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3Institut National de la Santé et de la Recherche Médicale U964, Strasbourg, France
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SUMMARY
Mitochondria are highly dynamic organelles subjected to fission and fusion events. Duringmitosis, mitochon-
drial fission ensures equal distribution of mitochondria to daughter cells. If and how this process can actively
drivemitotic progression remains largely unknown. Here, we discover a pathway linkingmitochondrial fission
to mitotic progression in mammalian cells. The mitochondrial fission factor (MFF), the main mitochondrial re-
ceptor for the Dynamin-related protein 1 (DRP1), is directly phosphorylated by Protein Kinase D (PKD) spe-
cifically during mitosis. PKD-dependent MFF phosphorylation is required and sufficient for mitochondrial
fission in mitotic but not in interphasic cells. Phosphorylation of MFF is crucial for chromosome segregation
and promotes cell survival by inhibiting adaptation of the mitotic checkpoint. Thus, PKD/MFF-dependent
mitochondrial fission is critical for the maintenance of genome integrity during cell division.
INTRODUCTION

Mitochondria are vital organelles that are often described as the

powerhouse of the cell. As such, they regulate critical cellular

processes, including energy production, cellular metabolism,

and apoptosis (Herst et al., 2017). Mitochondria are highly dy-

namic organelles, which constantly undergo events of fission (di-

vision), fusion, and cytoskeleton-based transport. Mitochondrial

fission is mediated by recruitment of the GTPase Dynamin-

related protein 1 (DRP1) at the mitochondrial outer membrane

by the following specific mitochondrial receptors: mitochondrial

fission factor (MFF) (Gandre-Babbe and van der Bliek, 2008),

Fis1, MiD49, or MiD51 (Losón et al., 2013). Mitochondrial fusion

is mediated by the mitofusins MFN1 and MFN2 and by GTPase

optic atrophy 1 (OPA1) (Silva Ramos et al., 2019).

MFF is the predominant DRP1 receptor in mammalian cells

(Otera et al., 2010) and is highly expressed in tissues with high

energy demands, such as heart, brain, muscle, kidney, and liver

(Gandre-Babbe and van der Bliek, 2008). Knockdown of MFF re-

sults in elongated mitochondria, whereas transient MFF overex-

pression causes increased mitochondrial fragmentation (Otera
This is an open access article under the CC BY-N
et al., 2013). Despite its fundamental importance for mitochon-

drial dynamics, the regulatory mechanisms upstream of MFF

have only recently started to be investigated. In response to en-

ergy stress, MFF is phosphorylated by the AMP-activated pro-

tein kinase (AMPK) to recruit DRP1 to mitochondria and drive

mitochondrial fragmentation (Toyama et al., 2016). Under non-

stress conditions, MFF was also shown to be ubiquitylated by

the Parkin ligase that triggers its lysosomal degradation (Lee

et al., 2019).

In addition to cellular stress responses, mitochondrial dy-

namics is also tightly regulated during cell cycle progression.

In interphase cells, mitochondria form tubular networks, which

are fragmented during mitosis, thereby facilitating their equal

distribution to daughter cells (Kanfer and Kornmann, 2016).

Mitotic phosphorylation of DRP1 by CDK1 drives fragmentation

of the mitochondrial network starting in late prophase (Taguchi

et al., 2007). In addition, synergistic action of Aurora A and

CDK1 kinases promote DRP1 phosphorylation through the

Ras-like GTPase RalA and its effector RalBP1 (Kashatus et al.,

2011) to regulate mitochondrial fission during mitosis. However,

given that a high energy demand is required to fuel the mitotic
Cell Reports 35, 109129, May 18, 2021 ª 2021 The Author(s). 1
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cycle (Salazar-Roa and Malumbres, 2017), it remains elusive

whether and how additional molecular events might actively

link the mitochondrial fission machinery to the regulation of

mitotic progression.

Here, we demonstrate that MFF is directly phosphorylated by

the high-energy-sensing kinase Protein Kinase D (PKD)

specifically during mitosis and independently of AMPK. Lack of

PKD-dependent MFF phosphorylation alleviates mitochondrial

fragmentation during mitosis but not in interphase. Importantly,

PKD-dependent MFF phosphorylation is crucial for chromo-

some segregation and promotes cell survival by inhibiting

adaptation of the mitotic checkpoint. Our results thus reveal an

unexpected role for PKD signaling in mitosis coupling mitochon-

drial fission to mitotic progression, which may provide a survival

benefit to proliferating cells.

RESULTS

MFF drives mitotic mitochondrial fission and is required
for proper chromosome segregation
To address the requirement of MFF in mitosis, we first downre-

gulatedMFF, the mitochondrial fusion factor OPA1 as a negative

control (Cipolat et al., 2004; Park and Cho, 2012), and DRP1 as a

positive control (Dı́az-Martı́nez et al., 2014; Peña-Blanco et al.,

2020) by using specific small interfering RNAs (siRNAs) in HeLa

cells (Figures S1A and S1B). As expected DRP1- and MFF-

depleted cells displayed fused and elongated mitochondria rela-

tive to cells treated with control siRNA where mitochondria were

tubular, whereas OPA1 depletion led to amore fragmentedmito-

chondrial phenotype (Figure S1C). Interestingly, DRP1- and

MFF- but not OPA1-depleted cells displayed polylobed nuclei

and an increase in 4N DNA content (Figures S1C–S1E) relative

to cells treated with control siRNA.

Deletion of all MFF isoforms in HeLa cells by using CRISPR-

Cas9-mediated gene editing (Figures S1F and S1G) confirmed

the polylobed nuclei phenotype (Figures 1A and 1B), as well as

the increased 4N DNA content relative to isogenic wild-type

(WT) cells (Figure S1H). Moreover, during mitosis, MFF knockout

(KO) cells showed a fused mitochondrial network (Figures 1C

and 1D), in contrast to fragmented mitochondria in WT mitotic

cells. These findings suggest that in addition to its role during

interphase, MFF is also required for mitochondrial fission during

mitosis.
Figure 1. MFF drives mitotic mitochondrial fission and chromosome s
(A and B) Immunofluorescence (IF) of WT and MFF KO HeLa cells synchronized

nuclear regions of irregular shape. Nuclei were stained with 40,6-diamidino-2-phe

was quantified in (B). At least 300 cells per condition were analyzed (mean ± SD

(C and D) IF of WT and MFF KO HeLa cells synchronized with DTBR in mitosis.

TOM20 was used as a mitochondrial marker, and chromosomes were stained w

mitochondrial morphology was quantified in (D). At least 300 cells per condition

(E and F) Spinning disk time lapse microscopy of WT andMFF KOHeLa cells sync

and time is shown inmin. P, M, and A refer to images corresponding to prometaph

Scale bar, 5 mm. The average time (min) from prophase to anaphase was quantifi

significant, two-tailed t test, n = 3).

(G–I) IF of WT and MFF KO HeLa cells synchronized for 16 h with monastrol in mi

corresponding numbered panels. PRC1 was used as a mitotic spindle marker, a

segregation errors. Scale bar, 5 mm. The percentage of cells displaying segrega

different mitotic stages was quantified in (I). At least 300 cells per condition were
Time-lapse video microscopy revealed that mitotic entry and

timing of mitotic progression from prophase until anaphase

was not affected by deletion of MFF, but MFF KO cells frequently

proceeded to anaphase before all chromosomes were properly

aligned or directly from a prolonged prometaphase stage (Fig-

ures 1E and 1F). MFF KO cells displayed segregation errors

and frequently exited mitosis with polylobed nuclei (Figures 1E,

1G, 1H, and S2A). The fact that MFF-depleted cells exited

mitosis in a timely manner similar to their parental WT cells

despite segregation errors was unexpected and raised more

questions regarding their mitotic status. Interestingly, the mid-

zone formation factor protein regulator of cytokinesis 1 (PRC1)

(Mollinari et al., 2002) localized to robust microtubule bundles

in MFF KO cells that displayed chromosomal abnormalities

including misalignment and aberrant segregation (Figures 1G

and 1H), suggesting that anaphase-like sister chromatid move-

ments took place before misaligned chromosomes were reposi-

tioned to the metaphase plate (Figure 1G). Additionally, MFF KO

cells displayed an increased number of cells in anaphase and

telophase stages (Figure 1I) relative to WT control as well as

chromosome alignment and segregation defects including lag-

ging chromosomes and chromosomal bridges and, as expected,

a fused mitochondrial network throughout mitosis (Figure S2A).

Similarly, U2OS cells treated with specific siRNAs against MFF

(Figure S2B) displayed segregation errors and fused mitochon-

dria during cell division relative to cells treatedwith control siRNA

(Figures S2C–S2E). Our results suggest that MFF is required for

fragmentation of mitochondria and for chromosome segregation

during mitosis and that MFF deficiency may lead to nuclear ab-

normalities and compromise genome integrity in mammalian

cells.

Given that DRP1 has already been linked to faithful cell division

(Yamano and Youle, 2011), we next asked if other DRP1 mito-

chondrial receptors, in addition to MFF, are involved in mitotic

progression. To this end, we used specific siRNAs against

MID49 (Figures S3A and S3B). As expected, DRP1 depletion

yielded segregation errors of similar severity as the ones in

MFF-depleted mitotic cells. In contrast, depletion of MID49 did

not result in segregation errors relative to control-depleted cells

(Figures S3B and S3C). Thus, MFF rather exerts non-redundant

functions in mitosis.

We next tested the possibility that the chromosome segrega-

tion phenotype of MFF-depleted cells could be rescued by
egregation
with double thymidine block and release (DTBR) in G1. Arrowheads point to

nylindole (DAPI). Scale bar, 5 mm. The percentage of cells with abnormal nuclei

, **p < 0.01, two-tailed t test, n = 3).

Regions of interest (ROIs) are shown in the corresponding numbered panels.

ith DAPI. Scale bar, 5 mm. The percentage of cells with fragmented or fused

were analyzed (mean ± SD, ***p < 0.001, two-tailed t test, n = 3).

hronized with DTBR in mitosis. The selected frames of the movies are depicted

ase, metaphase, and anaphase, respectively. SiR-DNAwas used to stain DNA.

ed in (F). At least 70 cells per condition were analyzed (mean ± SD, ns = non-

tosis and collected 90 min after release from monastrol. ROIs are shown in the

nd chromosomes were stained with DAPI. Arrowheads point to chromosome

tion errors was quantified in (H), and the percentage of cells as distributed in

analyzed (mean ± SD, ***p < 0.001, **p < 0.01, two-tailed t test, n = 3).
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disabling the fusion machinery, as it has been demonstrated for

cardiac-failure-induced lethality in MFF KO mice (Chen et al.,

2015). MFF KO and parental WT cells were treated with specific

siRNAs against fusion factor MFN1 (Figure S3D). MFN1 silencing

did not lead to chromosome segregation errors in WT cells, but it

fully rescued this phenotype in MFF-deficient cells (Figures S3E

and S3F). Thus, fusion deficiency can counterbalance themitotic

defects in MFF-deficient cells, supporting a potential link be-

tween MFF-dependent mitochondrial fission and proper mitotic

progression.

