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Golgi-derived PI(4)P-containing vesicles drive late
steps of mitochondrial division

Shun Nagashima', Luis-Carlos Tabara*, Lisa Tilokani'*, Vincent Paupe’, Hanish Anand’,
Joe H. Pogson?, Rodolfo Zunino?, Heidi M. McBride?t, Julien Prudent't

Mitochondrial plasticity is a key regulator of cell fate decisions. Mitochondrial division involves
Dynamin-related protein-1 (Drpl) oligomerization, which constricts membranes at endoplasmic
reticulum (ER) contact sites. The mechanisms driving the final steps of mitochondrial division are
still unclear. Here, we found that microdomains of phosphatidylinositol 4-phosphate [PI(4)P] on
trans-Golgi network (TGN) vesicles were recruited to mitochondria-ER contact sites and could

drive mitochondrial division downstream of Drpl. The loss of the small guanosine triphosphatase
ADP-ribosylation factor 1 (Arfl) or its effector, phosphatidylinositol 4-kinase g [PI(4)KIIIB], in
different mammalian cell lines prevented PI(4)P generation and led to a hyperfused and branched
mitochondrial network marked with extended mitochondrial constriction sites. Thus, recruitment of
TGN-PI(4)P-containing vesicles at mitochondria—ER contact sites may trigger final events leading to

mitochondrial scission.

itochondrial division is initiated at sites

where the endoplasmic reticulum (ER)

contacts mitochondria, which marks

the site of constriction and subsequent

recruitment of the large guanosine
triphosphatase (GTPase) Dynamin-related
protein-1 (Drpl) (Z). At these sites, Drpl oligo-
merization further enhances mitochondrial con-
striction driven by GTP hydrolysis (2). It has
been suggested that the GTPase Dynamin 2
(Dnm2) is required downstream of Drpl-
mediated constriction to terminate membrane
scission (3); however, its precise contribution
and the molecular details of late events are
currently unclear (4, 5). A growing body of
evidence supports the role of other factors
regulating mitochondrial division, including
phospholipids, calcium, and lysosomes (6). Fur-
thermore, a recent study revealed that loss
of the small GTPase ADP-ribosylation factor
1 (Arfl) led to alterations in mitochondrial
morphology with hyperfusion in Caenorhabditis
elegans (7). GTP-bound Arfl is recruited primar-
ily to the Golgi apparatus, where it is canonically
known for its role in the generation of COP1-
coated vesicles. GTP-specific effector proteins
of Arfl include phosphatidylinositol 4-kinase-
I11-B [PI(4)KIIIB], which mediates the phos-
phorylation of phosphatidylinositol to generate
phosphatidylinositol 4-phosphate [P1(4)P] (8).
This generates lipid microdomains enriched
for PI(4)P that are required for membrane-
remodeling events (9-12). Given the primary
role for these enzymes in membrane dy-
namics (7, 13), we investigated the mech-
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anisms that underlie the contribution of
PI(4)P pools in the regulation of mitochon-
drial morphology.

Silencing of both Arfl and PI(4)KIIIp led to
mitochondrial hyperfusion in HeLa cells (Fig. 1,
A to D). In contrast to Drpl-silenced cells, loss
of PI(4)KIIIB and Arfl induced mitochondrial
elongation and mitochondrial branching, lead-
ing to a highly interconnected network and an
increase of mitochondrial intersections called
junctions (Fig. 1E). These results were con-
firmed in two other mammalian cell lines, Cos-7
and U20S (fig. S1, A to K). We further quantified
mitochondrial interconnectivity using a photo-
activatable GFP probe targeted to the mitochon-
drial matrix (OCT-PAGFP) (14) (Fig. 1, F and
G). Mitochondrial hyperfusion induced by
PI(4)KIIIp silencing was rescued upon reex-
pression of the bovine wild-type (WT) PI(4)KIIIf
(PI4K-HA), but not with the kinase-dead mutant
(PI4K-KD-HA) (15) (Fig. 1, H and I, and fig.
S1, L and M). Treatment of HeLa or Cos-7 cells
with the selective PI(4)KIIIf inhibitor PIK93
also resulted in mitochondrial hyperfusion
and branching (fig. S2). In addition, among the
PI(4)K family, only PI(4)KII silencing induced
mild mitochondrial hyperfusion in HeLa cells
(fig. S3A-@G), but not in Cos-7 cells (fig. S3H-N),
which may be coincident with a cell-type-specific
decrease of Drpl and PI(4)KIIIp protein levels
upon silencing (fig. S3F). Finally, cells silenced
for ceramide transfer protein (CERT), another
Arfl effector, did not lead to mitochondrial
hyperfusion (fig. S4). Thus, both the kinase
activity of the specific effector PI1(4)KIIIB and
the GTPase Arfl are required to modulate
mitochondrial dynamics.

