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Myosin VI regulates ciliogenesis by promoting the
turnover of the centrosomal/satellite protein OFD1
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Abstract

The actin motor protein myosin VI is a multivalent protein with
diverse functions. Here, we identified and characterised a myosin VI
ubiquitous interactor, the oral-facial-digital syndrome 1 (OFD1)
protein, whose mutations cause malformations of the face, oral
cavity, digits and polycystic kidney disease. We found that myosin VI
regulates the localisation of OFD1 at the centrioles and, as a conse-
quence, the recruitment of the distal appendage protein Cep164.
Myosin VI depletion in non-tumoural cell lines causes an aberrant
localisation of OFD1 along the centriolar walls, which is due to a
reduction in the OFD1 mobile fraction. Finally, loss of myosin VI trig-
gers a severe defect in ciliogenesis that could be, at least partially,
ascribed to an impairment in the autophagic removal of OFD1 from
satellites. Altogether, our results highlight an unprecedent layer of
regulation of OFD1 and a pivotal role of myosin VI in coordinating the
formation of the distal appendages and primary cilium with impor-
tant implications for the genetic disorders known as ciliopathies.
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Introduction

Primary cilia are sensory structures extending from the surface of

mammalian cells, with a major role in several signalling pathways

essential for growth and differentiation, such as the Hedgehog and

the Wnt signalling pathways (Berbari et al, 2009; Malicki & John-

son, 2017). The formation of the primary cilium is a highly regu-

lated multi-step process that occurs in cells that exit the cell cycle

and become quiescent. The primary cilium originates from the older

centriole, called mother centriole, which docks to the plasma

membrane and acts as basal body for the assembly of the microtubule

ciliary axoneme (Sanchez & Dynlacht, 2016). Impairment in the

formation or function of the primary cilia leads to a variety of severe

genetic syndromes, termed ciliopathies (Reiter & Leroux, 2017). This

group of disorders includes the oral-facial-digital (OFD) type I, the

Simpson–Golabi–Behmel type 2 and the Joubert syndromes, which

are caused by mutations in the oral-facial-digital syndrome 1 (OFD1)

gene (Feather et al, 1997; Ferrante et al, 2001, 2006; Budny et al,

2006; Coene et al, 2009; Zullo et al, 2010; Field et al, 2012). The

mechanisms underlying many of the disease phenotypes associated

with ciliary dysfunction have yet to be fully elucidated. Dissecting the

regulatory mechanisms of OFD1 has the potential to offer new thera-

peutic tools for the treatment of ciliopathies.

OFD1 is a protein component of the centrioles and pericentriolar

satellites and acts both as a positive and negative regulator of

primary ciliogenesis (Ferrante et al, 2006; Tang et al, 2013; Morleo

& Franco, 2020). The localisation of OFD1 is differentially regulated

depending on the cell compartment. At the centrioles, OFD1 is

recruited to the distal tip through the interaction with the C2 domain

containing 3 centriole elongation regulator (C2CD3), a protein

required for centriole elongation (Thauvin-Robinet et al, 2014).

OFD1 recruitment is under the control of a subset of proteins that

are present only in the daughter centriole (daughter centriole-

specific proteins), but the molecular link is unknown (Wang et al,

2018). OFD1 in turn promotes the recruitment of the distal appen-

dages, structures present on the distal side of the mother centriole.

These structures are essential for the docking of the mother centriole

to the cellular membrane and its conversion to basal body, required

for ciliogenesis (Singla et al, 2010; Wang et al, 2018). Furthermore,

OFD1 is required for the recruitment of IFT88, a protein essential for

the assembly of the primary cilium (Singla et al, 2010). Despite the

growing literature that explores the process of primary cilium forma-

tion, the mechanistic details of this sequential recruitment of

C2CD3, OFD1 and distal appendages remain unclear.

OFD1 is also localised at the centriolar satellites, which are non-

membrane electron-dense particles containing regulatory proteins of
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centrosomes and cilia (Lopes et al, 2011). This localisation depends

on the trafficking protein particle complex subunit 8 (TRAPPC8),

which mediates the interaction between OFD1 and the main struc-

tural component of the centriolar satellites, namely PCM1 (Zhang

et al, 2020).

While the centriolar pool of OFD1 is rather stable, the satellite

pool shows a higher turnover (Tang et al, 2013). Indeed, upon

serum starvation, OFD1 is removed from the satellites by autop-

hagy, and this process is required for ciliogenesis (Tang et al,

2013; Park et al, 2018). Interestingly, the depletion of OFD1 from

the satellites is sufficient to induce ciliogenesis also in autophagy-

impaired cells (Tang et al, 2013), indicating that OFD1 turnover at

the satellites controls per se the formation of the primary cilium.

Moreover, OFD1 appears to regulate autophagosome biogenesis in

a feedback loop that aims at limiting autophagy activation (Morleo

et al, 2021).

A proteomic study identified OFD1 as a possible interactor of

myosin VI (O’Loughlin et al, 2018), a unique motor protein that

moves towards the minus end of the actin filaments (Magistrati &

Polo, 2020). The molecular pathways and the physiological rele-

vance of this interaction remain unknown. Here, we characterised

the interaction between the two proteins and we investigated the

role of myosin VI in OFD1 regulation.

Results

OFD1 interacts with both myosin VI isoforms

The functional and phenotypic diversity associated with myosin VI

arises from multiple interactors and the existence of alternatively

spliced isoforms (Magistrati & Polo, 2020). Indeed, two distinct

isoform types, myosin VI short and myosin VI long, differ in an

isoform-specific helix that modifies their conformation and restricts

binding to their interactomes (Wollscheid et al, 2016). With the aim

of capturing common interactors, we used co-immunoprecipation

assay and analysed by mass spectrometry the interactome of

endogenous myosin VI in a set of cell lines of epithelial origin

expressing the different isoforms at various level, namely MDA-MB-

231, HeLa, MCF10A and Caco-2 cells (Fig EV1A and B and Dataset

EV1). Thirteen proteins were found in all four cell lines (Fig 1A)

and most of them were identified as myosin VI interactors for the

first time. We focused our attention on OFD1 and we validated the

interaction between myosin VI and OFD1, using a second anti-

myosin VI antibody (Fig 1B) and by performing a reverse co-

immunoprecipitation experiment (Fig 1C).

Since OFD1 is a centriolar protein, we assessed the localisation of

myosin VI in this organelle. By immunofluorescence (Fig EV1C) and

proximity ligation assay (PLA, Fig EV1D), we could demonstrate that

myosin VI localises at centrioles in correspondence of OFD1 staining,

suggesting that the interaction between the two proteins can occur at

least at the level of the centrioles. To further confirm this idea, we

performed immunogold electron microscopy analysis of the endoge-

nous myosin VI. As expected, myosin VI shows multiple signals

corresponding to the various cytoplasmatic organelles where it

performs its function (Magistrati & Polo, 2020). Notably, a specific

signal was evident at the level of centriole walls in wild type but not

in a myosin VI knock-out (KO) cell line (Fig 1D).

Next, we examined in detail the interaction between myosin VI

and OFD1. Through immunoprecipitation and pull-down experi-

ments, we confirmed that the short and long myosin VI isoforms

can equally bind OFD1 and that the binding is mediated by the tail

domain of myosin VI (Fig EV2A and B). In an attempt to charac-

terise the site of the interaction, we focused on the major, well-

characterised myosin VI cargo binding sites, namely the WWY motif

(Spudich et al, 2007), the RRL motif (Sahlender et al, 2005) and the

MyUb (Myosin VI Ubiquitin-binding) domain (Penengo et al, 2006;

He et al, 2016). Point mutations in key residues did not affect the

binding to OFD1 (Fig EV2C and D), prompting us to look for another

binding region inside the myosin VI tail. By structure–function anal-

ysis we identified the C-terminal region that starts from the MyUb

(1080) as critical but not sufficient to reach the OFD1 binding level

of the entire tail domain (Fig EV2E). Addition of the MIU domain is

unable to strengthen the interaction (Fig EV2E). Interestingly, the

SAH domain, while it does not interact with OFD1 per se (Fig EV2F),

appears to be required for the maximum binding (Fig 1E), implying

that the conformation of the tail may be important for the interac-

tion (Magistrati & Polo, 2020).