MFF phosphorylation during mitosis depends on PKD
kinase activity
Recently, MFF was discovered to be phosphorylated by AMPK

kinase to recruit DRP1 and to drive mitochondrial fragmentation

in response to energy stress (Toyama et al., 2016). To explore the

possibility that MFF may be subjected to posttranslational regu-

lation during mitosis, we compared non-synchronized, solvent-

treated HeLa cells with cells arrested in mitosis by treatment

with the microtubule poisons nocodazole or taxol, the polo-like

kinase 1 (PLK1) inhibitor BI2536, or the kinesin Eg5 inhibitor

monastrol (Figure 2A). This analysis revealed a shift in the

electrophoretic mobility of MFF in mitotic extracts, which was

abolished by treatment with alkaline phosphatase (Figure 2A),

suggesting that MFF is phosphorylated during mitosis. To test

if AMPK is responsible for MFF phosphorylation during mitotic

division, we generated HEK293T cells that lack both catalytic

subunits of AMPK (AMPKa1/a2 double KO [dKO]) by using

CRISPR-Cas9 gene editing as described previously (Toyama

et al., 2016). AMPK dKO cells showed no AMPK activity in

response to different established activators monitored by

AMPK-phospho-substrate antibodies (pACC S79 and pULK1

S555) (Figure 2B). In line with the previous report (Toyama

et al., 2016), AMPK dKO cells displayed significantly reduced

MFF phosphorylation on Ser172, an effect particularly striking

upon treatment with the mitochondrial poisons rotenone, anti-

mycin, or carbonyl cyanide 3-chlorophenylhydrazone (CCCP)

(Figure 2B). Strikingly, in contrast to energy stress conditions,

mitotic phosphorylation of MFF at Ser172 was fully retained in

the absence of AMPK (Figure 2C), indicating that AMPK activity

is not required for mitotic MFF phosphorylation. Interestingly,
Figure 2. MFF phosphorylation during mitosis depends on PKD kinase

(A) Western blot (WB) of unsynchronized or mitotically arrestedWT HeLa cells by u

phosphatase. The black arrow indicates non-modified MFF protein (tMFF, total M

(B)WB of unsynchronizedWT, AMPK a1/a2 double knockout (AMPK dKO), andM

or vehicle.

(C) WB of WT, AMPK dKO, and MFF KO HEK293T cells unsynchronized or mito

(D) WB of WT HeLa cells synchronized with DTBR. Time points in h correspond

(E) WB of unsynchronized WT HeLa cells, or arrested in G2 (RO-3306) or mitotic

(F) WB of WT HeLa cells mitotically arrested as in (C) in the absence and presen

(G) WB of mouse embryonic fibroblasts (MEFs) derived from PKD1/3 double-flo

(AAV-EGFP) or Cre recombinase (AAV-Cre) and co-expressing either a scrambled

using nocodazole.

(H–J) Fluorescence ofWTHeLa cells stably expressing H2B-mCherry and aGFP-t

siRNAs, synchronized for 16 h with monastrol in mitosis, and collected 90 min a

panels. Arrowheads point to chromosome segregation errors. Scale bar, 5 mm. Th

quantified in (I), and the percentage of cells displaying segregation errors was qua

0.001, **p < 0.01, two-tailed t test, n = 3).
mitotic MFF phosphorylation in AMPK dKO cells appeared to

be increased relative to control cells, which could be due to

the absence of negative regulation of PKD1 by AMPK, as re-

ported previously in the context of the insulin pathway in

C2C12 skeletal muscle cells (Coughlan et al., 2016).

A previously reported, proteomic analysis identified MFF

phosphorylation on Ser155 and Ser172 in HEK293T cells upon

nocodazole treatment and overexpression of protein kinase D1

(PKD1) (Britton et al., 2014). PKD1 is the founder kinase of the

PKD Ser/Thr kinase family and is highly homologous to the other

two members, namely, PKD2 and PKD3. PKDs have been previ-

ously described to regulate formation of transport carriers from

the trans-Golgi network (TGN) as well as actin polymerization

(Franz-Wachtel et al., 2012; Gehart et al., 2012; Malhotra and

Campelo, 2011). Analysis of PKD activatory phosphorylation

on Ser744/748 (Eiseler et al., 2010) in HeLa cells synchronized

in different cell cycle stages revealed a strong induction of phos-

phorylation on these PKD residues specifically during mitosis,

before onset of Cyclin B degradation, which correlated with

MFF phosphorylation at Ser172 (Figure 2D). Analysis of PKD ac-

tivatory phosphorylation on Ser744/748 (Eiseler et al., 2010) in

HeLa cells synchronized in different cell cycle stages revealed

strong PKD activity specifically during mitosis, before the onset

of Cyclin B degradation, which correlated with MFF phosphory-

lation at Ser172 (Figure 2D). PKD2 and PKD3 expression was

largely unaffected during cell cycle progression (Figure 2D),

whereas PKD1 is not expressed in HeLa cells (Yeaman et al.,

2004). These phosphorylation events were also observed in

mitotic cells synchronized by nocodazole, taxol, or the Eg5 inhib-

itor STLC but not in G2-arrested cells induced by the CDK1 in-

hibitor RO-3306 or in non-synchronized interphasic cells (Fig-

ure 2E). PKD inhibition using CRT0066101 (Yuan et al., 2006)

largely abolished mitotic MFF Ser172 phosphorylation in HeLa

cells (Figure 2F). Likewise, mouse embryonic fibroblasts

(MEFs) lacking all three PKD kinases displayed strong reduction

in mitotic MFF phosphorylation (Figure 2G), although some re-

maining Ser172 phosphorylation signal could be detected, likely

due to residual PKD2 activity following its downregulation by

short hairpin RNA (shRNA) treatment in PKD1/3-deleted MEFs

(Figure S4A). These results suggest that PKD, but not AMPK, is

required for MFF phosphorylation during mitosis.
activity

sing nocodazole, taxol, BI2536, or monastrol in the absence and presence of l

FF), whereas the two red arrows indicate up-shifted MFF.

FF knockout (MFF KO) HEK293T cells treated with rotenone, antimycin, CCCP,

tically arrested using nocodazole, taxol, or STLC.

to different cell cycle stages.

ally arrested as in (C).

ce of the PKD inhibitor (CRT0066101).

xed mice infected either with adeno-associated virus (AAV) containing EGFP

or a PKD2-targeting shRNA. Cells were unsynchonized or mitotically arrested

aggedmitochondrial-targeting sequence (GFP-MTS) treated with the indicated

fter release from monastrol. ROIs are shown in the corresponding numbered

e percentage of cells with fragmented or fused mitochondrial morphology was

ntified in (J). At least 300 cells per condition were analyzed (mean ± SD, ***p <
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PKD is required for mitotic mitochondrial fission and for
chromosome segregation
To understand the physiological relevance of PKD-mediatedMFF

phosphorylation during mitosis, we first silenced both PKD2 and

PKD3 (Figure S4B) in HeLa cells stably expressing H2B-mCherry

and a GFP-tagged mitochondrial-targeting sequence (GFP-MTS)

(Figure S4B). PKD2/PKD3-downregulated cells displayed fused

and elongated mitochondria during mitotic progression relative

to control cells (Figures 2H, 2I, and S4C). Strikingly, PKD2/

PKD3-downregulated cells displayed mitotic defects highly

similar to MFF-deficient cells, with premature anaphase-like

phenotype and segregation errors (Figures 2H, 2J, and S4C).

These results were further verified in HeLa cells deleted for

PKD2 and PKD3 (PKD2/3 dKO) by using CRISPR-Cas9 gene ed-

iting (Figures 3A and S4D). As expected, PKD2/3 dKO cells dis-

played fused and elongated mitochondria relative to parental

WT cells, although mitochondrial elongation in PKD2/3 dKO cells

appeared to be milder than in PKD2/3 siRNA cells, likely due to a

genetic compensation. Nevertheless, this phenotype could be

partially rescued by overexpression of the GFP-tagged PKD2

(Figures 3B and 3C). Because a previous study reported a role

for PKD in mitochondrial fragmentation in cardiomyocytes (Jhun

et al., 2018), we asked if PKD represents a general mitochondrial

fission regulator and tested whether PKD deficiency might impair

mitochondrial fission during interphase. The mitochondria of un-

synchronized PKD2/3 dKO cells were characterized as partially

fragmented or tubular, and this morphology was very similar to

their corresponding parental WT cells (Figures S4E–SG). These

observations suggest that PKD acts as an important MFF specif-

ically during mitosis but not in interphase.

Highly reminiscent of phenotypes in MFF KO cells, PKD2/3

dKO cells displayed aberrant anaphase entry from a prolonged

prometaphase-like stage, chromosome segregation errors (Fig-

ure 3D), and polylobed nuclei (Figures 3F and 3G). Contrary to

MFF KO cells, the timing from prophase to anaphase was signif-

icantly increased in PKD2/3 KO cells, displaying a delay of

around 10 min compared to control parental WT cells (Figures

3D and 3E), which could be explained by the accumulating evi-

dence that PKDs have additional roles in mitosis (Papazyan

et al., 2008; Roy et al., 2018). Taken together, our data suggest

that PKD-dependent regulation of MFF promotes mitochondrial

fission and proper mitotic progression in human cells.

PKD directly phosphorylates MFF on serines 155, 172,
and 275
We next asked whether PKD directly phosphorylated MFF. To

address this question, we first examined the interaction of PKD
Figure 3. PKD is required for mitotic mitochondrial fission and for chr

(A) WB validation of CRISPR-Cas9-mediated dKO PKD2 and PKD3 (PKD2/3 dKO

(B and C) IF of WT and PKD2/3 dKO HeLa cells transfected with GFP-PKD2 or GF

after release from monastrol. ROIs are shown in the corresponding numbered p

stained with DAPI. Arrowheads point to misaligned chromosomes. Scale bar, 5 mm

was quantified in (C). At least 150 cells per condition were analyzed (mean ± SD

(D and E) Spinning disk time lapse microscopy of WT and PKD2/3 dKO KO HeLa c

depicted, and time is shown in min. SiR-DNA was used to stain DNA. Scale bar, 5

least 70 cells per condition were analyzed (mean ± SD, *p < 0.05, two-tailed t te

(F and G) IF of WT and PKD2/3 dKO HeLa cells synchronized with DTBR in G1.

polylobed nuclei was quantified in (G). At least 300 cells per condition were anal
with MFF. Immunoprecipitations of FLAG-tagged MFF (FLAG-

MFF) with GFP-tagged WT PKD1 (GFP-PKD1) cells revealed that

both proteins can interact relative to a GFP-empty control (Fig-

ure 4A). Interestingly, the interaction of PKD with MFF increased

in nocodazole-arrested mitotic cells relative to cells in G2 and in

interphase stage (Figure 4A). To address if the MFF interaction

with PKD can induce MFF phosphorylation, we immunoprecipi-

tated FLAG-MFF co-expressed with WT, constitutively active

(CA), or kinase-dead (KD) GFP-PKD1 in HEK293T cells and

analyzed immunoprecipitates with a PKD phosphorylation

consensus motif (LXRXXS/T) antibody (Döppler et al., 2005).

ExpressionofCA-PKDpotentiatedphosphorylationofMFFrelative

to WT-PKD and KD-PKD and to control conditions in which basal

MFFphosphorylationwasdetectedmost likelydue to thepresence

of endogenous PKD kinases in HEK293T cells (Figure 4B).

Next, we subjected recombinant human MFF to a radioactive

in vitro kinase assay by using recombinant PKD1-GST kinase.

Autoradiography analysis revealed MFF phosphorylation and

PKD autophosphorylation. Both signals were abolished in the

presence of the PKD inhibitor (Figure 4C). Thus, PKD activity is

required for MFF phosphorylation in human cells and is sufficient

for this posttranslational modification in vitro.

