 47895; originally pub-
lished in [22]. The cDNA encoding the motor domain-
less KIF5B (hereafter referred to as KIF5BTail) was a 
kind gift from C. Hoogenraad, Utrecht University, The 
Netherlands, and was successfully used to study micro-
tubule trafficking [51, 52]. Miro-1ΔTM and KIF5BTail 
cDNA sequences were amplified by polymerase chain 
reaction using the Expand High Fidelity polymerase 
(Roche). Miro1ΔTM was amplified with the primer pair: 
5′-CCGCTCGAGCGGATGAAGAAAGACGTGCGG 
AT-3′ and 5′-CCGGAATT.

CCGGTCAAAACGTGGAGCTCTTGAGGT-3′. KIF-
5BTail was amplified with the primer pair: 5′-CCGC 
TCGAGCGGATGTGGCGTAATGGGGAGACG-3′  
and 5′-CCGGAATTCCGGTCAAGTTGGAGAAGCTG 
CTGGAT-3′. The underlined sequences correspond to 
Xho1 (forward primer) and EcoR1 (reverse primer) restric-
tion sites. Full length Miro1, Miro1ΔTM, and KIF5BT were 
subcloned into a pCIG2-ires-eGFP bicistronic vector (a 
kind gift from M. Cayouette, IRCM, Montreal). GFP-Tubu-
lin and GFP-UtrCH in the pCS2eGFP vector were kind 
gifts from W. Bement, University of Wisconsin, Madison.

Transfections
HeLa cells were plated 1  day prior to transfection on 
35 mm glass-bottom dishes (1.5 mm thickness; MatTek) 
in antibiotic-free MEM media. Transfections were per-
formed using Effectene Transfection Reagent according 
to the manufacturer’s protocol (Qiagen). Complexes were 
washed out after 6 h to minimize cytotoxicity. To achieve 
maximal numbers of mitotic cells for imaging, transfec-
tions were performed at least 30  h before imaging. To 
detect microtubules and filamentous actin, cells were 
transfected with 200  ng GFP-Tubulin and GFP-UtrCH, 
respectively. For dominant negative experiments, cells 
were transfected with 300 ng of the relevant construct and 
transfected cells were identified by GFP expression from 
the bicistronic pCIG2.ires.eGFP vector. Transfected cells 
with an average GFP fluorescence intensity of <1400 arbi-
trary units were used for analysis.

Immunofluorescence
For fixed confocal imaging, cells were grown on #1.5 
coverslips. For super resolution microscopy, cells were 
grown on Zeiss high precision #1.5 coverslips (a kind 
gift from the CIAN microscopy facility) prepared for 
superresolution imaging by washing with spectroscopic 
grade ethanol and methanol. First, live cells were stained 
for mitochondria, then fixed with 3.2  % paraformalde-
hyde in phosphate buffered saline (PBS) for 10 min, per-
meabilized with PBS containing 0.1 % Triton X-100 and 
blocked with 2  % bovine serum albumin (BSA) in PBS 
for 30  min. Primary antibodies were incubated over-
night at 4  °C and secondary antibodies were incubated 
for 45  min at room temperature in the dark. The fol-
lowing primary antibodies were used: rabbit anti-alpha-
tubulin (Abcam, ab18251) and rabbit anti-RhoT1(A16) 
(Santa Cruz, sc-102083). Alexa Fluor 488- and 647-con-
jugated secondary antibodies were purchased from Inv-
itrogen. DNA was stained with DAPI (Invitrogen). For 
fixed confocal microscopy, coverslips were mounted 
onto slides using PermaFluor (ThermoScientific). For 
superresolution SIM, coverslips were mounted onto 
slides with Prolong Gold (Invitrogen) and left to cure 
for 60 h.

Microscopy and imaging
Fixed confocal imaging was performed using a Confo-
cor LSM 510 META confocal system on a Zeiss Axiovert 
200  M inverted microscope using a 1.4 NA 63× oil-
immersion objective and Zen imaging software (Zeiss). 
MitoTracker Red fluorescence was excited with 514  nm 
laser, Alexa 488 fluorescence was excited with 488  nm 
laser and DAPI fluorescence was excited with 405  nm 
laser. Confocal stacks were acquired with a 0.3 μm step 
size.