We then investigated the region of OFD1 that mediates myosin

VI binding. Starting from the N terminus, OFD1 is composed of a

highly conserved Lis1 homology (LisH) motif that is important for

protein–protein interactions, protein stability and intracellular local-

isation (Singla et al, 2010), followed by six coiled-coils that are

important for centrosomal localisation (Romio et al, 2004; Lopes

et al, 2011) and a C-terminal LIR domain that mediates the binding

to the autophagosomes (Morleo et al, 2021). Pull-down experiments

showed that OFD1 binds myosin VI through its coiled-coils region,

while the LIR domain and the N-terminal region containing the LisH

◀ Figure 1. OFD1 interacts with both myosin VI isoforms.

A List of myosin VI interactors commonly found in the four cell lines tested. See Dataset EV1 for the full list of interactors.
B Total lysates from HEK293T transfected with Flag-OFD1 were IP with anti-myosin VI antibodies (1295 and 1296) and an unrelated rabbit antibody (anti-GST, as

control). IB was performed with anti-Flag and anti-myosin VI antibodies.
C Total lysates from HEK293T transfected with Flag-OFD1 or Flag (as control) were IP with anti-Flag antibody-conjugated beads. IB was performed with anti-Flag and

anti-myosin VI antibodies.
D Selected sections deriving from TEM analysis of A549 wild-type versus myosin VI KO cells. The cells were immunogold-labelled with anti-myosin VI antibody. The

centrioles in the images are indicated with white dashed circles. Scale bar, 200 nm. Top: representation of the estimated localisation of myosin VI at the centrioles.
E GST pull-down assay using the indicated myosin VI constructs or GST alone (as control) and lysates from HEK293T cells transfected with Flag-OFD1 construct. IB was

performed with anti-Flag antibody. Ponceau staining as indicated.
F GST pull-down assay using myosin VI tail (835–1295) construct (or GST alone as control) and lysates from HEK293T cells transfected with the indicated Flag-OFD1

constructs (or Flag alone, as control). IB was performed with anti-Flag antibody. Ponceau staining as indicated.

Source data are available online for this figure.
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motif appear dispensable for the interaction (Fig 1F). Unfortunately,

shorter constructs of the coiled-coils region of OFD1 were barely

soluble, precluding further analysis of the interaction boundaries, as

well as possible crystallisation attempts of the complex.

Myosin VI regulates OFD1 levels at the centrioles and Cep164
distal appendage recruitment

We next sought to determine the physiological role of myosin VI-

OFD1 interaction by examining the effects of myosin VI depletion on

centriole morphology and activity. To this end, we moved to retinal

pigment epithelial (hTERT-RPE1) cells, diploid immortalised cells that

maintain normal checkpoints on cell cycle progression and are

commonly used for ciliogenesis assay. First, we confirmed the inter-

action between the endogenous proteins by co-immunoprecipitation

in RPE1 cells (Fig 2A). Initial characterisation of myosin VI knock-

down (KD) RPE1 cells failed to detect major alterations in the struc-

ture of the centrioles, as evident by transmission electron microscopy

(TEM) analysis (Fig EV3A). Both TEM and immunofluorescence anal-

ysis highlighted that the subcellular localisation of the centrosome,

identified by pericentrin staining, is significantly altered upon myosin

VI depletion, with an increased centrosome–plasma membrane

distance in myosin VI KD cells (Fig EV3B and C).

Then, we focused on OFD1 behaviour at centrioles. OFD1 locali-

sation in the cytoplasm is exquisitely limited to two specific pools—
at the centrioles and at the centriolar satellites—that have different

functions and regulations (Lopes et al, 2011; Tang et al, 2013; Wang

et al, 2018). We first focused on the centriolar pool using the micro-

tubules depolymerising drug nocodazole (Dammermann & Merdes,

2002) to remove the satellites (Fig EV3D). To assess the amount of

OFD1 at the centrioles, we calculated the fluorescence intensity at

the centrioles’ spots, identified by the anti-centrin1 staining. To

avoid biases due to the different phases of centriole duplication, we

considered only cells with two centrioles, one of which marked by

the distal appendage protein Cep164 (Fig 2B). Our analysis revealed

that myosin VI depletion causes an accumulation of OFD1 signal

both in the mother centriole, identified with Cep164, and in the

daughter Cep164-negative centriole (Fig 2C and D). Interestingly,

the increase of OFD1 signal at the centrioles is not accompanied by

a parallel increase of the protein level (Fig 2E), indicating a selective

increased recruitment of OFD1 at the centrioles.

Previous studies demonstrated that OFD1 is required to constrain

centriole elongation and to promote the recruitment of components

of the distal appendages at the mother centriole (Singla et al, 2010;

Wang et al, 2018). Confirming the aberrant accumulation of OFD1

at centrioles, we found that myosin VI depletion leads to an

increased recruitment of the distal appendage protein Cep164 at the

mother centriole (Fig 2F and G). Moreover, the effect scored in

myosin VI KD cells was rescued by the parallel depletion of OFD1,

indicating that the Cep164 accumulation is a secondary effect

caused by OFD1 increase at centrioles (Fig 2F and G).

Myosin VI depletion induces cell cycle arrest in non-tumoural
cells through p53 activation

While exploring the effects of myosin VI KD, we unexpectedly

observed a severe proliferation impairment in myosin VI-depleted

RPE1 cells (Fig 3A). Similar results were obtained with additional

siRNA oligos (Fig EV4A–C) and in BJ-hTERT cells, another non-

tumoural cell line (Fig 3B). Analysis of the cell cycle by PI staining

and FACS showed that myosin VI depletion induces an arrest in the

G0/G1 phase, resulting in cellular senescence (Fig 3C and D). This

cell cycle arrest was not visible in other cancer cell lines that showed

no major defect in cell proliferation (Fig EV4D and E), despite

displaying similar myosin VI depletion levels (Fig EV4F).

To investigate the cause of the cell cycle arrest, we performed

immunoblot analysis and found that myosin VI-depleted cells

display an increase in both p53 and p21 expression levels (Fig 3E).

Consistently, double depletion of myosin VI and p53 by siRNA

oligos rescued the proliferation of RPE1 cells (Figs 3F and G, and

EV4A–C).
To clarify if the increase in OFD1 and Cep164 recruitment to the

centrioles upon myosin VI depletion may be due to p53 accumulation

and cellular senescence, cells were treated with Nutlin-3. This drug is

a potent inhibitor of the p53 antagonist Mdm2 and induces p53 accu-

mulation with consequent cell cycle arrest (Vassilev et al, 2004). After

Nutlin-3 treatment, cells did not show any changes in the levels of

OFD1 or Cep164 at the centrioles (Fig 3H–J), confirming that the

increased accumulation of OFD1 at centrioles we scored upon myosin

VI depletion is specific to the lack of the myosin VI activity.

We then assessed if the activation of p53 upon myosin VI KD

depends on defects occurring at centrioles. Indeed, alterations in the

◀ Figure 2. Myosin VI depletion leads to increased OFD1 and Cep164 recruitment at the centrioles.

A Total lysates from hTERT-RPE1 cells were IP with anti-myosin VI antibody and an anti-rabbit IgG antibody (as control). IB was performed with anti-OFD1 and anti-
myosin VI antibodies.

B A scheme of the IF analysis performed to calculate the total intensity of OFD1 staining at the mother and daughter centrioles.
C, D IF analysis of centriole-associated OFD1 signal. hTERT-RPE1 cells were transfected with siRNA against myosin VI. Four days after transfection, cells were treated

with nocodazole (1 h, 6 μg/ml) and immunostained with anti-OFD1, anti-centrin1 and anti-Cep164 antibodies. Mother centrioles were identified by the coincident
staining of centrin1 and Cep164, while daughter centrioles were centrin1-only stained. A scheme of the position of the markers used is depicted above. (C)
Representative images, scale bar, 1 μm. (D) Quantification of OFD1 intensity at the mother or daughter centrioles. Results are expressed as fold change with
respect to mock average intensity. Bars represent mean � SD. Mother centrioles: Mock, n = 148 cells; MyoVI KD, n = 199 cells, from four independent experiments.
Daughter centrioles: Mock, n = 101 cells; MyoVI KD, n = 148 cells, from three independent experiments. ****P < 0.0001 by Mann–Whitney test.