To identify PKD phosphorylation sites on MFF, the in vitro ki-

nase assay was scaled up 10-fold (Figure 4D) and analyzed by

mass spectrometry (Figure S5A). This analysis combined with

the results of the reported PKD substrate phosphoproteome

(Franz-Wachtel et al., 2012) identified six candidate phosphory-

lation sites (Y39, T112, S155, S172, S275, and T280). Site-spe-

cific mutagenesis of recombinant MFF and in vitro kinase assay

analysis confirmed Ser155, Ser172, and Ser275 as putative PKD

phosphorylation sites by using both autoradiography (Figures

4E, S5B, and S5C) and phospho-specific antibodies (Figure 4F),

whereby mutagenesis of all three sites was necessary to

completely abolish the PKD-dependent phosphorylation signal

on MFF (Figures 4E and 4H). Although Ser275 phosphorylation

could be clearly detected in themass spectrometry analysis (Fig-

ure S5A), its contribution seems to beminor compared to Ser155

and Ser172 at least in vitro (Figure 4E).

The three MFF phosphorylation sites are highly conserved

across multiple MFF isoforms generated through alternative

splicing and across vertebrate species (Figure 4G). To validate

these sites in cells, we co-expressed WT and non-phosphorylat-

able (Ser to Ala) FLAG-MFF mutants together with GFP or GFP-

PKD1-CA in HEK293T cells. Expression of GFP-PKD1-CA poten-

tiated phosphorylation of all three sites in the presence (Figure 4H)

andabsenceofAMPK (FigureS5D).Hence,weconclude thatPKD

directly phosphorylates Ser155, Ser172, and Ser275 on MFF.
omosome segregation

) HeLa cells.

P alone, synchronized for 16 h with monastrol in mitosis, and collected 90 min

anels. TOM20 was used as a mitochondrial marker, and chromosomes were

. The percentage of cells with fragmented or fused mitochondrial morphology

, ***p < 0.001, **p < 0.01, two-tailed t test, n = 3).

ells synchronized with DTBR in mitosis. The selected frames of the movies are

mm. The average time (min) from prophase to anaphase was quantified in (F). At

st, n = 3).

Nuclei were stained with DAPI. Scale bar, 5 mm. The percentage of cells with

yzed (mean ± SD, **p < 0.01, two-tailed t test, n = 3).
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PKD-dependent MFF phosphorylation drives mitotic
mitochondrial fission and promotes proper
chromosome segregation
Having proven that MFF is a direct target of PKD, we next aimed

to demonstrate that phosphorylation of MFF was important for

mitotic mitochondrial fragmentation and progression through

mitosis. Rescue experiments in MFF KO cells stably expressing

WT or a non-phosphorylatable MFF 3SA (Figure 5A) revealed

that in contrast to MFF 3SA, MFF WT efficiently restored mito-

chondria fragmentation in mitosis (Figures 5B and 5C). Thus,

PKD-dependent phosphorylation of MFF is required for mito-

chondrial fission during mitosis.

Because the main function of MFF is to recruit DRP1 to the

mitochondria (Otera et al., 2010), we wondered whether PKD-

dependent phosphorylation of MFF affected the targeting of

DRP1 to the outermitochondrial membrane duringmitosis. Mito-

chondrial recruitment of DRP1 was moderately but significantly

reduced in cells depleted for MFF, and it could be restored in

cells stably expressing MFF WT but not MFF 3SA, as indicated

by co-localization with TOM20 (Figures S6A and S6B). We

were unable to detect this slight reduction in DRP1 recruitment

to the mitochondria by using biochemically purified mitochon-

dria-containing cellular fractions (Figure S6C). Nevertheless,

even a small reduction inmitochondrial DRP1 recruitment in cells

deficient for MFF phosphorylation may affect the function (and

possibly activation) of DRP1 and mitochondrial fission, for

instance by regulating the relative levels of fission factors, as it

has been demonstrated for the MID51/MID49-MFF-DRP1 triple

complex (Yu et al., 2017).

Because MFF is generally required for mitochondrial fission, it

was critical to verify that PKD-mediated MFF phosphorylation is

specifically required for mitochondrial fission during mitosis but

not in interphase, as it has been demonstrated above for PKD-

deficient cells (Figures S4E–S4G). To this end, we performed

the rescue experiments in interphase MFF KO cells stably ex-

pressing MFF WT or MFF 3SA. As expected, MFF depletion

led to fused mitochondria in interphase, but in contrast to

mitosis, this phenotype was fully restored irrespectively of the

MFF phosphorylation status (Figures S6D and S6E), suggesting

that PKD-mediated MFF phosphorylation drives mitotic but not

interphase mitochondrial fission.

To further exclude a general mitochondria defect in cells defi-

cient for MFF phosphorylation, we analyzed several metabolic

parameters as a readout for the cellular fitness in different cell cy-

cle stages in MFF KO cells and parental WT cells. We did not
Figure 4. PKD directly phosphorylates MFF on serines 155, 172, and 2

(A) WB of immunoprecipitation of FLAG-MFF with GFP-PKD1 from HEK293T ce

(B) WB of immunoprecipitations of FLAG-MFF expressing WT, constitutively act

(C) Autoradiography andCoomassie staining of in vitro kinase assay with recombin

and presence of the PKD inhibitor CRT0066101.

(D) WB of reactions obtained in an in vitro kinase assay with hMFF in the absenc

(E) Autoradiography and Coomassie staining of in vitro kinase assay with WT and

long exposures (l.e.) are shown.

(F) WB of reactions obtained in an in vitro kinase assay with WT and mutated h

antibodies against phosphorylated Ser155, Ser172, and Ser275 on MFF and aga

(G) Schematic view of PKD-dependent MFF phosphorylation sites and MFF prote

consensus phosphorylation motif and are conserved among human MFF isoform

(H) WB of HEK293T cells co-expressing GFP-PKD1 CA or GFP alone with WT o
observe any differences in the mitochondrial membrane poten-

tial in any of the cell cycle stages (Figure S6F), which is a result

in line with a recent study demonstrating that a lack of MFF ac-

tivity does not impair mitochondria function in neuronal cells

(Lewis et al., 2018). Interestingly, ATP production was strongly

reduced in MFF KO cells compared to that of parental WT solely

in mitotic but not in interphasic cells (Figure S6G). Thus, our re-

sults suggest that mitotic phenotypes in MFF-deficient cells

are the direct consequence of lack of fission during mitosis,

rather than the result of general mitochondrial defects.

Importantly, MFF KO cells stably expressing non-phosphory-

latable MFF 3SA but not the MFF WT displayed chromosome

segregation defects, including anaphase and telophase bridges

(Figures 5C and 5D), which is highly similar to the phenotypes

observed in MFF KO, MFF siRNA, PKD2/3 siRNA, and PKD2/3

dKO cells. Accordingly, the number of cells in anaphase and

telophase stages, which was shown to be increased in MFF

KO cells (Figure 1I), was also increased in cells expressing

MFF 3SA, but not MFF WT, whereas prometaphase and meta-

phase stages were unaffected (Figures 5E–5H). Our results

thus suggest that PKD-mediated MFF phosphorylation is

required for the fidelity of chromosome segregation. The

absence of this signaling may lead to the anaphase onset in

the presence of improperly attached or unattached kinetochores

as it is known, for instance, for cells deficient for the chromo-

somal passenger complex (CPC) (Vader et al., 2008).

To test if PKD-mediated MFF phosphorylation is required for

chromosome bi-orientation at the mitotic spindle, we analyzed

kinetochore localization of Astrin (SPAG5), a protein with an

established role in promoting the stability of microtubule-kineto-

chore (MT-KT) attachments and faithful chromosome bi-orienta-

tion and segregation (Dunsch et al., 2011). The intensity of Astrin

on individual kinetochores was moderately but significantly

reduced in metaphase-synchronized MFF KO cells and in MFF

KO cells expressing the non-phosphorylatable MFF 3SA relative

to WT cells or MFF KO cells expressing MFF WT (Figures 5I and

5J). Thus, PKD-dependent MFF phosphorylation might be

important to fine-tune the stability of MT-KT attachments during

mitosis.

PKD-dependent MFF phosphorylation protects cells
from SAC adaptation
MT-KT attachment defects potentiate activity of the spindle as-

sembly checkpoint (SAC) (also known as themitotic checkpoint),

a safeguard mechanism triggering mitotic arrest to provide the
75

lls unsynchronized, arrested in G2 (RO-3306), or in mitosis (nocodazole).

ive (CA), kinase-dead (KD) GFP-PKD1, or GFP alone in HEK293T cells.

ant humanMFF (hMFF) and recombinant human PKD1 (hPKD1) in the absence

e or presence of hPKD1 by using PKD phospho-motif antibody (pPKD sub.).

mutated hMFF in absence and presence of hPKD1. Short exposures (s.e.) and

MFF in the absence and presence of hPKD1 by using MFF phospho-specific

inst phosphorylated active PKD (S744/748).

in domain organization. All three phosphorylation sites correspond to the PKD

s and different species.

r mutated FLAG-MFF.
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time for correction of chromosome alignment defects (Musac-

chio, 2015). Cells can escape the mitotic arrest, even when

SAC is not satisfied, through a process called mitotic slippage

or SAC adaptation.

It is well established that the loss of function of key SAC pro-

teins, such as BubR1, diminishes SAC fidelity and consequently

promotes polyploidy and genomic instability (Meraldi et al.,

2004). The direct comparison of the mitotic defects in MFF KO

cells and cells treated with specific siRNAs against BubR1 (Fig-

ure 6A) revealed a milder increase in polylobed nuclei in the

absence of MFF (Figures 6B and 6C), whereas the chromosome

segregation errors increased stronger in the absence of MFF

than in BubR1-deficient cells (Figures 6B and 6D). These data

suggest that MFF may promote SAC response, although not to

the extent of a major SAC factor. This finding is in accordance

with our live video analysis, in which MFF KO cells entered

anaphase with a similar timing but before all chromosomes

achieved bi-orientation at the mitotic spindle (Figures 1E and

1F) and with our analysis of the localization of the midzone

marker PRC1 (Figure 1G).

To further test the hypothesis that PKD-dependent MFF phos-

phorylation may protect cells from SAC adaptation, we investi-

gated cell fate and length of the mitotic arrest in the presence

of the microtubule poison and SAC potentiating drug taxol. As

expected, taxol treatment induced prolonged mitotic arrest

and frequently led to apoptotic death in HeLa WT cells and in

MFF KO cells expressing MFF WT (Figures 6E and 6F; Videos

S1 and S2). In contrast, a significant number of MFF KO cells

and MFF KO cells expressing MFF 3SA failed to sustain pro-

longed mitotic arrest and slipped out into polylobed nuclei-con-

taining cells (Figures 6E, 6F, and 6G; Videos S3 and S4). The time

spent in taxol-induced prometaphase-like stage was also

reduced in MFF KO cells and MFF KO cells expressing MFF

3SA relative to WT cells and to MFF KO cells expressing MFF

WT (Figure 6H). These data suggest that PKD-dependent MFF

phosphorylation may protect cells from mitotic slippage in the

presence of misaligned chromosomes.

PKD-dependent MFF phosphorylation fine-tunes levels
of Cyclin B1
It has been proposed that mammalian cells can escape mitosis

even in the presence of a functional mitotic checkpoint if Cyclin
Figure 5. PKD-dependent MFF phosphorylation drives mitotic mitocho

(A) WB of WT (1) and MFF KO (2) HeLa cells as well as MFF KO cells stably expres

treatment.