Superresolution SIM was performed using an ELYRA 
PS.1 superresolution system combined with an LSM 710 
laser scanning confocal microscope (Zeiss). Images were 
acquired using a 1.4 NA 63× oil-immersion objective and 
captured with a pco.edge sCMOS camera controlled by 
Zen imaging software (Zeiss). Alexa-488 fluorescence 
was excited with a 488 nm laser, MitoTracker Red fluo-
rescence was excited with a 561 nm laser and Alexa 647 
fluorescence was excited with a 642  nm laser. Emission 
was collected with the appropriate filter sets optimized 
for each laser line. Stacks were acquired with a 0.2  μm 
step size. SIM images were reconstructed from the raw 
data using Zen imaging software.

Live imaging was performed using a Quorum WaveFX-
X1 spinning disk confocal system on a Leica DMI6000B 
inverted microscope (Quorum Technologies Inc.). HeLa 
cells were grown on 35  mm glass-bottom dishes (1.5  mm 
thickness; MatTek) and maintained on the microscope 
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stage in complete phenol-free MEM media (Invitrogen) 
at 37 °C and 5 % CO2 using a Chalamide TC environmen-
tal control system (Live Cell Instruments). All Images were 
acquired using a 1.4 NA 63× oil-immersion objective and 
captured with a Hamamatsu ImagEM EM-CCD camera 
controlled with Metamorph software (Molecular Devices). 
MitoTracker Deep Red FM fluorescence was excited with a 
643 nm laser and 25 ms exposure time and collected with an 
ET 700/75 emission filter set. GFP fluorescence was excited 
with a 491 nm laser line and 100 ms exposure time and col-
lected with an ET 525/50 emission filter set. For time-lapse 
experiments, images were collected every 30 s. At each time 
point, 30 z-series optical slices were obtained with a step 
size of 1.0 μm using an ASI MS-2000 piezo stage.

Image analysis
For each cell fluorescence intensities were systemati-
cally quantified both spatially (linescan from cell pole to 
cell equator; all four quadrants) and at five representa-
tive phases of division (metaphase to late cytokinesis) as 
described previously [15] with the following modifica-
tions: analysis was performed on average z-stack projec-
tions and a 40 pixel-wide linescan was used to measure 
average fluorescence intensity. Fluorescence intensity 
measurements from multiple cells were normalized and 
averaged using custom algorithms in MATLAB (math-
works) and transferred to GraphPad (Prism) for graph 
plotting. This analysis scheme allows for the direct and 
statistical comparison of average fluorescence intensity 
between division stages or culture conditions.

Linescan data were also used to calculate mitochondria 
and F-actin equator: pole fluorescence intensity ratios. 
Briefly, ratios were calculated using the first five (pole) 
and last five (equator) data points of each linescan at 30-s 
intervals from metaphase exit (t = 0 min) to late anaphase 
(t = 4.5 min) and then averaged across multiple cells.

The brightness, contrast and background were adjusted 
using Metamorph software (Molecular Devices). In 
order to aid the visualization of weakly fluorescent astral 
microtubules from live imaging data (Fig. 1a), the gamma 
was altered for presentation purposes, but was left 
unchanged for analysis.

Statistics
Paired F-tests were used to compare mitochondrial dis-
tributions at five representative division stages in control 
cells versus KIF5BTail- or Miro-1ΔTM-expressing cells 
and DMSO- versus C3-treated cells. Mitochondria and 
F-actin distributions were also compared at five repre-
sentative division stages using paired F-tests. All analyses 
were performed using GraphPad Software version 6.0 for 
Mac. Significance was set at p < 0.05.
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Additional files

Additional file 1: Movie S1. Mitochondria and microtubules in dividing 
HeLa cells.

Additional file 2: Figure S1. Metaphase mitochondrial distribution is 
not dependent on microtubules. HeLa cells in metaphase stained with 
MitoTracker Deep Red FM to visualize mitochondria and treated with 
either 0.02 % DMSO (control) or 10 μM Nocodazole to depolymerize 
microtubules. Shown are images of a single z slice from the centre of the 
confocal stack and a maximum z-stack projection.