E IB analysis of hTERT-RPE cells treated with the indicated siRNAs with anti-myosin VI and anti-OFD1 antibodies. Anti-GAPDH was used as loading control.
F, G IF analysis of Cep164 signal. hTERT-RPE1 cells were transfected with siRNA against myosin VI and/or OFD1. Four days after transfection, cells were treated with

nocodazole (1 h, 6 μg/ml) and immunostained with anti-OFD1, anti-centrin1 and anti-Cep164 antibodies. (F) Representative images. Scale bar, 1 μm. (G)
Quantification of Cep164 intensity at the mother centrioles. Results are expressed as fold change with respect to mock average intensity. Bars represent mean �
SD. Mock, n = 147 cells; OFD1 KD, n = 146 cells; MyoVI KD, n = 150 cells; MyoVI + OFD1 KD, n = 151 cells, from four independent experiments. **P < 0.005;
****P < 0.0001 by Kruskal–Wallis test.

Source data are available online for this figure.
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number or structure of the centrioles have been shown to cause cell

cycle arrest, which is mediated by the activation of different path-

ways depending on the type of damage (Mikule et al, 2007; Ganem

et al, 2014; Fong et al, 2016; Lambrus et al, 2016; Meitinger et al,

2016; Fava et al, 2017). To assess if the centrioles contribute to

myosin VI depletion-induced p53 activation and cell cycle arrest, we

sought to remove the centrioles from the cells and analyse cell

proliferation. We used centrinone, a Plk4 inhibitor that blocks the

formation of new centrioles (Wong et al, 2015), thus depleting them

over a few cell cycles (Fig EV5A). To avoid the activation of p53

due essentially to centriole loss, we performed this experiment in

53BP1 KO RPE1 cells, in which p53 is not activated following centri-

none treatment (Fong et al, 2016; Lambrus et al, 2016; Meitinger

et al, 2016) (Fig EV5B). Strikingly, in centrinone-treated 53BP1 KO

cells, myosin VI depletion caused p53 activation and cell cycle arrest

similar to wild-type cells, as shown by Western blot and growth

analysis (Fig EV5B and C).

Taken together, these results demonstrate that a p53-dependent

cell cycle arrest occurs upon myosin VI depletion in non-tumoural

cell lines and that a general p53 activation does not induce OFD1

and Cep164 accumulation, as myosin VI KD does.

Myosin VI controls the turnover of OFD1 at the centrioles

Given the increased recruitment of OFD1 at the centrioles upon

myosin VI depletion and the localisation of the motor protein at the

centrioles, we hypothesised that myosin VI could have a direct impact

on OFD1 at the centrioles. Through super-resolution structured illumi-

nation microscopy (SIM), we confirmed the ring-like localisation of

OFD1 at the distal tip of the mother and daughter centrioles in control

cells (Wang et al, 2018). Conversely, we found that the lack of myosin

VI caused an aberrant accumulation of OFD1 along the entire centrio-

lar walls (Fig 4A). Centriolar appendage proteins do not show the

same behaviour, as both Cep164 and ODF2 correctly localised at the

distal end (Fig 4B). Moreover, distal appendage number is not affected

by myosin VI depletion, as measured by direct stochastic optical

reconstruction microscopy (dSTORM) analysis (Fig 4C).

These results prompted us to analyse the behaviour of OFD1 by

fluorescence recovery after photobleaching (FRAP) to determine the

turnover of the protein. Centrioles were identified with centrin1-

dTomato (Fig 4D), while the satellite pool of OFD1 was eliminated

with nocodazole treatment during the live cell imaging (Fig EV3E).

While the speed of recovery was not affected, myosin VI depletion

caused a significant decrease in the mobile fraction of OFD1, indicat-

ing the presence of a stable pool of OFD1 at the centrioles that

cannot be mobilised (Fig 4E and F).

Collectively, these data indicate that in the absence of myosin VI,

OFD1 cannot be removed from the centrioles where it aberrantly

accumulates.

Myosin VI removes OFD1 from the satellites

Besides the centrioles, OFD1 also localises at the centriolar satellites

in cycling cells. Previous studies showed that serum starvation

induces OFD1 removal from the satellites by autophagy, a process

that is required for primary ciliogenesis (Tang et al, 2013; Morleo

et al, 2021). Interestingly, myosin VI has been previously implicated

in autophagosome–lysosome fusion during LC3-mediated

autophagosome maturation (Tumbarello et al, 2012), as well as in

mitophagy (Kruppa & Buss, 2018). To determine if myosin VI exerts

a role on satellites, we first examined the effect of myosin VI deple-

tion using the satellite marker PCM1, which is virtually absent at

the centrioles (Dammermann & Merdes, 2002). Although we could

observe a strong reduction of PCM1 intensity around centrioles in

myosin VI KD cells (Fig 5A and B), cells treated with Nutlin-3

showed a similar decrease (Fig 5C), suggesting that the p53 activa-

tion induced by myosin VI KD causes satellites loss. Consistently,

myosin VI depletion does not affect PCM1 intensity in RPE1 p53 KO

cells (Fig 5D).

Based on these results, we used RPE1 p53 KO cells to analyse the

effect of myosin VI depletion on the satellite pool of OFD1. To elimi-

nate the contribution of the centriolar pool of OFD1, we identified

the satellites via PCM1 staining and calculated OFD1 intensity only

in the area covered by PCM1 (Fig 6A). As previously shown (Tang

et al, 2013; Akhshi & Trimble, 2021), serum starvation induces the

removal of OFD1 from the satellites (Fig 6B and C). We could

observe that this event is significantly impaired by the parallel

depletion of myosin VI (Fig 6B). While serum starvation induces a

◀ Figure 3. Myosin VI depletion leads to p53 activation and cell cycle arrest.

A Growth curve of hTERT-RPE1 cells transfected with myosin VI siRNA. A representative plot of three independent experiments is shown.
B Growth curve of BJ-hTERT cells transfected with myosin VI siRNA. A representative plot of two independent experiments is shown.
C Analysis of DNA content in hTERT-RPE1 cells stably expressing a myosin VI shRNA. After 10 days of doxycycline induction, the cells were stained with propidium

iodide (PI) and analysed by FACS. Ctrl, control cells, not induced.
D Senescence-associated β-gal assay (SA-β-gal) of cells treated as in C. Scale bar, 100 μm.
E IB analysis of hTERT-RPE1 cells transfected with myosin VI siRNA, with anti-myosin VI, anti-p53 and anti-p21 antibodies. Anti-GAPDH was used as loading control.
F Growth curve of hTERT-RPE1 cells transfected with the indicated p53 and myosin VI siRNAs. A representative plot of three independent experiments is shown.
G Representative bright-field images of cells treated with the indicated p53 and myosin VI siRNAs. Scale bar, 200 μm.
H IB analysis with anti-myosin VI, anti-p53 and anti-p21 antibodies of hTERT-RPE cells treated with Nutlin-3, or not treated as control. Anti-GAPDH was used as loading

control.
I Quantification of OFD1 intensity at the mother or daughter centrioles. hTERT-RPE1 cells treated or not with Nutlin-3 were incubated with nocodazole for 1 h (6 μg/

ml) and immunostained with anti-OFD1, anti-centrin1 and anti-Cep164 antibodies. Mother centrioles were identified by the coincident staining of centrin1 and
Cep164, while daughter centrioles were centrin1-only stained. Results are expressed as fold change with respect to mock average intensity. Bars represent mean �
SD. Mother centrioles: Mock, n = 148 cells; Nutlin-3, n = 169 cells, from four independent experiments. Daughter centrioles: Mock, n = 101 cells; Nutlin-3, n = 122
cells, from three independent experiments. ns, not significant by Mann–Whitney test.

J Quantification of Cep164 intensity at the mother centrioles in hTERT-RPE1 cells treated as in (I). Results are expressed as fold change with respect to mock average
intensity. Bars represent mean � SD. Mock, n = 195 cells; Nutlin-3, n = 196 cells, from four independent experiments. ns, not significant by Mann–Whitney test.

Source data are available online for this figure.
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decrease in OFD1 total protein levels (Akhshi & Trimble, 2021;

Morleo et al, 2021), the same effect is weaker in myosin VI-depleted

cells (Fig 6C).

Ciliogenesis in tissue culture is mainly initiated by serum starva-

tion, which arrests the cell cycle and triggers autophagy (Tang et al,

2013; Morleo et al, 2021). Our data support the idea that myosin VI

contributes to OFD1 degradation induced by serum starvation.