(B–D) IF of WT and MFF KO HeLa cells as well as MFF KO cells stably express

collected 90 min after release from monastrol. ROIs are shown in the corresp

chromosomes were stained with DAPI. Arrowheads point to DNA bridges. Scal

morphology was quantified in (C), and the percentage of cells displaying segrega

(mean ± SD, ***p < 0.001, two-tailed t test, n = 3).

(E–H) WT and MFF KO HeLa cells as well as MFF KO cells stably expressing W

different mitotic stages (prometaphase in E, metaphase in F, anaphase in G, and

(mean ± SD, ***p < 0.001, **p < 0.01, *p < 0.05, two-tailed t test, n = 3).

(I and J) IF of WT and MFF KO HeLa cells as well as MFF KO cells stably expres

collected 2 h after monastrol release into MG132. ROIs are shown in the correspo

microtubules. CREST was used as a kinetochore marker, and chromosomes wer

5 mm. The relative intensity levels of Astrin on individual kinetochoreswere quantifi

using the Fiji software. At least 200 cells per condition were analyzed (mean ± S
B1 levels fall below the threshold required to maintain the mitotic

state (Brito and Rieder, 2006). Even a small drop in Cyclin B1

levels seems to be sufficient for reaching the critical threshold

required for mitotic exit despite severe segregation errors (Gas-

coigne and Taylor, 2008). Considering that cells depleted for

MFF and/or cells lacking PKD-mediated MFF phosphorylation

display a predisposition for SAC adaptation (Figures 6E–6H),

we first analyzed the localization of Cyclin B1 in metaphase-ar-

rested cells. MFF KO cells and MFF KO cells expressing MFF

3SA displayed reduced levels of the cytoplasmic pool of Cyclin

B1 (Figures 7A and 7B), but not the spindle associated pool (Fig-

ures 7A and 7C), relative to WT cells and to MFF KO cells ex-

pressing MFF WT. In line with this observation, reduced levels

of Cyclin B1 could be observed in taxol-arrested cells acutely

depleted for MFF by using siRNA relative to control conditions

(Figure S7A). However, the accumulation of Cyclin B1 prior to

the metaphase stage was independent of the presence of MFF

and of its phosphorylation status (Figure S7B). Thus, MFF

signaling may affect the stability of a very small pool of Cyclin

B protein specifically during metaphase stage.

To further test this possibility, we analyzed the ubiquitylation of

Cyclin B1 inmetaphase-arrested cells in the presence of the pro-

teasome inhibitor MG132. Immunoprecipitation of GFP-tagged

Cyclin B1 under denaturing conditions revealed markedly

increased polyubiquitin modification of Cyclin B1 in MFF KO

cells relative to parental WT cells and to GFP-tag control

immunoprecipitates (Figure 7D). Our results suggest that MFF-

dependent signaling may affect ubiquitylation and possibly pro-

tein stability of a small cytoplasmic pool of Cyclin B1, thereby

fine-tuning the SAC response in the presence of chromosome

bi-orientation errors.

Existing evidence suggests that cells harboring accumulated

segregation errors upon mitotic slippage often display reduced

survival (Cheng and Crasta, 2017), and the long-term prolifera-

tion of aneuploid cancer cells is compromised upon inhibition

of SAC (Cohen-Sharir et al., 2021; Quinton et al., 2021). Indeed,

colony formation assays showed that the long-term proliferation

capacity of MFF KO cells and of MFF KO cells expressing the

non-phosphorylatableMFF 3SAwas reduced relative toWT cells

andMFF KO cells expressingWTMFF (Figures 7E and 7F). Thus,

PKD-dependent phosphorylation of MFF may protect cells from

SAC adaptation and promote cell survival.
ndrial fission and chromosome segregation

sing WT MFF (3) or 3SA MFF (4) synchronized in mitosis under 16-h monastrol

ing WT MFF or 3SA MFF synchronized for 16 h with monastrol in mitosis and

onding numbered panels. TOM20 was used as a mitochondrial marker, and

e bar, 5 mm. The percentage of cells with fragmented or fused mitochondrial

tion errors was quantified in (D). At least 300 cells per condition were analyzed

T MFF or MFF 3SA MFF were treated as in (B), and the percentage of cells in

telophase in H) was quantified. At least 300 cells per condition were analyzed

sing WT MFF or 3SA MFF synchronized for 16 h with monastrol in mitosis and

nding numbered panels. Astrin (red) is associated with both kinetochores and

e stained with DAPI. Arrowheads point to misaligned chromosomes. Scale bar,

ed in (J) as a readout for the stability ofmicrotubule-kinetochore attachments by

D, **p < 0.01, *p < 0.05, two-tailed t test, n = 3).
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DISCUSSION

Taken together, our data suggest amodel in which the PKD-MFF

signaling couples mitochondrial fission to chromosome segre-

gation during mitosis (Figure 7G). In normal cells, PKD directly

phosphorylates MFF on serines 155, 172, and 275 and promotes

mitochondrial fission specifically during mitosis. These phos-

phorylation events do not take place in interphase cells and

are independent of the previously reported AMPK-dependent

signaling occurring under low energy stress conditions (Toyama

et al., 2016). MFF phosphorylation by PKD is crucial for accurate

chromosome alignment and segregation and protects cells from

adaptation to SAC in the presence of chromosome bi-orientation

errors. We also demonstrate that PKD-MFF signaling is impor-

tant for the maintenance of genome integrity and for cell survival.

Upon deletion of PKD orMFF or in the absence of PKD-mediated

MFF phosphorylation on serines 155, 172, and 275, mitochon-

drial fission is inhibited and cells initiate anaphase before chro-

mosome bi-orientation on mitotic spindle is achieved, likely

due to SAC adaptation. As a consequence, the absence of

PKD-MFF signaling leads to chromosome segregation errors

during anaphase, polylobed nuclei, and reduced long-term pro-

liferation capacity (Figure 7G).

Emerging role of PKD in the regulation of mitotic energy
homeostasis
Mitosis is a cellular process that demands high energy and re-

quires tight spatiotemporal regulation to ensure genome integrity

(Salazar-Roa and Malumbres, 2017). Functional mitochondria

are required to meet the high energy demand that is needed to

fuel the mitotic machinery (Kanfer and Kornmann, 2016). Given

the role of AMPK in low energy sensing (Lin and Hardie, 2018)

and in MFF-dependent mitochondrial fission in response to en-

ergy stress (Toyama et al., 2016), it is thus expected that

AMPK activity is limited during late mitosis. This may explain

why a different kinase is required for MFF phosphorylation and

mitochondrial fission at this stage of cell division. It is interesting

to note that AMPK is activated during early mitosis as a response

to transient energy depletion to drive mitochondrial calcium flux,

thereby restoring ATP production (Zhao et al., 2019). In contrast

to AMPK, PKD is activated in the presence of energy-producing

nutrients in different biological settings (Goginashvili et al., 2015;

Sumara et al., 2009), indicating opposite functions in nutrient and

energy sensing. It has also been demonstrated that PKD directly

inactivates AMPK (Coughlan et al., 2016; Löffler et al., 2018),

suggesting a potential crosstalk in response to energy changes

during mitotic progression. Members of the PKD kinase family
Figure 6. PKD-dependent MFF phosphorylation protects cells from SA

(A) WB of WT or MFF KO HeLa cells treated with the indicated siRNAs and sync

(B–D) IF of WT and MFF KO HeLa cells treated as in (A). Arrowheads point to DNA

The percentage of cells with polylobed nuclei was quantified in (C), and the perce

cells per condition were analyzed (mean ± SD, ***p < 0.001, **p < 0.01, *p < 0.05

(E–H) Spinning disk time lapse microscopy of WT, MFF KO, and MFF KO HeLa ce

Taxol for 24 h and analyzed by spinning disk live-video microscopy for another 24

DNAwas used to stain DNA. Scale bar, 5 mm. The percentage of cells in prolonged

of prometaphase arrest was quantified in (G). The average time (h) that cells spent

analyzed (mean ± SD, ***p < 0.001, **p < 0.01, *p < 0.05, two-tailed t test, n = 3)
arewell established regulators of fundamental cellular processes

such as signal transduction,membrane trafficking, and secretion

(Rozengurt, 2011). Interestingly, it has been reported that PKD

can be dynamically localized to several mitotic structures (Pa-

pazyan et al., 2008) and that PKD inhibition delays cell cycle pro-

gression (Martı́nez-León et al., 2019; Roy et al., 2018). Our study

provides further evidence that PKD represents an important

mitotic kinase and extends the role of PKD to coupling of mitosis

to the mitochondrial fission machinery. Several lines of evidence

support the important role of PKD in mitochondrial fission and

progression during mitosis. First, downregulation of PKD2 and

PKD3 by specific siRNAs leads to mitochondrial fission defects

and to chromosome alignment and segregation errors (Figures

2H–2J; Figures S4B and S4C). These phenotypes can be fully

recapitulated in PKD2/3 dKO cells (Figure 3). Second, PKD can

directly phosphorylate the MFF on serines 155, 172, and 275

during mitosis (Figure 4; Figure S5) independently of AMPK (Fig-

ure S5D). Finally, PKD-dependent phosphorylation of MFF is

crucial for mitochondrial fission during mitosis but not in inter-

phase and for accurate chromosome segregation during

anaphase (Figures 5A–5H; Figures S6D and S6E). Interestingly,

PKD1 has been demonstrated to be activated at mitochondria

through formation of mitochondrial diacylglycerol (DAG) in

response to oxidative stress (Cowell et al., 2009). In the future,

it will be important to determine if mitotic activation of PKD (Fig-

ures 2D–2F) occurs specifically at mitochondria through local-

ized synthesis of DAG.

Mitotic mitochondrial fission might be important for
fidelity of chromosome segregation
Our data demonstrate that PKD phosphorylation is crucial for

MFF-dependent mitochondrial fission specifically during

mitosis, but it does not interfere with the ability of MFF to induce

fragmentation in interphase (Figures 5B, 5D, S6D, and S6E). This

finding suggests that phosphorylated MFF represents the main

signaling trigger for mitotic mitochondrial fission and its function

may not be compensated by other existing mitochondrial fission

receptors. However, can the function of phosphorylated MFF in

chromosome segregation be directly attributed to its role in

mitochondrial fission? Or does its role in mitosis represent a

‘‘moonlighting’’ or unrelated function of MFF? Several argu-

ments support the hypothesis that MFF-mediated mitochondrial

fission plays a direct role during mitosis. First, the function of

DRP1, the fission factor recruited to mitochondria by MFF, has

already been linked to faithful cell division (Yamano and Youle,

2011), andMFF is the predominant DRP1 receptor inmammalian

cells (Otera et al., 2010). In accordance, depletion of DRP1
C adaptation

hronized in mitosis with double thymidine block and release.

bridges and/or polylobed nuclei. DNA was stained with DAPI. Scale bar, 5 mm.

ntage of cells displaying segregation errors was quantified in (D). At least 200

, two-tailed t test, n = 3).

lls stably expressing WT MFF or 3SA MFF synchronized in prometaphase with

h. The selected frames of the movies are depicted, and time is shown in h. SiR-

prometaphase arrest was quantified in (F). The percentage of cells slipping out

in prometaphase arrest was quantified in (H). At least 70 cells per conditionwere

.
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receptorMID49 did not result in segregation errors (Figures S3A–

S3C), suggesting that MFF may act as a major DRP1 mitochon-

drial receptor in mitosis and may not be compensated by other

receptors. Importantly, and also in our hands, DRP1 depletion

yielded mitotic phenotypes including chromosome segregation

errors (Figures S3A–S3C) and a polylobed nuclei phenotype (Fig-

ures S1B–S1E) of similar severity as the ones in MFF-depleted

cells. Second, chromosomal segregation errors caused by

MFF deficiency are fully rescued by concomitant impairment of

the fusion machinery (Figures S3D–S3F), suggesting that coun-

terbalancing defects in mitochondrial fission have direct a

consequence on mitotic progression and that mitochondrial

fission can be functionally coupled to mitotic fidelity. One caveat

of the present study is that due to pandemic-associated restric-

tions, we were unable to determine whether disabling the fusion

machinery could rescue the segregation errors in PKD-deficient

cells, a result that would further strengthen our proposed model.