Additional file 3: Movie S2. Mitochondria in dividing HeLa cells express-
ing dominant negative KIF5B and Miro-1ΔTM constructs.

Additional file 4: Figure S2. Quantification of mitochondrial distribu-
tion in HeLa cells transfected with control or wild-type, full-length Miro1. 
The mitochondrial fluorescence intensity from cell pole to equator was 
quantified in control pCIG2-expressing cells (5 cells, N=20) and full-length 
Miro1-expressing cells (10 cells, N=40) during metaphase, anaphase, and 
early-, mid- and late-cytokinesis. The normalized distance from cell pole to 
equator is displayed on the x-axis and the average fluorescence intensity 
normalized against the mean is displayed on the y-axis. Data are repre-
sented as the mean +/- SEM and lines fitted by non-linear regression. The 
difference in mitochondrial distribution was not statistically significant in 
Miro1-expressing cells compared with control cells (F-Test, p<0.05).

Additional file 5: Movie S3. Mitochondria and F-actin in dividing HeLa 
cells.

Additional file 6: Figure S3. Localization of mitochondria and cytoplas-
mic F-actin in control and aberrant cells. Spinning disk confocal images 
of HeLa cells transfected with GFP-UtrCH to visualize F-actin (green) 
and stained with MitoTracker Deep Red FM to visualize mitochondria 
(magenta). Representative images of cells in metaphase with either con-
trol, collapsed or aggregated mitochondrial phenotypes. Corresponding 
linescans are shown below the microscope images. The yellow and blue 
arrowheads indicate the colocalization of aberrant cytoplasmic F-actin 
and mitochondria in cells with the collapsed and aggregated phenotypes 
respectively. The yellow lines on the merge indicate the position of the 
linescans and black arrows on the linescans indicate mitochondria colo-
calized with cytoplasmic F-actin. Bar, 10 μm.

Additional file 7: Movie S4. Mitochondria in dividing HeLa cells treated 
with C3 Transferase.

http://dx.doi.org/10.1186/s13008-016-0015-4
http://dx.doi.org/10.1186/s13008-016-0015-4
http://dx.doi.org/10.1186/s13008-016-0015-4
http://dx.doi.org/10.1186/s13008-016-0015-4
http://dx.doi.org/10.1186/s13008-016-0015-4
http://dx.doi.org/10.1186/s13008-016-0015-4
http://dx.doi.org/10.1186/s13008-016-0015-4


Page 15 of 16Lawrence et al. Cell Div  (2016) 11:3 

References
 1. McBride HM, Neuspiel M, Wasiak S. Mitochondria: more than just a pow-

erhouse. Curr Biol CB. 2006;16(14):R551–60. doi:10.1016/j.cub.2006.06.054.
 2. Rizzuto R, De Stefani D, Raffaello A, Mammucari C. Mitochondria as 

sensors and regulators of calcium signalling. Nat Rev Mol Cell Biol. 
2012;13(9):566–78. doi:10.1038/nrm3412.

 3. Nickel A, Kohlhaas M, Maack C. Mitochondrial reactive oxygen species 
production and elimination. J Mol Cell Cardiol. 2014. doi:10.1016/j.
yjmcc.2014.03.011.

 4. Wang C, Youle RJ. The role of mitochondria in apoptosis*. Annu Rev 
Genet. 2009;43:95–118. doi:10.1146/annurev-genet-102108-134850.

 5. Schwarz TL. Mitochondrial trafficking in neurons. Cold Spring Harbor 
Perspect Biol. 2013. doi:10.1101/cshperspect.a011304.

 6. Saxton WM, Hollenbeck PJ. The axonal transport of mitochondria. J Cell 
Sci. 2012;125(Pt 9):2095–104. doi:10.1242/jcs.053850.

 7. Sheng ZH. Mitochondrial trafficking and anchoring in neurons: new 
insight and implications. J Cell Biol J Cell Biol. 2014;204(7):1087–98.