Thus, we examined the formation of primary cilia in myosin VI-

depleted cells. To avoid confounding effect due to the cell cycle

arrest induced by myosin VI depletion, we performed the experi-

ment in RPE p53 KO cells. Remarkably, while around 30% of the

p53 KO cells were found ciliated after starvation even in the absence

of G1 arrest, myosin VI-depleted cells completely failed to form cilia

(Fig 6D). These data imply a requirement of myosin VI activity for

primary cilium formation.

Discussion

Here, we identified and characterised a novel myosin VI interactor,

OFD1, whose turnover is modulated by myosin VI both at the centri-

oles and at the centriolar satellites. Myosin VI activity on OFD1

appears to be critical for maintaining the correct amount of the

distal appendages at the mother centriole and for the removal of

OFD1 from the centriolar satellites to promote primary ciliogenesis.

Thus, OFD1 can be added to the list of specialised cargo-adaptor

proteins that link myosin VI to distinct cellular compartments and

processes (Magistrati & Polo, 2020). Importantly, both myosin VI

short and long isoforms (Wollscheid et al, 2016) interact with

OFD1, indicating that this functional interaction is conserved in all

cells and is maintained upon epithelial cell polarisation where a

switch between isoforms was observed (Buss et al, 2001; Bian-

cospino et al, 2019).

At the centrioles, OFD1 localisation is restricted to the distal

tip (Fig 4A) (Tang et al, 2013). Our FRAP analysis determined

that the 45% of OFD1 present at the centrioles is mobile and

rapidly exchanges with the cytoplasmic pool. In the absence of

myosin VI, this fraction is reduced, allowing accumulation of

OFD1 on the entire microtubule wall. At present, the mechanism

by which myosin VI controls OFD1 turnover remains unclear.

Since the speed of recovery is not affected (t1/2 in FRAP analysis,

Fig 4F), it is conceivable that myosin VI is needed for short-range

transport and may exploit the actin filaments that are nucleated

by the centrosome to promote the turnover of OFD1 via its motor

activity. In this context, it is noteworthy that the SAH domain

involved in myosin VI dimerisation and required for the move-

ment (Mukherjea et al, 2014) is critical for the interaction

between the two proteins (Fig 1E). At the distal tip, OFD1 could

be stabilised by other proteins like C2CD3 (Thauvin-Robinet et al,

2014) that protect this centriolar protein from myosin VI-

mediated removal.

Recent studies have highlighted a synergistic interplay between

actin and microtubule dynamics in several cellular compartments.

Actin–microtubule crosstalk is functionally relevant for mitotic

spindle positioning (Farina et al, 2019; Inoue et al, 2019) or for cell

shape and polarity during cell migration, and many proteins that

mediate actin–microtubule interactions have already been identified

(Dogterom & Koenderink, 2019). Our data raise the possibility that

◀ Figure 4. Lack of myosin VI alters the mobility and localisation of OFD1 at the centrioles.

A Super-resolution analysis of OFD1 localisation at the centrioles. hTERT-RPE1 cells were transfected with siRNA against myosin VI, immunostained with anti-OFD1
and anti-acetylated tubulin antibodies and visualised using structured illumination microscopy (SIM). Representative images are shown, scale bar, 500 nm. A
scheme of the estimated localisation of OFD1 in the two conditions is depicted on the right side.

B Two-colour SIM images in control and myosin VI-depleted cells illustrating the localisation and distribution of the distal appendage markers Cep164 and ODF2 at
the centrioles, stained with anti-acetylated tubulin antibody. Representative images are shown; scale bar, 500 nm.

C dSTORM super-resolution analysis of the distal appendage markers FBF1 and ODF2 in control and myosin VI-depleted cells. To emphasise the symmetry of the
structures, the signals from all nine appendages were averaged (bottom). Representative images are shown; scale bar, 200 nm.

D–F FRAP analysis of centriole-associated GFP-OFD1. hTERT-RPE cells stably expressing GFP-OFD1 and centrin1-dTomato were transfected with siRNA against myosin
VI. After four days, cells were treated with nocodazole (1 h, 6 μg/ml) and subjected to live-cell imaging. (D) Left: a scheme of the localisation of GFP-OFD1 and the
centriole marker centrin1-dTomato. Right: a scheme of photobleaching and recovery of GFP-OFD1 at the centrioles. (E) A representative graph of one out of three
experiments. For each time point, the fraction of recovery of GFP-OFD1 is shown. Results are expressed as means with 95% confidence interval. n = 12 cells (Mock),
n = 13 cells (MyoVI KD). (F) Quantification of the half-time of fluorescence recovery (t1/2,) and of the mobile fraction of GFP-OFD1. Results are expressed as mean �
SD. n = 41 cells (Mock), n = 31 cells (MyoVI KD), from three independent experiments. ns, not significant; ***P < 0.0005 by unpaired t-test.

Source data are available online for this figure.

◀ Figure 5. Myosin VI depletion affects the centriolar satellites via p53. ▸
A A scheme of the IF analysis performed to calculate the total intensity of satellite staining that surrounds the centrioles. The centriole marker Cep135 or Cep164 are

used to define the centre of a 3 μm circle, in which the intensity of the satellite marker PCM1 was calculated.
B IF analysis of PCM1 signal. hTERT-RPE1 cells were transfected with siRNA against myosin VI and immunostained with anti-PCM1 and anti-Cep135 antibodies. Upper

panel, representative images, scale bar, 2 μm. Lower panel, quantification of PCM1 intensity. Results are expressed as fold change with respect to mock average
intensity. Bars represent mean � SD. Mock, n = 96 cell; MyoVI KD, n = 98 cells, from two independent experiments. ****P < 0.0001 by Mann–Whitney test.

C IF analysis of PCM1 signal. hTERT-RPE1 cells were treated with Nutlin-3 for 24 h and immunostained with anti-PCM1 and anti-Cep135 antibodies. Panels as in B.
Mock, n = 96 cells; Nutlin-3, n = 100 cells, from two independent experiments. ****P < 0.0001 by Mann–Whitney test.

D IF analysis of PCM1 signal. hTERT-RPE1 p53 KO cells were transfected with siRNA against myosin VI and immunostained with anti-PCM1 and anti-Cep164 antibodies.
Panels as in (B). Quantification of PCM1 intensity refers to a 3 μm circle around the mother centriole, identified with anti-Cep164 staining. Mock, n = 128 cells; MyoVI
KD, n = 114 cells from three independent experiments. ns, not significant by Mann–Whitney test.

Source data are available online for this figure.
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myosin VI is one of these critical modulators at the centrosomes

where it could exploit the actin-based network surrounding the

centrosomes and the microtubule interactors that we have identi-

fied with the proteomic approach (i.e. Numa, Dataset EV1).

Further investigations are needed to uncover the functional impli-

cations of this intriguing hypothesis that is supported by the

recent identification of a Gαi-LGN-NuMA-dynein axis activated

upon Shh-Smo induction to promote ciliogenesis (Akhshi & Trim-

ble, 2021) and which is consistent with the aberrant positioning of

the centrosomes observed in the absence of myosin VI (Fig

EV3B).

Our study also unveils an unprecedent phenotype of cell cycle

arrest and senescence following myosin VI depletion in p53-

proficient cells. This effect was not evident in p53-null cancer cell

lines, suggesting that myosin VI contributes to a pathway that

sustains proliferation and maintains the cell cycle in check and that

becomes deregulated during carcinogenesis. While this possibility is

currently under investigation, the cause of this phenotype is

certainly unrelated to centriolar biology as demonstrated by the

centrinone experiment (Fig EV5).

Another surprising finding of our study is that p53 activation is

responsible for the satellite dispersion occurring upon myosin VI

depletion, which was established by Nutlin-3 treatment that pheno-

copies myosin VI depletion, as well as by the rescue of the pheno-

type obtained in p53 KO cells (Fig 5). Thus, our study highlights a

new intriguing function of p53 at satellites. Determination of how

p53 senses the lack of myosin VI is an important area of future work

that is predicted to shed light also on this phenotype.

Finally, our study identified for the first time myosin VI as a

critical regulator of ciliogenesis. Based on its role in other cellular

compartments, it is possible that myosin VI may act as an actin

anchor for the basal body, by docking the mother centriole at the

plasma membrane, or as an actin-based motor contributing to the

trafficking towards the ciliary pocket (Akhshi & Trimble, 2021).