In the future, it would also be worth investigating if, during

mitosis, mitochondrial fusion factors could compete with MFF

for phosphorylation by PKD.

Finally, although the mitochondrial membrane potential was

not affected by MFF depletion (Figure S6F), ATP production

was strongly reduced in MFF KO cells during mitosis but not in

interphase (Figure S6G). Thus, chromosome segregation de-

fects in MFF-deficient cells might be a consequence of lowered

energy levels due to a lack of mitochondrial fission duringmitosis

and suggest a specific function of MFF-mediated mitochondrial

fission in mitotic progression.

PKD-MFF signaling may protect mitotic cells from SAC
adaptation
How exactly does PKD phosphorylated MFF regulate mitosis?

Our data demonstrate that cells lacking PKD-, MFF-, or PKD-

dependent phosphorylation of MFF fail to achieve bi-orientation

of chromosomes at the mitotic spindle and proceed to anaphase

onset in the presence of unaligned chromosomes (Figures 1E, 1G,

and 3D). MFF phosphorylation appears to be also important for

fine-tuning the stability ofMT-KT attachments duringmitosis (Fig-

ures 5I and 5J). Typically, in the absence of stable MT-KT attach-

ments, the surveillancemechanism named SAC initiates an inhib-

itory signaling cascade to prevent anaphase onset, leading to

prolonged mitotic arrest (Foley and Kapoor, 2013). Intriguingly,

MFF-deficient cells do not delay the onset of anaphase and ac-

quire chromosome segregation errors (Figures 1E–1H) and accu-
Figure 7. PKD-dependent MFF phosphorylation fine-tunes levels of Cy

(A–C) IF of WT and MFF KO HeLa cells as well as MFF KO cells stably express

collected 2 h after monastrol release into MG132. a-Tubulin was used as a mitotic

tomisaligned chromosomes. Scale bar, 5 mm. The cytoplasmic Cyclin B1 levels an

in (B) and in (C), respectively, by using the Fiji software. At least 300 cells per co

(D) WB of immunoprecipitations under denaturing conditions of WT and MFF K

Ubiquitin and synchronized as in (A). The s.e. and l.e. of the membrane blotted

ubiquitin are shown.

(E and F) Colony-formation assay in WT MFF KO HeLa cells as well as MFF KO

for 10 days, and the average number of colonies formed in each condition was qua

n = 3).

(G) A hypothetical model describing how PKD-MFF phosphorylation affects mito

ensures mitotic mitochondrial fission and fidelity of chromosome segregation. I

chromosome segregation defects occur, likely due to adaptation to the mitotic c
mulate in the anaphase and telophase stages (Figures 1I, and 5E–

5H). It is known that cells can escape themitotic arrest, even in the

presence of chromosome bi-orientation defects through a pro-

cess called mitotic slippage or SAC adaptation. Indeed, PKD-

dependent phosphorylation of MFF is important to sustain the

SAC-mediated mitotic arrest induced by spindle poison taxol

and may protect cells from the mitotic slippage (Figures 6E–6H;

Videos S1, S2, S3, and S4). Even though the weak SAC response

in MFF-deficient cells appears less pronounced than downregu-

lation of one the main SAC effectors, BubR1 (Figures 6A–6D),

we speculate that the PKD-MFF pathway promotes SAC

response in mitotic cells. Interestingly, mice with BubR1 haploin-

sufficiency are rather prone to mitotic slippage and enhanced tu-

mor development, whereas complete BubR1KOmice are embry-

onically lethal (Dai et al., 2004; Wang et al., 2004), suggesting an

ultrasensitive nature of the SAC response. It would be interesting

to know if MFF-mediated SAC regulation can be mechanistically

linked to the cellular energy homeostasis through mitochondrial

fission. In this study, we speculate that PKD-dependent phos-

phorylation of MFF might be directly or indirectly involved in the

regulation of a small pool of Cyclin B1. It is known that the

anaphase promoting complex/cyclosome (APC/C)-dependent

degradation of Cyclin B1 begins from its spindle-localized frac-

tions (Clute and Pines, 1999), whereas in our hands, we observe

a moderate reduction in a cytoplasmic fraction of Cyclin B1 in

the absence of MFF phosphorylation, specifically in metaphase-

arrested cells (Figures 7A–7C). This could explain the difficulty

in detecting big differences in the total protein levels of Cyclin

B1 by using biochemical analysis (Figure S7A). Another limitation

of the present study, due to pandemic-associated restrictions, is

that the levels of Cyclin B1were not investigated in detail in DRP1-

depleted cells, which also display severe segregation errors

similar to MFF-depleted cells (Figures S3B and S3C). Because

we were not able to detect changes in the total levels of Cyclin

B1 in cells downregulated for DRP1 (Figure S7A), it would be

important to monitor the relative Cyclin B1 levels by immunofluo-

rescence (IF), as demonstrated forMFF-deficient cells (Figures 7A

and 7B). Such experiments could further strengthen our proposed

model and the causal link betweenmitochondrial fission and inhi-

bition of mitotic slippage.

Nevertheless, even thesmall drop inCyclinB1 levelsdetected in

our hands by IF approaches could be capable of reaching the crit-

ical threshold required for mitotic slippage as it has been demon-

strated previously (Gascoigne and Taylor, 2008). In addition,
clin B1

ing WT MFF or 3SA MFF synchronized for 16 h with monastrol in mitosis and

spindle marker, and chromosomes were stained with DAPI. Arrowheads point

d the relative intensity levels of Cyclin B1 on themitotic spindle were quantified

ndition were analyzed (mean ± SD, **p < 0.01, two-tailed t test, n = 3).

O HeLa cells transfected with plasmids encoding for GFP-CyclinB1 and His-

against the FK2 antibody that specifically recognizes conjugated but not free

HeLa cells stably expressing WT MFF or 3SA MFF. Cells were kept in culture

ntified in (F) by using the Fiji software (mean ±SD, ***p < 0.001, two-tailed t test,

tic progression and mitochondrial fission. In normal cells, PKD-MFF signaling

n cells deficient for PKD-MFF signaling, mitochondrial fission is impaired and

heckpoint.
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evidence exists for Cyclin B1 ubiquitin-mediated degradation by

the E3-ubiquitin ligaseCRL2ZYG-11 that takes place independently

of APC/C and facilitates mitotic slippage in a pathway conserved

inCaenorhabditis elegans and in humancells (Balachandranet al.,

2016). Given the strong increase in Cyclin B1 ubiquitylation in

MFF-deficient cells, it is tempting tospeculate thatCyclinB1could

display a higher affinity to CRL2ZYG-11 than APC/C in the absence

of the PKD-MFF signaling. Although future studies will have to

identify the precise molecular mechanisms underlying the PKD-

MFF-mediated SAC response, this pathway appears important

for long-term proliferative capacity of cells (Figures 7E and 7F).

Given that MFF was recently proposed to be required for tumor

growth as a direct transcriptional target of the oncogenic Myc

(Seo et al., 2019) and many aggressive cancers frequently show

high levels of PKD activity (Guha et al., 2010), our findings on

reduced survival in cells with a defective PKD-MFF pathway

may also open unanticipated avenues in cancer research.
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Döppler, H., Storz, P., Li, J., Comb, M.J., and Toker, A. (2005). A phosphory-

lation state-specific antibody recognizes Hsp27, a novel substrate of protein

kinase D. J. Biol. Chem. 280, 15013–15019.

Dunsch, A.K., Linnane, E., Barr, F.A., and Gruneberg, U. (2011). The astrin-kin-

astrin/SKAP complex localizes to microtubule plus ends and facilitates chro-

mosome alignment. J. Cell Biol. 192, 959–968.

Eiseler, T., Hausser, A., De Kimpe, L., Van Lint, J., and Pfizenmaier, K. (2010).

Protein kinase D controls actin polymerization and cell motility through phos-

phorylation of cortactin. J. Biol. Chem. 285, 18672–18683.

Fielitz, J., Kim, M.-S., Shelton, J.M., Qi, X., Hill, J.A., Richardson, J.A., Bassel-

Duby, R., and Olson, E.N. (2008). Requirement of protein kinase D1 for patho-

logical cardiac remodeling. Proc. Natl. Acad. Sci. USA 105, 3059–3063.

Foley, E.A., and Kapoor, T.M. (2013). Microtubule attachment and spindle as-

sembly checkpoint signalling at the kinetochore. Nat. Rev. Mol. Cell Biol. 14,

25–37.

Franz-Wachtel, M., Eisler, S.A., Krug, K.,Wahl, S., Carpy, A., Nordheim, A., Pfi-

zenmaier, K., Hausser, A., and Macek, B. (2012). Global detection of protein

kinase D-dependent phosphorylation events in nocodazole-treated human

cells. Mol. Cell. Proteomics 11, 160–170.

Gandre-Babbe, S., and van der Bliek, A.M. (2008). The novel tail-anchored

membrane protein Mff controls mitochondrial and peroxisomal fission in

mammalian cells. Mol. Biol. Cell 19, 2402–2412.

Gascoigne, K.E., and Taylor, S.S. (2008). Cancer cells display profound intra-

and interline variation following prolonged exposure to antimitotic drugs. Can-

cer Cell 14, 111–122.

Gehart, H., Goginashvili, A., Beck, R., Morvan, J., Erbs, E., Formentini, I., De

Matteis, M.A., Schwab, Y., Wieland, F.T., and Ricci, R. (2012). The BAR

domain protein Arfaptin-1 controls secretory granule biogenesis at the trans-

Golgi network. Dev. Cell 23, 756–768.

Goginashvili, A., Zhang, Z., Erbs, E., Spiegelhalter, C., Kessler, P., Mihlan, M.,

Pasquier, A., Krupina, K., Schieber, N., Cinque, L., et al. (2015). Insulin gran-

ules. Insulin secretory granules control autophagy in pancreatic b cells. Sci-

ence 347, 878–882.