 8. Rappaport R. Cytokinesis in animal cells. Cambridge: Cambridge Univer-
sity Press; 1996.

 9. D’Avino PP, Savoian MS, Glover DM. Cleavage furrow formation and 
ingression during animal cytokinesis: a microtubule legacy. J Cell Sci. 
2005;118(8):1549–58. doi:10.1242/jcs.02335.

 10. Eggert US, Mitchison TJ, Field CM. Animal cytokinesis: from parts list to 
mechanisms. Annu Rev Biochem. 2006;75:543–66. doi:10.1146/annurev.
biochem.74.082803.133425.

 11. Piekny A, Werner M, Glotzer M. Cytokinesis: welcome to the Rho zone. 
Trends Cell Biol. 2005;15(12):651–8. doi:10.1016/j.tcb.2005.10.006.

 12. Kosako H, Yoshida T, Matsumura F, Ishizaki T, Narumiya S, Inagaki M. 
Rho-kinase/ROCK is involved in cytokinesis through the phosphoryla-
tion of myosin light chain and not ezrin/radixin/moesin proteins at 
the cleavage furrow. Oncogene. 2000;19(52):6059–64. doi:10.1038/
sj.onc.1203987.

 13. Watanabe N, Madaule P, Reid T, Ishizaki T, Watanabe G, Kakizuka A, et al. 
p140mDia, a mammalian homolog of Drosophila diaphanous, is a 
target protein for Rho small GTPase and is a ligand for profilin. EMBO J. 
1997;16(11):3044–56. doi:10.1093/emboj/16.11.3044.

 14. Yamashiro S, Totsukawa G, Yamakita Y, Sasaki Y, Madaule P, Ishizaki T, et al. 
Citron kinase, a Rho-dependent kinase, induces di-phosphorylation of 
regulatory light chain of myosin II. Mol Biol Cell. 2003;14(5):1745–56. 
doi:10.1091/mbc.E02-07-0427.

 15. Lawrence EJ, Mandato CA. Mitochondria localize to the cleavage furrow 
in Mammalian cytokinesis. PLoS One. 2013;8(8):e72886. doi:10.1371/jour-
nal.pone.0072886.

 16. Rohn JL, Patel JV, Neumann B, Bulkescher J, McHedlishvili N, McMullan 
RC, et al. Myo19 ensures symmetric partitioning of mitochondria and 
coupling of mitochondrial segregation to cell division. Curr Biol CB. 
2014;24(21):2598–605. doi:10.1016/j.cub.2014.09.045.

 17. Hurd DD, Saxton WM. Kinesin mutations cause motor neuron disease 
phenotypes by disrupting fast axonal transport in drosophila. Genetics. 
1996;144(3):1075–85.

 18. Kanai Y, Okada Y, Tanaka Y, Harada A, Terada S, Hirokawa N. KIF5C, a novel 
neuronal kinesin enriched in motor neurons. J Neurosci Off J Soc Neuro-
sci. 2000;20(17):6374–84.

 19. Pilling AD, Horiuchi D, Lively CM, Saxton WM. Kinesin-1 and dynein are 
the primary motors for fast transport of mitochondria in drosophila 
motor axons. Mol Biol Cell. 2006;17(4):2057–68. doi:10.1091/mbc.
E05-06-0526.

 20. Tanaka Y, Kanai Y, Okada Y, Nonaka S, Takeda S, Harada A, et al. Tar-
geted disruption of mouse conventional kinesin heavy chain, kif5B, 
results in abnormal perinuclear clustering of mitochondria. Cell. 
1998;93(7):1147–58.

 21. Fransson A, Ruusala A, Aspenstrom P. Atypical Rho GTPases have 
roles in mitochondrial homeostasis and apoptosis. J Biol Chem. 
2003;278(8):6495–502. doi:10.1074/jbc.M208609200.

 22. Fransson Å, Ruusala A, Aspenström P. The atypical Rho GTPases Miro-1 
and Miro-2 have essential roles in mitochondrial trafficking. Biochem Bio-
phys Res Commun. 2006;344(2):500–10. doi:10.1016/j.bbrc.2006.03.163.