Nonetheless, our evidence suggests that myosin VI depletion

affects autophagy-mediated removal of OFD1 from the satellites

(Fig 6A–C), a prerequisite for ciliogenesis (Tang et al, 2013;

Akhshi & Trimble, 2021; Morleo et al, 2021). Several findings link

myosin VI to autophagy and autophagy receptors (Tumbarello

et al, 2012; Magistrati & Polo, 2020), and emerging evidence

suggests that autophagy and ciliogenesis influence each other

(Pampliega & Cuervo, 2016; Morleo & Franco, 2019). Mechanisti-

cally, myosin VI has been shown to act at the damaged mito-

chondria where it mediates their engulfment and clearance via

the formation of F-actin cages (Kruppa & Buss, 2018). The inter-

action with OFD1 suggests that myosin VI may be directly

involved in the first phases of the autophagosome formation,

although implication of F-actin cages cannot be excluded. What-

ever the case, the identification of myosin VI as OFD1 regulator

has important implications for a variety of ciliopathy syndromes

in which OFD1 mutations compromise ciliogenesis (Singla et al,

2010).

Materials and Methods

Constructs and antibodies

pGEX-myosin VI tail (835–1295) and pEGFP-myosin VI full-length

(FL) constructs were previously described (Wollscheid et al, 2016).

pcDNA CMV-10 3xFlag-OFD1 full-length (1–1012), a (1–276), b (277–
663), c (664–1012) and ΔLIR (mutation of the LIR domain EKYMKI to

EKAMKA) were kindly provided by Brunella Franco (TIGEM, Napoli).

pEGFP-OFD1 full-length (FL) construct was generated by subcloning

the OFD1 gene from the pcDNA CMV-10 3xFlag-OFD1 construct into

the pEGFP_C1 vector with SmaI/BamHI restriction enzymes. pLVX-

GFP-OFD1 lentiviral construct was generated using the Infusion HD

cloning system (Takara Clontech) following manufacturer’s instruc-

tions. Briefly, EGFP-OFD1 sequence was amplified by PCR using

primers that anneal on the GFP template and are complementary to

pLVX-Puro vector (forward: 50-CTCAAGCTTCGAATTCATGGTGAG
CAAGGGCGAG-30; reverse: 50-TAGAGTCGCGGGATCCATCAGTT
ATCTAGATCCGGTGG-30), followed by EcoRI/BamHI vector linearisa-

tion and in-fusion reaction. pSLIK-NEO myosin VI shRNA was gener-

ated with GatewayTM LR ClonaseTM II Enzyme mix (Thermo Fisher

Scientific) by subcloning a nucleotide sequence targeting myosin VI

(50-AGTAATTCAGCACAATATTCCAA-30) into a pENTR vector,

followed by recombination into pSLIK-NEO empty vector.

All the other truncated constructs were engineered by site-

directed mutagenesis or recombinant PCR and sequence-verified.

Details are available upon request.

The antibodies with indicated dilutions were as follows:

◀ Figure 6. Myosin VI contributes to OFD1 removal from the centriolar satellites required for ciliogenesis.

A A scheme of the IF analysis performed to calculate the total intensity of OFD1 staining at the centriolar satellites.
B IF analysis of OFD1 signal at the centriolar satellites upon serum starvation. hTERT-RPE1 p53 KO cells were transfected with siRNA against myosin VI. After four days,

cells were fixed (growing) or serum starved for 24 h (SS). Cells were immunostained with anti-OFD1 and anti-PCM1 antibodies. The intensity of OFD1 signal in the
area covered by PCM1 was quantified and normalised against the intensity of PCM1 staining in the same area. Left, representative images, scale bar, 2 μm. Right,
results are expressed as fold change with respect to mock average intensity. Bars represent mean � SD. Mock_growing, n = 150 cells; Mock_SS, n = 149 cells; MyoVI
KD_growing, n = 149 cells; MyoVI KD_SS, n = 150 cells, from three independent experiments. ns, not significant; *P < 0.05; ****P < 0.0001 by Kruskal–Wallis test.

C IB analysis of OFD1 after serum starvation in control and myosin VI-depleted cells. hTERT-RPE1 p53 KO cells were transfected with siRNA against myosin VI. After four
days, cells were serum starved for 24 h (SS). Lysates were analysed by IB with anti-OFD1, anti-myosin VI, anti-p62 and anti-LC3 antibodies. Anti-GAPDH was used as
loading control. The amount of OFD1 protein was normalised against GAPDH signal and is expressed as percentage of OFD1 levels in cells grown in serum-starved
conditions compared to cells grown in media containing serum. Bars represent mean � SD. n = 5 independent experiments. *P < 0.05 by Kruskal–Wallis test.

D IF analysis of primary cilium upon serum starvation. hTERT-RPE1 p53 KO cells were transfected with siRNA against myosin VI. After four days, cells were fixed
(growing) or serum starved for 24 h (SS). Cells were immunostained with anti-acetylated tubulin (to identify the cilia), anti-Cep135 (to identify the centrioles) and
DAPI. Left, representative images, scale bar, 2 μm. Right, results are expressed as fold change with respect to mock average intensity. Bars represent mean � SD. n = 3
independent experiments. 100–200 cells/condition were counted for each experiment. ***P < 0.001 by two-way ANOVA test.

Source data are available online for this figure.
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Primary antibodies

Epitope Species Supplier Identifier Application

53BP1 Rabbit Abcam ab36823 WB 1:1,000

Acetylated tubulin Mouse Sigma T7451 IF 1:1,000

Acetylated tubulin Mouse Sigma 6-11B-1 IF 1:1,000

Centrin1 Mouse Millipore 04-1624 IF 1:1,000

Cep135 Rabbit Abcam ab75005 IF 1:1,000

Cep164 Goat Santa-Cruz Biotechnology sc-240226 IF 1:700

FBF1 Rabbit Sigma HPA023677 IF 1:50

FLAG Mouse Sigma F3165 WB 1:5,000

GAPDH Mouse Santa-Cruz Biotechnology Sc-32233 WB 1:5,000

GFP Rabbit Sigma G1544 WB 1:5,000

GFP Mouse Thermo Fisher Scientific A-11120 PLA 1:2,000

GST Rabbit Generated in house IP

LC3 Rabbit Cell Signaling 12741 WB 1:1,000

Myosin VI Mouse Sigma MUD-19 WB 1:1,000

Myosin VI Rabbit Generated by EUROGENTEC S.A.,
purified by Cogentech

1295 IP

Myosin VI Rabbit Generated by EUROGENTEC S.A.,
purified by Cogentech

1296 IP; WB 1:2,000; IF 1:400

ODF2 Rabbit Abcam ab43840 IF 1:200

OFD1 Rabbit Sigma HPA031103 IF 1:500; PLA 1:2,000

OFD1 Rabbit Kindly provided by Brunella
Franco (TIGEM, Napoli)
(Giorgio et al, 2007)

WB 1:100

p21 Rabbit Cell Signaling 2947 WB 1:5,000

p53 (DO-1) Mouse Cell Signaling 18032 WB 1:1,000

p62 Rabbit Enzo Life Sciences BML_PW9860 WB 1:1,000

PCM1 Mouse Sigma SAB1406228 IF 1:200

Pericentrin Mouse Abcam 28144 IF 1:200

IgG from rabbit serum Sigma I5006 IP

Secondary antibodies

Antibody Species Supplier Catalogue number Application

Anti-mouse IgG HRP Goat Bio-Rad 1721011 WB 1:5,000

Anti-rabbit IgG HRP Goat Bio-Rad 1706515 WB 1:5,000

Anti-mouse Alexa488 Donkey Thermo Fisher Scientific A21202 IF 1:400

Anti-mouse Cy3 Donkey Jackson Lab 715-165-150 IF 1:400

Anti-mouse Alexa488 Goat Molecular Probes A11001 IF 1:500

Anti-rabbit Alexa555 Donkey Molecular Probes A31572 IF 1:500

Anti-rabbit Alexa488 Donkey Thermo Fisher Scientific A21206 IF 1:400

Anti-rabbit Cy3 Donkey Jackson Lab 711-165-152 IF 1:400

Anti-rabbit Alexa647 Donkey Thermo Fisher Scientific A31573 IF 1:400

Anti-goat Alexa647 Donkey Thermo Fisher Scientific A21447 IF 1:400
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Commercial antibodies were validated by the manufacturer. The

home-made anti-myosin VI was previously described (Wollscheid

et al, 2016).