Guha, S., Tanasanvimon, S., Sinnett-Smith, J., and Rozengurt, E. (2010). Role

of protein kinase D signaling in pancreatic cancer. Biochem. Pharmacol. 80,

1946–1954.
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Antibodies

Rabbit polyclonal anti-MFF This study N/A

Rabbit polyclonal anti-phospho-Ser155 MFF This study N/A

Rabbit polyclonal anti- phospho-Ser275 MFF This study N/A

Mouse monoclonal anti-GFP This study N/A

Mouse monoclonal anti-GST This study N/A

Rabbit polyclonal anti-Phospho-MFF (Ser172) Cell Signaling Technology Cat# 49281, RRID:AB_2799354

Rabbit polyclonal anti-Phospho-

PKD/PKCmu (Ser916)

Cell Signaling Technology Cat# 2051, RRID:AB_330841

Rabbit polyclonal anti-Phospho-

PKD/PKCmu (Ser744/748)

Cell Signaling Technology Cat# 2054, RRID:AB_2172539

Rabbit polyclonal anti-Anti-PKD,

phospho (Ser / Thr)

Cell Signaling Technology Cat# 4381, RRID:AB_1264239

Rabbit polyclonal anti-PKD/PKCmu Cell Signaling Technology Cat# 2052, RRID:AB_2268946

Rabbit monoclonal anti-PKD2 (D1A7) Cell Signaling Technology Cat# 8188, RRID:AB_10829368

Rabbit monoclonal anti-PKD3/PKC (D57E6) Cell Signaling Technology Cat# 5655, RRID:AB_10695917

Rabbit monoclonal anti-AMPK-alpha,

phospho (Thr172)

Cell Signaling Technology Cat# 2535, RRID:AB_331250

Rabbit polyclonal anti-AMPK-alpha Cell Signaling Technology Cat# 2532, RRID:AB_330331

Rabbit monoclonal anti-Phospho-ULK1

(Ser555) (D1H4)

Cell Signaling Technology Cat# 5869, RRID:AB_10707365

Rabbit polyclonal anti-ULK1 (A705) Cell Signaling Technology Cat# 4776, RRID:AB_2212518

Rabbit monoclonal anti-Phospho-Acetyl-

CoA Carboxylase (Ser79) (D7D11)

Cell Signaling Technology Cat# 11818, RRID:AB_2687505

Rabbit polyclonal anti-Acetyl-CoA

Carboxylase 1

Cell Signaling Technology Cat# 4190, RRID:AB_10547752

Rabbit monoclonal anti-DRP1 (D6C7) Cell Signaling Technology Cat# 8570, RRID:AB_10950498

Rabbit polyclonal anti-Phospho-

Histone H3 (Ser10)

Cell Signaling Technology Cat# 9701, RRID:AB_331535

Rabbit polyclonal anti-PKC mu (C-20) Santa Cruz Biotechnology Cat# sc-639, RRID:AB_2172392

Rabbit polyclonal anti-Tom20 (FL-145) Santa Cruz Biotechnology Cat# sc-11415, RRID:AB_2207533

Mouse monoclonal anti-Tom20 (F-10) Santa Cruz Biotechnology Cat# sc-17764, RRID:AB_628381

Mouse monoclonal anti-PRC1 (6G2) Santa Cruz Biotechnology Cat# sc-56345, RRID:AB_630139

Mouse monoclonal anti-Cyclin B1 (G-11) Santa Cruz Biotechnology Cat# sc-166757, RRID:AB_2072277

Mouse monoclonal ANTI-FLAG� M2 Sigma-Aldrich Cat# F1804, RRID:AB_262044

Rabbit polyclonal Anti-GAPDH Sigma-Aldrich Cat# G9545, RRID:AB_796208

Mouse monoclonal Anti-a-Tubulin Sigma-Aldrich Cat# T9026, RRID:AB_477593

Rabbit polyclonal anti-BUBR1 Thermo Fisher Scientific Cat# 720297, RRID:AB_2610165

Rabbit polyclonal anti-Cyclin B1 Proteintech Cat# 55004-1-AP, RRID:AB_10859790

Rabbit polyclonal anti-UQCC2 (MFN1) Proteintech Cat# 25781-1-AP, RRID:AB_2880237

Rabbit polyclonal anti-SMCR7 (MID49) Proteintech Cat# 28718-1-AP, RRID:AB_2881198

Human polyclonal anti-Centromere Antibodies Incorporated Cat# 15-234-0001, RRID:AB_2687472

Mouse monoclonal anti-Ubiquitin (FK2) Millipore Cat# ST1200 100UG, RRID:AB_10681625

Rabbit polyclonal anti-Astrin Ulrike Gruneberg

(Cancer Research, UK)

N/A
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Bacterial and virus strains

BL21 (DE3) Competent E. coli NEW ENGLAND BioLabs Cat#c2527h

DH5alpha Competent E. coli NEW ENGLAND BioLabs Cat# C2987I

Stbl3 Competent E. coli Thermo Fisher Scientific Cat #C737303

rAAV2/DJ Cell Biolabs Cat. No. VPK-430-DJ

Chemicals, peptides, and recombinant proteins

Rotenone Sigma-Aldrich Cat# R8875

Carbonyl cyanide 3-

chlorophenylhydrazone, CCCP

Sigma-Aldrich Cat# C2759

Antimycin A Sigma-Aldrich Cat# A8674

Thymidine Sigma-Aldrich Cat# T1895-5G

Nocodazole Sigma-Aldrich Cat# M-1404

Paclitaxel Sigma-Aldrich Cat# T-7191

Monastrol Sigma-Aldrich Cat# M8515

RO-3306 Sigma-Aldrich Cat# SML0569

40,6-Diamidino-2-phenylindole

dihydrochloride (DAPI)

Sigma-Aldrich Cat# D8417

CRT 0066101 Tocris Bioscience Cat#4975

MG132 Tocris Bioscience Cat#1748

STLC (S-Trityl-L-cysteine) Enzo Life Sciences Cat# ALX-105-011-M500

Mitotracker-Green FM Thermo Fischer Scientific Cat# M7514

MOWIOL 4-88 Reagent Millipore Cat# 475904-M

jetPEI� Polyplus transfection Cat# 101-01N

SiR-DNA Sprirochrom Cat#SC007

Polybrene Santa Cruz Cat# sc-134220

Recombinant human GST-PKD1 Enzo Life Sciences Cat# BML-SE348-0005

Critical commercial assays

ATP Assay Kit Abcam Cat# ab83355

JC-1 - Mitochondrial Membrane Potential

Assay Kit

Abcam Cat# ab113850

Experimental models: Cell lines

Human: HeLa-H2B-mCherry/MTS-EGFP Schmitz and Gerlich, 2009 N/A

Human: HEK293T-AMPK a1/a2 dKO This study N/A

Human: HeLa-MFF KO This study N/A

Human: HEK293T-MFF KO This study N/A

Human: HeLa-PKD2/3 dKO This study N/A

Human: HeLa-FLAG (pLenti-CMV-Blast) This study N/A

Human: HeLa-MFF KO-FLAG (pLenti-CMV-Blast) This study N/A

Human: HeLa-MFF KO-FLAG-MFF WT

(pLenti-CMV-Blast)

This study N/A

Human: HeLa-MFF KO-FLAG-MFF 3SA

(pLenti-CMV-Blast)

This study N/A

Human: HEK293T embryonic kidney ATCC Cat#CRL-1573

Human: HeLa cervix adenocarcinoma ATCC Cat#CCL-2

Human: Phoenix Eco HEK293T

Retrovirus packaging

Orbigen Inc., a gift from H.

Groenemeyer, IGBMC

N/A

Human: U2OS bone osteosarcoma ATCC Cat#HTB-96

Mouse embryonic fibroblasts (MEFs) PKD1/3 fl/fl This study N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms

PKD1 floxed (PKD1fl/fl) mice Fielitz et al., 2008;

Zhang et al., 2017

N/A

PKD3 floxed (PKD3fl/fl) mice Fielitz et al., 2008;

Zhang et al., 2017

N/A

Oligonucleotides

siRNA: Non-targeting Dharmacon Cat#D-001210-02-05

siRNA: DNM1L (DRP1) smartpool Dharmacon Cat#L-012092-00-0005

siRNA: OPA1 smartpool Dharmacon Cat#L-005273-00-0005

siRNA: MFF smartpool Dharmacon Cat#L-018261-00-0005

siRNA: UQCC2 (MFN1) smartpool Dharmacon Cat#L-021290-02-0005

siRNA: MIEF2 (MID49) smartpool Dharmacon Cat#L-017272-02-0005

siRNA: BUB1B (BUBR1) smartpool Dharmacon Cat#L-004101-00-0005

siRNA: PRKD2 smartpool Dharmacon Cat#L-004197-00-0005

siRNA: PRKD3 smartpool Dharmacon Cat#L-005029-00-0005

shRNA: mouse PRKD2 CCGGGAAA

CTGCTCAAGGGTCTATTCTCGAGAA

TAGACCCTTGAGCAGTTTCTTTTTG

This study N/A

Primers used for Cloning, Subcloning and

Mutagenesis are described in Table S1

This study N/A

Recombinant DNA

pcDNA3.1/Zeo(+) Thermo Fischer Scientific Cat#V79020

pcDNA3.1-FLAG-MFF WT (291 a.a.) This study N/A

pcDNA3.1-FLAG-MFF WT (218 a.a.) This study N/A

pcDNA3.1-FLAG-MFF S155A This study N/A

pcDNA3.1-FLAG-MFF S172A This study N/A

pcDNA3.1-FLAG-MFF S275A This study N/A

pcDNA3.1-FLAG-MFF S155AS172A This study N/A

pcDNA3.1-FLAG-MFF S155AS275A This study N/A

pcDNA3.1-FLAG-MFF S172AS275A This study N/A

pcDNA3.1-FLAG-MFF S155AS172AS275A (3SA) This study N/A

pGEX6P1 GE Healthcare Life Sciences Cat#27-1542-01

pGEX6P1-MFF (291 a.a. DTM) WT This study N/A

pGEX6P1-MFF DTM S155A This study N/A

pGEX6P1-MFF DTM S172A This study N/A

pGEX6P1-MFF DTM S275A This study N/A

pGEX6P1-MFF DTM S155AS172A This study N/A

pGEX6P1-MFF DTM S155AS275A This study N/A

pGEX6P1-MFF DTM S172AS275A This study N/A

pGEX6P1-MFF DTM S155AS172AS275A (3SA) This study N/A

pGEX6P1-MFF DTM S155AS172AT112A This study N/A

pGEX6P1-MFF DTM S155AT280AT112AY39F This study N/A

pGEX6P1-MFF DTM S155AS172AT112AS275A This study N/A

pEGFP-N1 Clontech Cat#6085-1

pEGFP-PKD1 WT Gehart et al., 2012 N/A

pEGFP-PKD1 CA Gehart et al., 2012 N/A

pEGFP-PKD1 KD Gehart et al., 2012 N/A

pEGFP-PKD2 WT This study N/A

pLenti CMV Blast empty Campeau et al., 2009 Addgene Cat#17486
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pLenti CMV Blast-MFF WT This study N/A

pLenti CMV Blast-MFF 3SA This study N/A

Software and algorithms

CRISPR/Cas9 Guide RNA Design GPP Web Portal, Broad

Institute, Cambridge, MA, USA

https://portals.broadinstitute.org/

gpp/public/analysis-tools/sgrna-design

Fiji Image Analysis ImageJ https://imagej.net/Fiji

Prism version 8.1.1 GraphPad N/A
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Lead contact
Further information and request for resources should be directed to and will be fulfilled by the Lead Contact, Izabela Sumara

(sumara@igbmc.fr).

Materials availability
Materials, including plasmids and cell lines, are available from the authors upon request.

Data and code availability
The published article includes data generated in this study, no unique software or code were generated for this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and MEFs
PKD1 floxed (PKD1fl/fl) and PKD3 floxed (PKD3fl/fl) mice were described previously (Fielitz et al., 2008; Zhang et al., 2017). PKD1fl/fl

mice were provided by E.N. Olson (University of Texas Southwestern). PKD3fl/fl mice were provided by M. Leitges (Biotechnology

Centre of Oslo). As PKD1 knockout mice are embryonically lethal (Fielitz et al., 2008), we generated PKD1-PKD3 fl/flmice by crossing

PKD1fl/fl mice and PKD3fl/fl mice on C57BL/6J background. Mice were housed on a 12-h light/dark cycle and received standard

chow diet in the animal facility of the IGBMC in compliance with the European legislation on care and use of laboratory animals.