 23. Frederick RL, McCaffery JM, Cunningham KW, Okamoto K, Shaw JM. Yeast 
Miro GTPase, Gem1p, regulates mitochondrial morphology via a novel 
pathway. J Cell Biol. 2004;167(1):87–98. doi:10.1083/jcb.200405100.

 24. Glater EE, Megeath LJ, Stowers RS, Schwarz TL. Axonal transport of mito-
chondria requires milton to recruit kinesin heavy chain and is light chain 
independent. J Cell Biol. 2006;173(4):545–57. doi:10.1083/jcb.200601067.

 25. Stowers RS, Megeath LJ, Gorska-Andrzejak J, Meinertzhagen IA, Schwarz 
TL. Axonal transport of mitochondria to synapses depends on milton, a 
novel Drosophila protein. Neuron. 2002;36(6):1063–77.

 26. Lawrence E, Mandato C. Mitochondrial inheritance is mediated 
by microtubules in mammalian cell division. Commun Integr Biol. 
2013;6(6):e27557. doi:10.4161/cib.27557.

 27. Kanfer G, Courtheoux T, Peterka M, Meier S, Soste M, Melnik A, et al. 
Mitotic redistribution of the mitochondrial network by Miro and Cenp-F. 
Nature Commun. 2015;6:8015. doi:10.1038/ncomms9015.

 28. van Spronsen M, Mikhaylova M, Lipka J, Schlager Max A, van den Heuvel 
Dave J, Kuijpers M, et al. TRAK/Milton motor-adaptor proteins steer mito-
chondrial trafficking to axons and dendrites. Neuron. 2013;77(3):485–502. 
doi:10.1016/j.neuron.2012.11.027.

 29. Berthold CH, Fabricius C, Rydmark M, Andersén B. Axoplasmic organelles 
at nodes of Ranvier. I. Occurrence and distribution in large myelinated 
spinal root axons of the adult cat. J Neurocytol. 1993;22(11):925–40. 
doi:10.1007/BF01218351.

 30. Li YC, Zhai XY, Ohsato K, Futamata H, Shimada O, Atsumi S. Mitochon-
drial accumulation in the distal part of the initial segment of chicken 
spinal motoneurons. Brain Res. 2004;1026(2):235–43. doi:10.1016/j.
brainres.2004.08.016.

 31. Shepherd GM, Harris KM. Three-dimensional structure and composition 
of CA3– >CA1 axons in rat hippocampal slices: implications for presynap-
tic connectivity and compartmentalization. J Neurosci Off J Soc Neurosci. 
1998;18(20):8300–10.

 32. Morris RL, Hollenbeck PJ. The regulation of bidirectional mitochondrial 
transport is coordinated with axonal outgrowth. J Cell Sci. 1993;104(Pt 
3):917–27.

 33. Zhang CL, Ho PL, Kintner DB, Sun D, Chiu SY. Activity-dependent 
regulation of mitochondrial motility by calcium and Na/K-ATPase at 
nodes of ranvier of myelinated nerves. J Neurosci. 2010;30(10):3555–66. 
doi:10.1523/jneurosci.4551-09.2010.

 34. Gotow T, Miyaguchi K, Hashimoto PH. Cytoplasmic architecture of the 
axon terminal: filamentous strands specifically associated with synaptic 
vesicles. Neuroscience. 1991;40(2):587–98.

 35. Quintana A, Hoth M. Mitochondrial dynamics and their impact 
on T cell function. Cell Calcium. 2012;52(1):57–63. doi:10.1016/j.
ceca.2012.02.005.

 36. Nangaku M, Sato-Yoshitake R, Okada Y, Noda Y, Takemura R, Yamazaki H, 
et al. KIF1B, a novel microtubule plus end-directed monomeric motor 
protein for transport of mitochondria. Cell. 1994;79(7):1209–20.

 37. Tanaka K, Sugiura Y, Ichishita R, Mihara K, Oka T. KLP6: a newly identified 
kinesin that regulates the morphology and transport of mitochondria in 
neuronal cells. J Cell Sci. 2011;124(Pt 14):2457–65. doi:10.1242/jcs.086470.