Cell lines

hTERT-RPE1 cells (ATCC) were maintained in Dulbecco’s modified

Eagle medium: Nutrient Mixture F-12 (DMEM/F12, Gibco), supple-

mented with 10% foetal bovine serum (FBS), 2 mM L-glutamine,

0.5 mM Na-Pyruvate, 15 mM Hepes pH 7.5. HEK293T (ICLC) and

A549 (NCI-60) cells were maintained in DMEM, supplemented

with 10% FBS and 2 mM L-glutamine. BJ hTERT cells (ATCC) were

maintained in DMEM – M199 (4:1), supplemented with 10% FBS

and 2 mM L-glutamine. HeLa cells (ATCC) were maintained in

minimum essential medium (MEM), supplemented with 10% FBS,

0.1 mM non-essential amino acids (NEAA), 2 mM L-glutamine and

1 mM Na-Pyruvate. CaCo2 (DSMZ) cells were maintained in MEM,

supplemented with 20% FBS, 0.1 mM NEAA and 2 mM L-

glutamine. MDA-MB-231(NCI-60) cells were maintained in RPMI

1640, supplemented with 10% FBS and 2 mM L-glutamine. MCF-

10A (ATCC) cells were maintained in DMEM-Ham’s F12, supple-

mented with 5% Horse serum, 10 μg/ml Insulin, 20 ng/ml EGF,

500 ng/ml Hydrocortisone, 100 ng/ml cholera toxin and 2 mM L-

glutamine.

hTERT-RPE1 p53 knock-out (KO) and 53BP1 KO were kindly

provided by Luca Fava (University of Trento, Trento). In brief,

hTERT-RPE1 cells were transduced with Lenti-CRISPR-V2 targeting

coding exons of the genes of interest, selected with puromycin, and

single clones were characterised through sequencing of the targeted

genomic region (Burigotto et al, 2021).

hTERT-RPE1 with stable expression of centrin1-dTomato were

kindly provided by Francesca Farina (IRTSV, Grenoble). In brief,

hTERT-RPE1 cells were transfected with pdTomato-centrin1

construct (Farina et al, 2016) and selected with geneticin.

dTomato-positive cells were selected by fluorescence-activated cell

sorting (FACS). To generate the hTERT-RPE1 centrin1-dTomato

GFP-OFD1 cell line used for fluorescence recovery after photo-

bleaching (FRAP) experiments, hTERT-RPE1 centrin1-dTomato

were transduced with the pLVX-GFP-OFD1 lentiviral construct.

Two weeks after transduction, GFP- and dTomato-positive cells

were selected by FACS.

To generate A549 myosin VI KO cell line through CRISPR/Cas9,

A549 cells were transiently transfected with pD1301-AD vector (pre-

pared by ATUM, atum.bio), containing Cas9, a GFP reporter and a

guide RNA (gRNA) targeting exon 2 of myosin VI (gRNA sequence:

50-GTTCAATTGTTAAGCTGTCG-30, designed using ATUM’s design

tool). GFP-positive cells were FACS-sorted, single cell clones were

screened for myosin VI deletion through immunoblot (IB) and IP,

and the genomic mutations were characterised by PCR amplification

and sequencing of the targeted genomic region. Clone 13S34 that

was selected for our experiments have two different mutant alleles:

one has an insertion of 2 nucleotides, while the other has a deletion

of 19 nucleotides. In both cases, the frameshift caused stop codons,

generating truncated proteins spanning the first 30 or 38 amino

acids, respectively.

All cell lines were authenticated by STR profiling (StemElite ID

System, Promega) and tested for mycoplasma using PCR and

biochemical test (MycoAlert, Lonza).

siRNA transfection, shRNA expression

Transient knock-downs (KD) were performed using Stealth siRNA

oligonucleotides from Thermo Fischer Scientific (Waltham, MA,

USA). Cells were transfected twice using RNAiMax (Invitrogen),

first in suspension and the following day in adhesion. Based on

immunoblot analyses, cells were considered myosin VI-depleted

four days after the first transfection.

myosin VI #1 (when not specified, this siRNA is used to deplete

myosin VI): 50-GAGGCUGCACUAGAUACUUUGCUAA-30. myosin VI

#2: 50-GAGCCTTTGCCATGGTACTTAGGTA-30. OFD1: 50-GAGAAUG
AAGUGUACUGCAAUCCAA-30. p53: 50-CCAGUGGUAAUCUACU
GGGACGGAA-30.

hTERT-RPE1 cells with doxycycline-inducible shRNA for myosin

VI were generated by transducing the cells with pSLIK-NEO myosin

VI shRNA and selection with neomycine. Expression of the shRNA

was induced with 0.5 μg/ml doxycycline for 10 days.

Proliferation assays

About 10,000 cells transfected with the indicated siRNAs were

plated on a 6-well plate (day 0). Starting from day 3 after plating,

cells were counted every day using Beckman Multisizer 3 Coulter

Counter. Cells were split to maintain a confluence < 70%.

For the experiment shown in Fig EV4D, 2,000 cells transfected

with the indicated siRNAs were seeded in triplicate in a 96-well cell

culture plate (Corning #3596) and four regions per well were imaged

every 6 h over a period of 96 h using Incucyte® SX5 Live-Cell Analy-

sis System (Sartorius). The surface area occupied by the cells was

calculated by Incucyte analysis software and expressed as per cent

(%) cell confluency.

To measure cell viability (Fig EV4E), 10,000 cells/well trans-

fected with the indicated siRNAs were seeded in triplicate in 48-well

plates and grown for four days. Cell viability was determined using

the 1% crystal violet staining containing 20% methanol (Sigma

#1092180500).

Biochemical assays

Cells were lysed in JS buffer (50 mM Hepes, pH 7.5, 150 mM NaCl,

1.5 mM MgCl2, 5 mM EGTA, 10% glycerol and 1% Triton X-100)

supplemented with 20 mM sodium pyrophosphate, pH 7.5, 250 mM

sodium fluoride, 2 mM PMSF, 10 mM sodium orthovanadate and

protease inhibitors (Calbiochem) and lysates were cleared by

centrifugation at 18,800 g. For immunoblot (IB) analysis, 50 μg of

lysates were used, unless otherwise id specified. For co-

immunoprecipitation (co-IP) analysis, 1 mg of fresh lysates were

incubated with GFP-Trap (Chromotek) or anti-Flag M2-conjugated

beads (Sigma) for 2 h at 4°C. For pull-down experiments, 500 µg of

transfected HEK293T cellular lysates were incubated with 1 μM of

GST-fusion proteins immobilised onto GSH beads for 2 h at 4°C in

JS buffer. For anti-myosin VI IP, 1 mg lysates were incubated with

anti-myosin VI antibodies (1295 or 1296) or anti-GST rabbit anti-

body as negative control. After 2 h of incubation at 4°C, protein A

sepharose beads were added to the IP and the mixture was incu-

bated for an additional hour. In all cases, after extensive washes

with JS buffer, beads were re-suspended in Laemmli buffer and

proteins were analysed through sodium dodecyl sulphate–
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polyacrylamide gel electrophoresis (4–20% TGX precast gel, Bio-

Rad). Detection was performed either by staining the gels with

Coomassie or by IB using specific antibodies. Ponceau-stained

membranes were used to show equal loading.

Protein expression and purification

GST fusion proteins were expressed in E. coli Bl21 (DE3) Rosetta at

18°C for 16 h after induction with 0.5 mM IPTG at an OD600 of 0.6.

Cell pellets were resuspended in lysis buffer (50 mM Na-HEPES, pH

7.5, 250 mM NaCl, 1 mM EDTA, 5% Glycerol, 0.1% NP40, Protease

Inhibitor Cocktail set III, Calbiochem and 0.1 mM PMSF). Sonicated

lysates were cleared by centrifugation at 30,000 g for 30 min. Super-

natants were incubated with 1 ml of Glutathione Sepharose beads

(GE Healthcare) per litre of bacterial culture. After 2 h at 4°C, the
beads were washed with lysis buffer, high salt buffer (50 mM Tris,

pH 8, 1 M NaCl, 1 mM EDTA, 1 mM DTT and 5% glycerol) and

equilibrated in storage buffer (20 mM Tris, pH 8, 150 mM NaCl,

1 mM EDTA, 1 mM DTT and 5% glycerol).