In transmission electron microscopy (TEM),
PI(4)KIIIB- and Arfl-silenced cells displayed
exaggerated mitochondrial hyperfusion and
branching (Fig. 2, A to D, and fig. S5A). We ob-
served an accumulation of unusual mitochondrial-
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hyperconstricted sites in cells lacking either
Arfl or PI(4)KIIIB (Fig. 2, E to G, and fig. S5,
B and C). These sites were characterized by a
long and narrow neck, where the inner mem-
brane was observed running parallel with the
constricted outer membrane (Fig. 2, A, E, and
F, and fig. S5B). In addition, the ER was in
close apposition along these constricted sites
(Fig. 2G), suggesting that mitochondria-ER
contacts (MERCs) were maintained. A similar
level of mitochondrial hyperconstriction has
been reported in cells silenced with Dnm2 (3),
where it has been suggested that this dynamin
may act downstream of Drpl to drive fission.
However, silencing Dnm2 in U20S and HeLa
cells failed to recapitulate the mitochondrial
hyperfusion and branching phenotype in-
duced by the loss of PI(4)P pools (fig. S6), as
recently reported (4, 5), suggesting that Arfl
and PI(4)KIIIB may not be required for Dnm2
recruitment.

Loss of Arfl in yeast results in an accumula-
tion of the fusion GTPase Fzol at mitochondria
and an alteration in mitochondrial morphology
(7). However, we found no major changes in
the levels of the main pro-fission and pro-fusion
regulators after 48 or 72 hours of silencing for
Arfl or PI(4)KIIIB, respectively, in HeLa (Fig.
2H), Cos-7 (fig. S5D), and U20S (fig. S5E) cells.
Although Arfl silencing for 3 days led to ER
morphology aberrations and increased levels
of cell death (fig. S7), we still did not observe
changes in the main fission and fusion regu-
lator levels (fig. S7D). Immunofluorescence
analysis of endogenous Mfn1 and Mfn2 in
PI(4)KIIIB- and Arfl-silenced HeLa cells also
did not reveal any aggregation or mislocaliza-
tion (fig. S5, F and G). In addition, subcellular
distribution analyses of Drpl revealed no mito-
chondrial recruitment defects (Fig. 2, I to K)
and the presence of Drpl foci specifically at
mitochondrial superconstrictions induced by
loss of PI(4)KIIIB in the human fibroblast line
MCH64 (Fig. 2K). Furthermore, stimulated
Drpl-dependent mitochondrial fission in-
duced by mitochondrial-anchored protein
ligase (MAPL) (16) overexpression (fig. S8,
A and B) or by carbonyl cyanide chloro-
phenylhydrazone (CCCP) treatment (fig. S8, C
and D) was significantly reduced in PI(4)
KIIIB- and Arfl-silenced cells. Silencing of the
key component involved in stress-induced
mitochondrial hyperfusion, SLP-2 (17), as
well as the pro-fusion factors Mfnl and Mfn2,
also failed to reverse mitochondrial hyper-
fusion in PI(4)KIIIB-silenced cells (fig. S9).
Finally, compared with Drpl silencing, which
leads to drastic peroxisomal elongation (18, 19),
loss of Arfl and PI(4)KIIIB only induced a
subtle peroxisomal elongation in Hel.a cells,
not in Cos-7 cells (fig. S10). Thus, these data
potentially support a specific role for these
enzymes in the regulation of mitochondrial
fission downstream of Drpl recruitment.
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ing empty vector (vehicle), WT-PI(4)KIlIB-HA (PI4K-HA), and kinase-dead mutant PI(4)KIIIB-HA (PI4K-KD-HA). Shown are HA-positive transfected cells with elongated
and/or branched mitochondria (¥) and intermediate mitochondria (**). (I) Quantification of mitochondrial morphology from (H) and fig. SIL. All scale bars, 10 um.