 38. Mandato CA, Benink HA, Bement WM. Microtubule-actomyosin interac-
tions in cortical flow and cytokinesis. Cell Motil Cytoskelet. 2000;45(2):87–
92. doi:10.1002/(SICI)1097-0169(200002)45:2<87:AID-CM1>3.0.CO;2-0.

 39. Fink J, Carpi N, Betz T, Betard A, Chebah M, Azioune A, et al. External 
forces control mitotic spindle positioning. Nat Cell Biol. 2011;13(7):771–8. 
doi:10.1038/ncb2269.

 40. Almonacid M, Terret ME, Verlhac MH. Actin-based spindle positioning: 
new insights from female gametes. J Cell Sci. 2014;127(Pt 3):477–83. 
doi:10.1242/jcs.142711.

 41. Kwon M, Bagonis M, Danuser G, Pellman D. Direct microtubule-binding 
by Myosin-10 orients centrosomes toward retraction fibers and 
subcortical actin clouds. Dev Cell. 2015;34(3):323–37. doi:10.1016/j.
devcel.2015.06.013.

 42. Li S, Xu S, Roelofs BA, Boyman L, Lederer WJ, Sesaki H, et al. Transient 
assembly of F-actin on the outer mitochondrial membrane contributes 
to mitochondrial fission. J Cell Biol. 2015;208(1):109–23. doi:10.1083/
jcb.201404050.

 43. Minin AA, Kulik AV, Gyoeva FK, Li Y, Goshima G, Gelfand VI. Regula-
tion of mitochondria distribution by RhoA and formins. J Cell Sci. 
2006;119(4):659–70. doi:10.1242/jcs.02762.

 44. Li D, Sewer MB. RhoA and DIAPH1 mediate adrenocorticotropin-
stimulated cortisol biosynthesis by regulating mitochondrial trafficking. 
Endocrinology. 2010;151(9):4313–23. doi:10.1210/en.2010-0044.

http://dx.doi.org/10.1016/j.cub.2006.06.054
http://dx.doi.org/10.1038/nrm3412
http://dx.doi.org/10.1016/j.yjmcc.2014.03.011
http://dx.doi.org/10.1016/j.yjmcc.2014.03.011
http://dx.doi.org/10.1146/annurev-genet-102108-134850
http://dx.doi.org/10.1101/cshperspect.a011304
http://dx.doi.org/10.1242/jcs.053850
http://dx.doi.org/10.1242/jcs.02335
http://dx.doi.org/10.1146/annurev.biochem.74.082803.133425
http://dx.doi.org/10.1146/annurev.biochem.74.082803.133425
http://dx.doi.org/10.1016/j.tcb.2005.10.006
http://dx.doi.org/10.1038/sj.onc.1203987
http://dx.doi.org/10.1038/sj.onc.1203987
http://dx.doi.org/10.1093/emboj/16.11.3044
http://dx.doi.org/10.1091/mbc.E02-07-0427
http://dx.doi.org/10.1371/journal.pone.0072886
http://dx.doi.org/10.1371/journal.pone.0072886
http://dx.doi.org/10.1016/j.cub.2014.09.045
http://dx.doi.org/10.1091/mbc.E05-06-0526
http://dx.doi.org/10.1091/mbc.E05-06-0526
http://dx.doi.org/10.1074/jbc.M208609200
http://dx.doi.org/10.1016/j.bbrc.2006.03.163
http://dx.doi.org/10.1083/jcb.200405100
http://dx.doi.org/10.1083/jcb.200601067
http://dx.doi.org/10.4161/cib.27557
http://dx.doi.org/10.1038/ncomms9015
http://dx.doi.org/10.1016/j.neuron.2012.11.027
http://dx.doi.org/10.1007/BF01218351
http://dx.doi.org/10.1016/j.brainres.2004.08.016
http://dx.doi.org/10.1016/j.brainres.2004.08.016
http://dx.doi.org/10.1523/jneurosci.4551-09.2010
http://dx.doi.org/10.1016/j.ceca.2012.02.005
http://dx.doi.org/10.1016/j.ceca.2012.02.005
http://dx.doi.org/10.1242/jcs.086470
http://dx.doi.org/10.1002/(SICI)1097-0169(200002)45:2%3c87:AID-CM1%3e3.0.CO;2-0
http://dx.doi.org/10.1038/ncb2269
http://dx.doi.org/10.1242/jcs.142711
http://dx.doi.org/10.1016/j.devcel.2015.06.013
http://dx.doi.org/10.1016/j.devcel.2015.06.013
http://dx.doi.org/10.1083/jcb.201404050
http://dx.doi.org/10.1083/jcb.201404050
http://dx.doi.org/10.1242/jcs.02762
http://dx.doi.org/10.1210/en.2010-0044