For PKD1/PKD3 dKO MEFs generation, Mouse Embryonic Fibroblasts (MEFs) were isolated from 12.5-day-old embryos of PKD1-

PKD3 fl/fl mice. Early (1-4) passages were frozen. To generate the PKD1-PKD3 DKO MEFs, early passage PKD1-PKD3 fl/fl MEFs

were infected with retroviral vector pZip-Neo-SV(X)1 containing SV40 large T antigen (Addgene: 1776) (Jat et al., 1986) (a kind gift

from H. Groenemeyer, IGBMC). Infected cells were selected for viral integration using 0.5 mg/mL neomycin (G418) for 3 days until

there were no cells remained on the control plate. Transformed PKD1-PKD3 fl/fl MEFs were propagated and later infected with

Adeno-associated viruses encoding either eGFP (control) or Cre-eGFP (AAV-CMV-eGFP or AAV-CMV-Cre-eGFP) using rAAV2/DJ

vectors from AAV Helper Free System (Cat. No. VPK-430-DJ) from Cell Biolabs. Briefly, 40 mL of the virus (AAV-CMV-eGFP or

AAV-CMV-Cre-eGFP) were added in the new media in 1 well of a 6 well plate, containing cells at 20%–30% confluency. After 48h

the cells were split in 10cm dish and allowed to grow until confluent. To ensure the purity, infected cells were selected for GFP or

Cre-GFP expression using FACS. Efficient PKD1/3 deletions were validated by WB and by genotyping PCR. To generate PKD1/3

MEFs lacking PKD2 and corresponding scrambled controls PKD1/3 MEFs were further infected with pLKO.1-puro lentiviral vectors

containing shRNA against mouse PKD2 or scrambled control. Infected cells were selected using puromycin at the concentration of

1 mg/ml until there were no cells remaining on the control plate (7 days). Downregulation of PKD2 was confirmed by WB.

Generation of cell lines
Stable monoclonal reporter cell line (HeLa-H2B-mCherry/MTS-EGFP) was generated as previously described (Schmitz and Gerlich,

2009).

AMPK a1/a2 DKOHEK293T cell line was generated using CRISPR/Cas9 genome editing system as described previously (Toyama

et al., 2016) except for pX330-P2A-EGFP and pX330-P2A-RFP vectors were used instead of pX462 vector with puromycin selection.

24 hours after transfection GFP/RFP double positive cells were single-sorted into 96-well plates by FACS. Single clones were vali-

dated by light microscopy and screened for AMPK a1/a2 proteins by WB.

MFFKOHeLa andHEK293T cell lines were generated usingCRISPR/Cas9 genome editing system. Two guide RNA sequences (50-
TAGTCGAATTCAGTACGAAA-30, gRNA1 and 50-TGATAATGCAAGTTCCGGAG-30, gRNA2) were cloned into pX330-P2A-EGFP

and pX330-P2A-RFP by annealing and ligation using T4 ligase. 24 hours after transfection GFP/RFP double positive cells were
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single-sorted into 96-well plates by FACS. Single clones were validated by light microscopy and screened for MFF proteins by WB.

Clones were genotyped and sequenced by Sanger sequencing (GATC).

PKD2/3 dKO HeLa cell line was generated using CRISPR/Cas9 genome editing system. Two guide RNA sequences for PKD2 (50-
TCGAGGACTTCCAGATCCGC-30, gRNA1 and 50-CACGGTGCACTCCTATCGGG-30, gRNA2) and PKD3 (50ATAAATAGTGATAGT

AGTCG �30, gRNA1 and 50-GGATCCATCTGATCTCGATG-30, gRNA2) were cloned into pX330-P2A-EGFP and pX330-P2A-RFP

by annealing and ligation using T4 ligase. 24 hours after transfection GFP/RFP double positive cells were single-sorted into 96-

well plates by FACS. Single clones were validated by light microscopy and screened for PKD2/3 proteins by WB. Clones were gen-

otyped and sequenced by Sanger sequencing (GATC).

To generate the stable cell lines HeLa WT and MFF KO cell lines were infected with lentivirus based on pLenti-CMV-Blast vector

carrying Flag-tagged human WT MFF, 3SA MFF mutant or empty viral vector. Transduced cells were selected for viral integration

using blasticidin at the concentration of 5 mg/mL for 10 days. Resistant cells were analyzed for MFF expression using immunoblot

and used as pools of cells for experiments.

Cell culture
All cell lines were maintained at 37�C in 5% CO2 humidified incubator. HeLa Kyoto human cervix carcinoma cells (gift from S. Nar-

umiya (Kyoto University, Kyoto, Japan) and all their derived KO or stable cell lines were grown in high glucose DMEM-GlutaMAX

(GIBCO) supplemented with 10% fetal calf serum, 1mM sodium pyruvate and gentamycin (all Invitrogen). HEK293T human embry-

onic kidney cells (ATCC) were grown in low glucose (1 g/L) DMEM supplemented with 10% fetal calf serum and 1% penicillin/strep-

tomycin. PhoenixTM Eco (Orbigen, a gift from H. Groenemeyer, IGBMC) human embryonic kidney retrovirus packaging cell line was

grown in high glucose DMEM-GlutaMAX supplemented with 10% fetal calf serum and gentamycin. PKD1-PKD3 fl/fl and PKD1/PKD3

DKO MEFs were grown in high glucose DMEM-GlutaMAX supplemented with 10% fetal calf serum, 1mM sodium pyruvate and

gentamycin.

METHOD DETAILS

Cell cycle synchronization treatments
Cells were synchronized in different stages of cell cycle by DTBRprotocol. Briefly, 2mMThymidine was added twice for 16 hours with

three times wash with warm media and Thymidine-free 8 hours incubation in between. After the second Thymidine block was com-

plete, cells were released in thymidine-free media and collected at the indicated time points. Cells were synchronized in G2 using

CDK1 inhibitor RO-3306 for 20 hours at 5 mM final concentration. Cells were synchronized in prometaphase using Nocodazole for

8 hours or 14 hours at 3 mM final concentration, Taxol for 16-18 hours at 1 mM, STLC for 18 hours at 5 mM, monastrol for 16 hours

at 100 mM. Cells were released from monastrol by washing with pre-warmed DMEM and centrifuged 3 times. Cells were re-plated

and were collected in different time points after the release in order to enrich all mitotic phases.

Cell treatments
To activate AMPK, HEK293T WT and AMPK a1/a2 dKO were stimulated for 1 hour with vehicle (DMSO) or 1 mM Rotenone or 10 mM

Antimycin or 20 mMCCCP. To inactivate PKD HeLa cells were treated with solvent (PBS) or PKD inhibitor (CRT 0066101, 10 mM) for 1

hour. To inhibit proteasomal degradation cells were treated with solvent (DMSO) or 50 mM MG132 for 2 hours.

Cloning and mutagenesis
Human MFF isoform2 of 291aa, (Q9GZY8, uniprot.org) and MFF isoform4 of 218aa, (Q9GZY8, https://uniprot.org) were amplified

from HeLa cDNA by PCR. A single FLAG tag along with KOZAK sequence was inserted in frame at the N terminus of MFF. Human

MFF WT and Ser to Ala mutants were cloned into pcDNA3.1/Zeo(+) (Invitrogen) and subcloned into pLenti-CMV-Blast and pGEX6-

P1empty vectors using ligation-independent cloning (LIC). Human MFF phosphorylation sites Ser to Ala mutants were generated by

PCR using LIC or site-directed mutagenesis (overlap PCR) strategies. Human MFFWT DTMD (transmembrane domain deleted) was

generated by PCR as described previously (Otera et al., 2010) and cloned into pGEX6P1 empty vector (GE Healthcare Life Sciences)

expressing N-terminal fused GST tag followed by the PreScission protease cleavage site.

Plasmid and siRNA transfections
Transient transfections of plasmid DNA in HeLa cells were performed using JetPEI (Polyplus) according to the manufacturer’s in-

structions. Oligofectamine 2000 RNAiMAX (Invitrogen) was used to deliver siRNAs for gene knockdown according to the manufac-

turer’s instructions at a final concentration of 50 nM siRNA. All siRNA oligonucleotides were purchased from Dharmacon.

Cell transfection and virus production
Retroviral infections were performed using PhoenixTM Eco (Orbigen) packaging cell line using JetPEI transfection reagent following

themanufacturer instructions. Briefly, retrovirus producer cell line (10 cmdish) was transfected with 15 mg of plasmid pZip-Neo-SV(X)

1. Retrovirus-containing conditioned media was collected after 36 hours and filtered using 0.45 mm Millex-HV Syringe Filters and
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used immediately or stored at 4�C for a few days. MEFs were spinfected in fresh media containing 1 mg/ml polybrene and 50% of

lentivirus-containing media for 2 hours at room temperature at 500 g and returned to the cell culture incubator.

Lentiviral infections were performed as described previously (Gehart et al., 2012; Zhang et al., 2017). Briefly, HEK293T cells were

used as a packaging cell line using JetPEI (Polyplus Transfection). Transfection mixture for 10cm dish contained 12 mg of Lenti-mix

plasmids (3 mg pVSVG, 3 mg pMDL and 3 mg pREV) along with 3 mg of plasmid expressing gene of interest (pLKO.1-puro or pLenti-

CMV-Blast) (Campeau et al., 2009). {Citation}16h post-transfection media was replaced by fresh one. Virus-containing conditioned

media was collected 24h, 36h and 48 h after transfection, sterile-filtered through 0.45 mm Millex-HV Syringe Filters (Millipore) and

used immediately or stored at 4�C. MEFs or HeLa cells were spinfected in fresh media containing 1 mg/ml polybrene and 50% of

lentivirus-containing media for 2 hours at room temperature at 500 g and returned to the cell culture incubator. After 36 hours the

media was changed and infected cells were selected using puromycin at the concentration of 1 mg/ml until there were no cells re-

maining on the control plate.

FACS analysis
The BDCelesta was used to analyze HeLa cells. For cell cycle analyses cells were harvested by trypsination and fixed by adding 95%

cold ethanol dropwise while mixing gently to reach a concentration of 70% ethanol. Cells were fixed overnight at 4�C. The next day

cells were centrifuged and resuspended in PBS. For cell cycle analysis cells were incubated with 40 mg/mL RNase A and 15 mg/mL

propidium iodide during 30 minutes, followed by analysis. 30.000 events were counted per condition.

WB
Cells were washed with ice-cold PBS on ice and cell lysates for WBwere prepared using lysis buffer (50 mM Tris-HCl pH7.5, 150mM

NaCl, 1%Triton X-100, 1mMEDTA, 1mMEGTA, 2mMSodiumpyrophosphate Na4P2O7, 1mMSodium vanadate NaVO4 and 50mM

Sodium fluoride NaF) supplemented with protease inhibitors (Complete Protease Inhibitor Cocktail, Roche) and incubated on ice for

10minutes. After centrifugation at 16 000 g for 10minutes at 4�C cleared supernatant was transferred to the new tubes andwas used

immediately or flash-frozen in liquid nitrogen and stored at�80�C until used. Total protein wasmeasured using the Bradford method

by Bio-Rad Protein Assay kit (Bio-Rad). Samples (50-100 mg of total protein content) were boiled in 1x Laemmli Sample Buffer and

resolved on 8%, 10%, 11%or 12%acrylamide gels using standard Tris-Glycine SDS-PAGE. Proteinswere transferred toPVDFmem-

branes (Millipore) and blotted with antibodies listed in the Antibodies section. For membrane blocking and primary antibody dilution

5% BSA (v/v) in PBST was used. All incubations with primary antibodies were performed for 16 hours at 4�C. Blots were developed

using SuperSignal West Pico (Pierce, Ref. 34580) or Luminata Forte Western HRP substrate (Merck Millipore, Ref. WBLUF0500).