All data are shown as mean + SD of at least three independent experiments. For (B) and (1), two-way ANOVA and Tukey's multiple-comparisons test were used; for (C) to
(E) and (G), ordinary one-way ANOVA and Tukey's multiple-comparisons test were used. See also table SI.

PI(4)KIIIB mainly localized to the Golgi ap-
paratus (fig. S11A) but PI(4)KIIIB foci were also
detected at ER-induced mitochondrial constric-
tion sites (Fig. 3A and fig. S11B). Similar results
were obtained for subcellular localization anal-
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ysis of Arfl-GFP (fig. S11C). The presence of
PI(4)KIIIB and Arfl at the MERC compart-
ment was confirmed by subcellular fractiona-
tion experiment (Fig. 3B). We then performed
live-cell imaging to determine whether Arfl-
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GFP was recruited to mitochondrial constric-
tion sites before division (Fig. 3C and movies S1
and S2). About 71% of mitochondrial division
events analyzed were marked with Arfl-GFP
punctae before fission (Fig. 3D) and 77% of
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division events showed the recruitment of these
punctae at constriction sites after Drp1 recruit-
ment (Fig. 3, E and F, and movie S3). Although
Arfl-GFP foci were preferentially found on ER-
induced mitochondrial constriction sites (fig.
S11D and movies S4 and S5), Arfl-GFP foci
were not localized at mitochondrial tip ends
after division (Fig. 3, C and D, and movies S1
and S2) and they did not localize perfectly with

Fig. 2. Loss of Arfl and A
PI(4)KIIIB induces mito-
chondrial superconstriction
sites and does not alter fusion
and/or fission machinery.
(A) Representative TEM
images of Hela cells treated
with indicated siRNAs,
showing (i) hyperfused
mitochondria, (i) branched
mitochondria, and (iii) mito-
chondrial superconstriction
sites with ER contacts.

Scale bars, 500 nm. (B to
G) Quantification of TEM
images from (A) showing (B)
mitochondrial area, (C)
distribution of mitochondrial
length, (D) percentage of
branched mitochondria with
indicated branch count, (E)
percentage of mitochondria
harboring mitochondrial
superconstrictions, (F)
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Fig. 3. PI(4)KIIIg and Arfl
localized on TGN vesicles are
recruited to mitochondrial
constrictions and ER contacts
before division. (A) Representa-
tive images of PI(4)KIIIB punctae
localization at mitochondrial
constriction sites and ER contacts
in Hela cells (white arrows).
Line-scan analysis of relative
fluorescence intensity from

the dashed line are shown.

(B) PI(4)KIIIB and Arfl localization
analysis by subcellular fractiona-
tion from Hela cells. Total

cell lysates (whole cell) were
fractionated into cytosolic,

heavy membrane (crude mito),
purified mitochondrial (pure mito),
mitochondria-associated mem-
branes (MAM), and microsomal
(microsomes) fractions. (C) Live-
cell imaging of Hela cells
transiently expressing Arfl-GFP
and TOM20-mCherry. (D) Quanti-
fication of mitochondrial fission
events marked by Arfl-GFP before
division (left panel) and Arfl-GFP
dynamics on mitochondria after
division (right panel). (E) Live-cell
imaging of Hela cells transiently
expressing Arfl-GFP and Drpl-
Scarlet with mitochondria labeled
using MitoTracker deep red.

(F) Quantification of mitochondrial
fission events marked by Arfl-GFP
downstream of Drpl-Scarlet
recruitment. (G) Live-cell imaging
of Hela cells transiently
expressing Arfl-GFP and LAMP1-
mCherry with mitochondria
labeled using MitoTracker

deep red. (H) Quantification of
mitochondrial fission events
marked by Arfl-GFP, LAMP1-
mCherry, or double Arfl-GFP/
LAMP1-mCherry before division
(left panel) and Arfl-GFP/
LAMP1-mCherry dynamics before
recruitment to division sites
(right panel). (I) Live-cell imaging
of Hela cells transiently
expressing Arfl-GFP and
TGN46-mCherry with mitochon-
dria labeled using MitoTracker
deep red. (J) Quantification of
mitochondrial fission events
marked by Arfl-GFP, TGN46-
mCherry, or double Arfl-GFP/
TGN46-mCherry before division
(left panel) and Arfl-GFP/
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and after a fission event, respectively. All scale bars, 10 um. All data are shown as mean + SEM of at least three independent experiments.
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All data are shown as mean + SEM of at least three independent experiments.
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80% of division events (Fig. 3, I and J, and
movie S7).