Liquid chromatography–tandem MS (LC–MS/MS) analysis

To identify myosin VI interactors, anti-myosin VI co-IP was

performed using 3 mg of fresh lysates of HeLa, MDA-MB-231,

MCF10A and Caco-2 cells grown in confluent conditions. Parallel co-

IP was performed using anti-myosin VI antibody (1295) or a rabbit

control antibody as negative control. Precipitated immunocomplexes

were washed, loaded on a 4–20% TGX precast gel (Bio-Rad) and

stained with colloidal blue (Colloidal Blue Staining Kit, Invitrogen).

Gels were cut in slices and trypsinised as previously described

(Shevchenko et al, 1996). Peptides were desalted as described

(Rappsilber et al, 2003), dried in a Speed-Vac and resuspended in 10

µL of solvent A (2% ACN, 0.1% formic acid). About 3 μl was

injected on a quadrupole Orbitrap Q-Exactive mass spectrometer

(Thermo Scientific) coupled with an UHPLC Easy-nLC 1000

(Thermo Scientific), with a 25-cm fused-silica emitter of 75 μm inner

diameter. Columns were packed in-house with ReproSil-Pur C18-AQ

beads (Dr. Maisch Gmbh, Ammerbuch, Germany), 1.9 μm of diame-

ter, using a high-pressure bomb loader (Proxeon, Odense,

Denmark). Peptide separation was achieved with a linear gradient

from 95% solvent A (2% ACN, 0.1% formic acid) to 40% solvent B

(80% acetonitrile, 0.1% formic acid) over 30 min and from 40% to

100% solvent B for 2 min at a constant flow rate of 0.25 μl/min,

with a single run time of 33 min. MS data were acquired using a

data-dependent top 12 method, and the survey full-scan MS spectra

(300–1750 Th) were acquired in the Orbitrap with 70,000 resolution,

AGC target 1e6, IT 120 ms. For HCD spectra, the resolution was set

to 35,000, AGC target 1e5, IT 120 ms; 25% normalised collision

energy and isolation width of 3.0 m/z.

For protein identification, the raw data were processed using

Proteome Discoverer (version 1.4.0.288, Thermo Fischer Scientific).

MS2 spectra were searched with Mascot engine against uniprot_hu-

man_20150401 database (90,411 entries), with the following param-

eters: enzyme trypsin, maximum missed cleavage 2, fixed

modification carbamidomethylation (C), variable modification

oxidation (M) and protein N-terminal acetylation, peptide tolerance

10 ppm, MS/MS tolerance 20 mmu. Peptide Spectral Matches (PSM)

were filtered using percolator based on q-values at a 0.01 FDR (high

confidence). Proteins were considered identified with 2 unique high

confident peptides (Kall et al, 2007). Scaffold (version Scaf-

fold_4.3.4, Proteome Software Inc., Portland, OR) was used to vali-

date MS/MS-based peptide and protein identifications. Peptide

identifications were accepted if they could be established at a proba-

bility greater than 95.0% by the Peptide Prophet algorithm (Keller

et al, 2002) with Scaffold delta-mass correction. Protein identifi-

cations were accepted if they could be established at a probability

greater than 99.0% and contained at least 2 identified peptides.

Protein probabilities were assigned by the Protein Prophet algorithm

(Nesvizhskii et al, 2003). Proteins that contained similar peptides

and that could not be differentiated based on MS/MS analysis alone

were grouped to satisfy the principles of parsimony. Proteins shar-

ing significant peptide evidence were grouped into clusters.

Immunofluorescence (IF)

Cells were grown on coverslips and fixed with cold 100% methanol

at −20°C for 10 min. The coverslips were incubated in PBS with 10%

FBS for 30 min for blocking, followed by incubation with primary

antibodies (overnight at 4°C) and then secondary antibodies (1 h at

RT) in PBS with 10% FBS. Incubation with DAPI (Sigma-Aldrich, cat.

D9542) for 10 min was performed to stain the nuclei. The coverslips

were mounted on glass slides using Mowiol Mounting Medium (Cal-

biochem) or Dako Faramount Aqueous Mounting Medium (s3025,

DAKO). Images were acquired using a GE HealthCare Deltavision

OMX system, equipped with 2 PCO Edge 5.5 sCMOS cameras, using a

60× 1.42 NA Oil immersion objective, or using a Deltavision Elite

system (GE Healthcare) equipped with a IX71 microscope (Olympus),

a sCMOS camera, using a 60× PlanApo 1.42 NA oil immersion objec-

tive and driven by softWoRx version 7.0.0. Images were acquired as

a z-series (0.2-µm z interval in a range of 4 μm) and deconvolution

was performed using softWorx software. The images are presented as

maximum-intensity projections and were prepared using ImageJ/Fiji

(National Institutes of Health).

For myosin VI and pericentrin co-staining (Fig EV1C), cells were

fixed with 4% PFA for 10 min, permeabilised with 0.2% Triton X-

100 and blocked with 20% donkey serum in PBS. Primary and

secondary antibodies were diluted in PBS with 20% donkey serum

and incubated at RT for 1 h and 30 min, respectively. After nuclei

staining with DAPI for 10 min, the coverslips were mounted on

glass slides using Mowiol Mounting Medium (Calbiochem). Confo-

cal microscopy was performed on a Leica TCS SP5 laser confocal

scanner mounted on a Leica DMI 6000B inverted microscope

equipped with HCX PL APO 63×/1.4 NA oil immersion objective.

Leica LAS AF software was used for image acquisitions. For co-

localisation analysis, ROIs were drawn around individual centro-

somes and the M2 Manders’ coefficient was obtained using JACoP

plugin (ImageJ/Fiji) and processed for statistical analysis with Prism

(GraphPad software).

OFD1, Cep164 and PCM1 fluorescence intensity analysis

For OFD1 and Cep164 fluorescence intensity quantifications at the

centrioles, hTERT-RPE1 cells were treated with 6 μg/ml nocodazole

(M1404, Sigma) for 1 h to depolymerise the microtubules and thus

remove the centriolar satellites. The removal of the satellites is

required for the quantification of the centriolar pool of OFD1, which
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is otherwise indistinguishable from the satellite pool. Z-stack images

(0.2 μm intervals) of 20 sections were acquired as detailed above.

Centrioles were considered for quantification when paired signals of

centrin and OFD1 were observed. The presence Cep164 staining

was used to identify mother centrioles. Centrioles were excluded

from the analysis if residual OFD1 satellite staining was visible in

the vicinity of the centrioles. The integrated intensity of a circular

1 × 1 μm area around the specific OFD1 and Cep164 signals were

recorded in the sum projected images using ImageJ/Fiji (National

Institutes of Health). Integrated density was corrected for back-

ground intensity signal with the following formula: corrected total

fluorescence = integrated density − (area of selected region × mean

intensity of background). The number of cells analysed and of

experiments performed is detailed in the figure legends.

For centriolar satellite intensity quantifications, staining of PCM1

was performed in combination with a centriole marker (Cep135 or

Cep164). The centriole marker was used to determine the centre of

a circular 3 × 3 μm area, where the PCM1 signals were recorded in

the sum projected images. For quantification of OFD1 intensity at

the centriolar satellites, OFD1 staining was performed in combina-

tion with PCM1 and Cep164. In order to exclude the contribution of

the centriolar pool of OFD1 from the analysis, OFD1 intensity was

recorded only in the area covered by PCM1 in the sum projected

images. Corrected total fluorescence was calculated as detailed

above.

To induce p53 activation, hTERT-RPE1 cells were incubated with

10 μM Nutlin-3 (N6287, Sigma) for 24 h before fixation and IF.

Statistical analysis

Statistical analyses were performed with Prism (GraphPad soft-

ware). Unless differently specified, all the statistical significance

calculations were determined using either unpaired Student’s t or

ANOVA tests, or the non-parametric Mann–Whitney or Kruskal–
Wallis test, after assessing the normal distribution of the sample

with Normal (Gaussian) distribution test. Sample sizes are indicated

in the figure legends and were chosen arbitrarily with no inclusion

and exclusion criteria. The investigators were not blind to the group

allocation during the experiments and data analyses.