Fractionation
Isolation of mitochondrial and cytoplasmic fractions was carried out as previously described (Wieckowski et al., 2009) with some ad-

aptations. Briefly, cells were homogenized using a 15 mL Dounce tissue grinder in a buffer containing 30 mM Tris-HCl, pH 7.4,

225 mM mannitol, 75 mM sucrose, and 0.05 mM EDTA supplemented with protease inhibitor cocktail. After 150 strokes with a tight

pestle, a small fraction of homogenized cells was resolved by SDS-PAGE (whole cell extract) and the rest was centrifuged at 600 g for

5 min to remove nuclei and intact cells. The supernatant was centrifuged at 10,000 g for 10 min to separate the cytoplasmic fraction

(supernatant) from the crude mitochondria fraction (pellet). Crude mitochondria pellet was resuspended in ice-cold mitochondria re-

suspending buffer containing 5 mM HEPES-KOH, pH 7.4, 250 mM mannitol, and 0.05 mM EDTA and resolved by SDS-PAGE.

Immunoprecipitations
Cells were washed with ice-cold PBS on ice and cell lysates for immunoprecipitation were prepared using IP buffer (50 mM Tris-HCl

pH7.5, 50 mM NaCl, 0.5% Triton X-100, 0.5% NP40, 5 mM EDTA, 5 mM EGTA, 1 mM Sodium vanadate NaVO4 and 10 mM Sodium

fluoride NaF) supplemented with protease inhibitors (Roche) and incubated on ice for 10 minutes. After centrifugation at 16 000 g for

10 minutes at 4�C cleared supernatant was used immediately or flash-frozen in liquid nitrogen and stored at �80�C until used. Ly-

sates were equilibrated to volume and concentration. For Flag-MFF immunoprecipitation, Anti-FLAGM2Affinity Agarose Gel (Sigma,

Ref. A2220) was used. For GFP-PKD or GFP-MFF immunoprecipitation, GFP-Trap-A beads (ChromoTek) were used. Samples were

incubated with the beads for 2 or 16 hours at 4�C. The beads were washed four times with IP buffer and then either directly eluted in

1.5x Laemmli Sample Buffer or eluted with FLAG-peptide. Eluted samples were boiled in 1.5x Laemmli Sample Buffer for 5 minutes

and resolved by SDS-PAGE gel. Samples were analyzed by WB as described above.

For immunoprecipitation under denaturing conditions, MFFWT andMFFKOHeLa cells were transfectedwith HA/His Ubiquitin and

GFP-CyclinB1 or with HA/His Ubiquitin pEGFP-N1 and synchronized by monastrol for 18 hours. Cells were released in the presence

of 50uMMG132 and were lysed in Urea lysis buffer (8M Urea, 300mMNaCl, 50 mMNa2HPO4, 50 mM Tris-HCl and 1mMPMSF, pH

8). After sonication supernatants were cleared by centrifugation at 16 000 g for 15 minutes and incubated with GFP-Trap agarose

beads (Chromotek) overnight at 4�C. Beads were washed by Urea lysis buffer, eluted in 2 3 Laemmli buffer and analyzed by WB.

In silico PKD substrate identification
MFF was identified as a potential PKD substrate by phospho-proteomic study in human cells (Franz-Wachtel et al., 2012). In that

study, several MFF phosphosites were discovered to be differentially phosphorylated in HEK293T cells upon expression of
e6 Cell Reports 35, 109129, May 18, 2021



Article
ll

OPEN ACCESS
constitutively active form of human PKD1, out of which several contained optimal PKD consensus motif (I/L/VXRXXpS/T). Sequence

analysis of MFF orthologs in different species revealed high level of conservation of these sites in vertebrates. Further search showed

that pS155 and pS172 (both within optimal PKD motifs) were highly enriched in phospho-proteomic studies performed on cancer

cells (Britton et al., 2014; Mertins et al., 2016; Yi et al., 2014) and in mitosis (Kettenbach et al., 2011; Olsen et al., 2010).

Recombinant protein expression and purification
Recombinant Arfaptin 1 was purified as described previously (Gehart et al., 2012). MFF proteins were purified as described previ-

ously with slight modification (Otera et al., 2010). Briefly, N-terminally GST-tagged human MFF DTMD WT and mutant proteins

were expressed in protease deficient BL21DE3 E. coli strain using pGex-6P1 vectors. Bacteria were grown in 2xLB at 37�C until

log phase (OD600 = 0.5). Thereafter cultures were transferred to 20�C incubator and MFF expression was induced by addition of

0.5 mM isopropyl-b-D-thiogalactopyranosid (IPTG) for 16h. Bacteria were pelleted at 5 000 g for 15 minutes. Cell pellets were resus-

pended in lysis buffer (PBS, 1% Triton X-100, 1% NP40, 1mM DTT, Lysozyme (100 ug/ml) (Sigma, Ref. 62970), protease inhibitors

(Roche), incubated on ice for 30 minutes and sonicated. Lysate was cleared by centrifugation at 15 000 g for 30 minutes at 4�C. Ob-

tained supernatant was incubated for 16 h with 500 ml of Glutathione Sepharose 4B (GE Healthcare) protein purification resin (per

500 mL of bacterial culture used) on orbital shaker at 4�C. Beads were washed four times with 10 mL of lysis buffer and resuspended

in 1mL of lysis buffer containing 2 units/ml PreScission Protease (GE Healthcare). GST-tag cleavage was performed for 16 h at 4�C
and protease was removed by addition of 50 ml of fresh GSH-resin and centrifugation. Obtained supernatant was dialysed, aliquoted

and stored at �80�C in PBS containing 2mM DTT, 20% Glycerol and protease inhibitors (Roche).

In vitro kinase assay
Kinase assays were performed as described previously (Gehart et al., 2012; Hausser et al., 2005; Sumara et al., 2009) with minor

modifications. Briefly, for non-radioactive kinase assay, 1 mg of recombinant GST-tagged humanMFFDTMDWTandmutant proteins

were incubated with 25 ng of recombinant human PKD1 (Enzo, Ref. BML-SE348-0005) in Kinase Buffer (50mM Tris pH 7.4, 10mM

MgCl2 and 2mMDTT). The reaction started with addition of 200 mMcold ATP andmaintained at 30�C. After 30minutes, 2x SDS-sam-

ple buffer was added to terminate the assay. Immediately, samples were loaded and resolved on 12%SDS-PAGE gel. Gel was trans-

ferred to PVDF membrane (Millipore) and analyzed as described in WB section.

For radioactive kinase assay, all steps were similar but 2 mCi [g-32P]-ATP was used instead of cold ATP. For PKD inhibition exper-

iment, solvent (PBS) or 1 mM CRT 0066101 was added to kinase reaction. SDS-PAGE gel containing radioactive samples was fixed

and stained with Coomassie Brilliant Blue staining solution, followed by four steps in Coomassie Destain solution (water, methanol

and acetic acid in a ratio of 50/40/10 (v/v/v)). After destaining gel was dried on a gel vacuum drier and analyzed by autoradiography

exposing to Hyperfilm MP (Amersham).

Mass-spectrometry analysis
Mass-spectrometry analysis was performed in a double-blindedmanner. Briefly, non-radioactive kinase reactions containing recom-

binant humanMFF with or without recombinant human PKD, were digested with trypsin and analyzed by LC-MS/MS on Oribtrap XL.

MaxQuant software (Ver.1.5.2.8) was used to process obtained raw files. Database was searched in MaxQuant using Andromeda

peptide search engine against the human Swiss-Prot database. Viewer in MaxQuant was used for visualization of identified hits

together with the raw data. Mass spectrometry results were analyzed using Skyline (MacCoss Lab Software).

Cytospin and IF
Cells were collected from dishes with cell scrapers, centrifuged on Thermo Scientific Shandon Cytospin 4 Cytocentrifuge for 5 mi-

nutes at 1000 rpm and fixed with 4%PFA for 10min at room temperature. Cells were rinsed 3 times with PBS and permeabilized with

0.5% NP40 for 5 min, washed with PBS-Triton 0.01% and blocked with 3% BSA for 1h. Cells were subsequently incubated with pri-

mary antibodies in blocking buffer for 1h at room temperature, rinsed 3 times with PBS-Triton 0.01% and incubated with secondary

antibodies in blocking buffer for 45 min at room temperature in the dark. After incubation, cells were washed 3 times with PBS-Triton

0.01% and glass coverslips were added on cells already mounted with Mowiol containing DAPI (Calbiochem).

Microscopy
Images were taken with a 63x objective using Zeiss epifluorescence microscope or confocal microscopy (Nikon spinning disk). For

live-cell microscopy cells were grown on 35mmglass bottom disk with four compartments and SiR-DNA (Spirochrom) was added 1h

before filming. For the experiments described in Figure 1, cells were synchronized with Double Thymidine and Release Protocol and

were filmed 8h after release using a 63x water immersion objective for a total time frame of 7h. Images were acquired every 5 min in

stacks of 10 mm range (1 mm steps). For the experiments described in Figure 6, cells were synchronized with Taxol for 24h and were

filmed for additional 24h using a 63x water immersion objective. Images were acquired every 10 min in stacks of 10 mm range (1 mm

steps). All image analysis was performed using ImageJ software.
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Cell Counting and Categorization
At least 100 cells were counted per condition and per experiment, and they were analyzed for their mitotic and mitochondrial pheno-

type in a blinded-manner. The mitotic phenotype was assessed by DAPI staining based on their morphology: Cells were categorized

in those that had normal mitotic shape and those that displayed different types of mitotic defects (chromosome misalignments, lag-

ging chromosomes, anaphase/telophase bridges, polylobed/abnormal nuclei). TOM20 or Mitotracker was used as a mitochondrial

marker and cells were divided in two categories based on their mitochondrial morphology (fragmented and fused).

ATP measurement
ATP production was measured by a colorimetric method of acquiring the absorbance OD = 570nm using the ATP Assay Kit (Abcam,

ab83355) according to the manufacturer’s instructions.

Mitochondrial Potential measurement
Mitochondrial Membrane Potential was measured by fluorescence of JC1 (Abcam, ab113850) according to the manufacturer’s

instructions.

Colony Formation Assay
500 cells were seeded per well in 6-well plates and were cultured for 14 days until colonies were formed. Cells were washed with 1X

PBS, fixed with 4% PFA and stained with 0,1% Crystal Violet for 30min. The number of colonies was automatically counted with Fiji

software.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were done in a strictly double-blind manner. At least three independent biological replicates were performed for each

experiment and image quantifications were carried out in a blinded manner. Curves and graphs were made using GraphPad Prism

and Adobe illustrator software. Data was analyzed using two sample two-tailed t test or one-sample two-tailed t test (two-group com-

parison or folds increase relative to the control, respectively). The data were expressed asmean ± SD and difference was considered

as significant, when p values were: *p < 0.05, **p < 0.01, and ***p < 0.001.
e8 Cell Reports 35, 109129, May 18, 2021
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