We confirmed the predominant Golgi local-
ization for PI(4)P (fig. S12A) using the established
probe GFP-PH™F! (27), but we also observed
PI(4)P enriched foci crossing ER-induced mito-
chondrial constriction sites (Fig. 4A) in an Arfl-
and PI(4)KIIIB-dependent manner (fig. S12, B
and C). Loss of Drpl also significantly decreased
mitochondrial GFP-PH ™! punctae, suggest-
ing that Drpl activity was required for the
recruitment of TGN-derived PI1(4)P vesicles (fig.
S12, B and C). Video analysis revealed that pools
of PI(4)P accumulated and extended toward
mitochondria at sites of constriction (Fig. 4B
and movies S8 and S9) in ~73% of division
events analyzed (Fig. 4, B and C). Similar to
Arfl-GFP, PI(4)P foci were recruited to MERCs
downstream of Drpl1 (Fig. 4, D and E; fig. S13;
and movies S10 and S11) and remained on
TGN46 vesicles throughout the fission event
(Fig. 4, F and G, and movie S12). Moreover,
we observed no colocalization with lysosomes
that converged at the site of division (Fig. 4,
H and I, and movie S13). These results were
confirmed using an additional PI(4)P probe,
mCherry-P4M, which recognizes PI(4)P pools
in multiple endomembranes (22) (fig. S14 and
movies S14 to S16). Finally, consistent with the
assembly of the mitochondrial fission machin-
ery and the coordination of PI(4)P accumula-
tion, endogenous TGN46, PI(4)KIIIB, and
GFP-PHAP?! foci colocalized with endoge-
nous Drpl at ER-induced mitochondrial con-
strictions (fig. S15). Thus, Arfl and PI(4)KIIIB
enable the accumulation of PI(4)P punctae on
TGN vesicles, driving late steps of mitochon-
drial division.

Mitochondrial fission is a complex process
that requires many factors, including the ER,
which is involved in the early steps of organelle
constriction (7, 23), and the lysosomes, which
were recently identified at division sites (20).
However, the functional contribution of these
organelles to the process of membrane fission
remains unclear. We now add a further layer
of complexity by identifying a key role for Arfl
and PI(4)KIIIB on Golgi vesicles in driving late
steps of mitochondrial division. These data re-
veal a four-way contact among mitochondria,
ER, TGN, and lysosomal vesicles occurring at

Nagashima et al., Science 367, 1366-1371 (2020)

>80% of fission sites. It is unclear why so many
organelles are required to drive mitochondrial
division. In considering the contribution of
PI(4)P-enriched vesicles (24), we envision a po-
tential role in the recruitment of adaptors that
drive Arp2/3-dependent actin polymerization
at transient and localized microdomains that
could allow the dynamic assembly of force-
generating machineries essential for the final
steps of mitochondrial division (25-27). We
now suggest that the intimate contacts be-
tween mitochondria and Golgi-derived P1(4)P-
containing vesicles are key modulators of
mitochondrial dynamics.
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PI(4)P regulates mitochondrial fission

Mitochondria are dynamic intracellular organelles, the shape and number of which are regulated by various
cell-signaling pathways. Mitochondrial division is driven by the recruitment of a constricting guanosine triphosphatase
protein at sites of contact with the endoplasmic reticulum, but other factors, including lysosomes, are also involved.
Nagashima et al. now document an essential role for Golgi-derived vesicles bearing a specific lipid-——phosphatidylinositol
4-phosphate, or PI(4)P—-in the final steps of mitochondrial division. Disruption of PI(4)P production results in
mitochondrial morphological defects indicative of an inability to complete fission.
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