Page 16 of 16Lawrence et al. Cell Div  (2016) 11:3 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

 45. Ishizaki T, Morishima Y, Okamoto M, Furuyashiki T, Kato T, Narumiya S. 
Coordination of microtubules and the actin cytoskeleton by the Rho 
effector mDia1. Nat Cell Biol. 2001;3(1):8–14. doi:10.1038/35050598.

 46. Fujiwara T, Bandi M, Nitta M, Ivanova EV, Bronson RT, Pellman D. Cytoki-
nesis failure generating tetraploids promotes tumorigenesis in p53-null 
cells. Nature. 2005;437(7061):1043–7. doi:10.1038/nature04217.

 47. Lv L, Zhang T, Yi Q, Huang Y, Wang Z, Hou H, et al. Tetraploid cells from 
cytokinesis failure induce aneuploidy and spontaneous transformation 
of mouse ovarian surface epithelial cells. Cell Cycle. 2012;11(15):2864–75. 
doi:10.4161/cc.21196.

 48. Jung M, Just I, van Damme J, Vandekerckhove J, Aktories K. NAD-binding 
site of the C3-like ADP-ribosyltransferase from Clostridium limosum. J Biol 
Chem. 1993;268(31):23215–8.

 49. Maddox AS, Burridge K. RhoA is required for cortical retraction and 
rigidity during mitotic cell rounding. J Cell Biol. 2003;160(2):255–65. 
doi:10.1083/jcb.200207130.

 50. O’Connell CB, Wheatley SP, Ahmed S, Wang Y-l. The Small GTP-binding 
protein Rho regulates cortical activities in cultured cells during division. J 
Cell Biol. 1999;144(2):305–13. doi:10.1083/jcb.144.2.305.

 51. van Bergeijk P, Adrian M, Hoogenraad CC, Kapitein LC. Optogenetic con-
trol of organelle transport and positioning. Nature. 2015;518(7537):111–4. 
doi:10.1038/nature14128.

 52. Kapitein LC, Schlager MA, van der Zwan WA, Wulf PS, Keijzer N, Hoogen-
raad CC. Probing intracellular motor protein activity using an inducible 
cargo trafficking assay. Biophys J. 2010;99(7):2143–52. doi:10.1016/j.
bpj.2010.07.055.Research

http://dx.doi.org/10.1038/35050598
http://dx.doi.org/10.1038/nature04217
http://dx.doi.org/10.4161/cc.21196
http://dx.doi.org/10.1083/jcb.200207130
http://dx.doi.org/10.1083/jcb.144.2.305
http://dx.doi.org/10.1038/nature14128
http://dx.doi.org/10.1016/j.bpj.2010.07.055
http://dx.doi.org/10.1016/j.bpj.2010.07.055

	Mitochondria-cytoskeleton associations in mammalian cytokinesis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Results
	Mitochondria associate with astral microtubules during cytokinesis
	Miro-1 localizes with mitochondria at the cleavage furrow during cytokinesis
	Miro-1 and KIF5B are required for mitochondrial distribution during cytokinesis
	Mitochondrial enrichment at the cell equator occurs simultaneously with the formation of the contractile ring
	Inhibiting contractile ring formation prevents mitochondrial enrichment at the cell equator

	Discussion
	Conclusions
	Methods
	Cell culture and drug treatments
	Plasmid constructs
	Transfections
	Immunofluorescence
	Microscopy and imaging
	Image analysis
	Statistics

	Authors’ contributions
	References