Proximity ligation assay (PLA)

hTERT-RPE1 cells were transfected with pEGFP-C1 myosinVIshort FL

using Lipofectamine 2000 reagent (Invitrogen) and fixed at 48 h

after transfection with 100% MeOH at −20°C for 10 min. PLA was

performed with the DuolinkTM In Situ Orange Starter Kit (Sigma,

DUO92102) according to manufacturer’s instructions using mouse

anti-GFP (1:2,000; Thermo Fisher Scientific, A11120) and rabbit

anti-OFD1 (1:2,000; Sigma, HPA031103) primary antibodies and

secondary anti-mouse MINUS and anti-rabbit PLUS probes. As nega-

tive controls for the PLA signal, the secondary antibodies were used

without previous primary antibody incubation or with the single

primary antibody. Counterstaining with anti-mouse A488 and anti-

rabbit A647 was performed to identify GFP-positive cells and to

localise OFD1. Confocal microscopy was performed on a Leica TCS

SP5 laser confocal scanner mounted on a Leica DMI 6000B inverted

microscope equipped with motorised stage. The images were

acquired with an HCX PL APO 63X/1.4NA oil immersion objective

using 405, 488, 568 and 647 nm laser lines. Leica LAS AF software

was used for all acquisitions.

Fluorescence recovery after photobleaching (FRAP)

hTERT-RPE1 centrin1-dTomato GFP-OFD1 cells were transfected

with myosin VI siRNA and plated on MatTek glass bottom dishes

(P35G-1.5-14-C, MatTek Life Sciences). FRAP experiments were

performed on the UltraVIEW VoX spinning-disk confocal system

(PerkinElmer) equipped with an EclipseTi inverted microscope

(Nikon), provided with an integrated FRAP PhotoKinesis unit

(PerkinElmer), a Hamamatsu CCD camera (C9100-50), a Okolab

cage incubator, and driven by Volocity software (Improvision;

Perkin Elmer). Photobleaching was achieved on a square region of

3 × 3 μm by using the 488 nm laser at the maximum output to

bleach the GFP signal. Initially, 10 images with a 400-ms time-frame

were acquired to determine the levels of pre-bleach fluorescence.

Images were acquired through a 60× oil-immersion objective (Nikon

Plan Apo VC, NA 1.4) with the following time-frame: every second

for the first 60 s, every 2 s for the following 60 s and every 5 s for

the following 120 s.

A custom ImageJ macro and a set of functions written in Matlab

software were used to analyse the recovery curves. ImageJ was used

to measure the mean intensity value over time in the bleached area

and the background over time in an area in the field without cells.

StackReg ImageJ Plugin was used to align the bleached area over

time. The photobleaching recovery curves were then normalised to

the pre-bleaching mean intensity values after background correction

using Matlab. Matlab was then used to fit the first 150 s after photo-

bleaching of the recovery curves with a one phase exponential recov-

ery function with f0 fixed as the first value after photobleaching:

F tð Þ ¼ A 1� e�τt
� �þ f 0

Half maximum time (t1/2) was then evaluated as:

t1=2 ¼ �ln 0:5ð Þ
τ

and Mobile Fraction as:

MobFr ¼ max F tð Þð Þ � min F tð Þð Þ
1� min F tð Þð Þ

Structured illumination microscopy (SIM)

hTERT-RPE1 control and myosin VI-depleted cells were plated on

13-mm coverslips, thickness 1.5 mm, Boroslicate glass (631-0150,

VWR). Four days after transfection, cells were incubated for 1 h on

ice in PBS to induce the depolymerisation of cytoplasmic micro-

tubules and were subsequently stained with anti-acetylated tubulin

and anti-OFD1, anti-Cep164 or anti-ODF2 antibodies (for more

details, see the IF staining section). SIM Images were acquired using

a GE HealthCare Deltavision OMX system, equipped with 2 PCO

Edge 5.5 sCMOS cameras, using a 60× 1.42NA Oil immersion objec-

tive. Images were deconvolved and reconstructed with Applied

Precision’s softWorx software. The images are presented as
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maximum-intensity projections and were prepared using ImageJ/Fiji

(National Institutes of Health).

Direct stochastic optical reconstruction microscopy (dSTORM)

hTERT-RPE1 cells were transfected with myosin VI siRNA and

plated on MatTek glass bottom dishes (P35G-1.5-14-C, MatTek Life

Sciences). Four days after transfection, cells were fixed with

methanol and stained with anti-pericentrin, anti-ODF2 or anti-FBF1

antibodies. dSTORM imaging was performed using the Nikon N-

STORM microscope equipped with a 1.49 NA CFI Apochromat TIRF

objective, exciting the Alexa Fluor 647 dye with the 647 nm laser

light in HILO (highly inclined and laminated optical sheet) mode

(Tokunaga et al, 2008). The 405 nm laser light was used to reacti-

vate Alexa Fluor 647 into a fluorescent state. The activation laser

power was constantly increased during the acquisitions up to a

maximum of 10% of the laser power. Each dSTORM acquisition

consisted of 30,000 images recorded with an Orca-Flash4.0 sCMOS

camera (Hamamatsu) with an exposure time of 20 ms, a pixel size

of 161.5 nm and a field of view of 64 × 64 pixels. During dSTORM

acquisitions, cells were kept in imaging buffer (100 mM MEA, 1%

glucose, 560 μg/ml Glucose Oxidase, and 34 μg/ml Catalase in

PBS). Prior to dSTORM imaging, the pericentrin staining was

imaged in wide-field mode to identify the centrioles oriented perpen-

dicular to the imaging plane.

dSTORM image sequences were processed using the ImageJ/Fiji

plug-in ThunderSTORM (Ovesny et al, 2014) with a pre-detection

wavelet filter (B-spline, scale 2, order 3), initial detection by non-

maximum suppression (radius 1, threshold at one standard devia-

tion of the F1 wavelet), and sub-pixel localisation by integrated

Gaussian point-spread function and maximum likelihood estimator

with a fitting radius of 3 pixels. Detected localisations were filtered

(intensity > 500 photons, sigma range of 50–500, and localisation

uncertainty < uncertainty mean). The filtered dataset was then

corrected for sample drift (cross-correlation of images from five

bins at a magnification of 5) and repeated localisations were

removed by merging points that reappeared within 3*uncertainty
nm. STORM images were visualised using the Average shifted

histograms method with 2 lateral shifts. To emphasise the symme-

try of the distribution of the distal appendages, the STORM image

was rotated for 40 degrees × 8 times around the centre of the

centriole, and the average projection from 9 orientations was

generated.

Primary cilium assay

hTERT-RPE1 p53 KO cells were transfected with myosin VI or OFD1

siRNAs and plated on coverslips coated with 0.2% gelatine. Four

days after transfection, cells were serum starved in medium with

0% serum (DMEM/F12 supplemented with 2 mM L-glutamine,

0.5 mM Na-Pyruvate and 15 mM Hepes, pH 7.5) for 24 h to allow

cilium assembly. Microtubule depolymerisation was induced by

incubating the cells in PBS at 4°C for 1 h before Me-OH fixation.

Subsequently, cell lines were stained with anti-acetylated tubulin

and anti-Cep135 primary antibodies and DAPI. Z-stack images

(0.2 μm intervals) of 20 sections were acquired using a Deltavision

Elite system (GE Healthcare) equipped with a IX71 microscope

(Olympus), a sCMOS camera, using a 60× PlanApo 1.42 NA oil

immersion objective and driven by softWoRx version 7.0.0. The

number of cells displaying a primary cilium was determined using

anti-acetylated tubulin staining, and centrioles were identified

through the double Cep135/acetylated tubulin staining.

Correlative Light Electron Microscopy (CLEM)

hTERT-RPE1 cells were transfected with the indicated siRNA 96 h

before fixation and plated on gridded MatTek glass bottom dishes

(P35G-1.5-14-CGRD, MatTek Life Sciences). Cells were fixed and

stained as described (Mironov & Beznoussenko, 2013), using anti-

pericentrin antibody to identify the position of the centrosomes.

Images were acquired on a XZ plane to calculate the distance

between the glass bottom and the centrosome, using a Leica TCS

SP5 laser confocal scanner mounted on a Leica DMI 6000B inverted

microscope equipped with a HCX PL APO 63X/1.4NA oil immersion

objective using 488 nm laser line. Leica LAS AF software was used

for all acquisitions. For transmission electron microscopy (TEM),

samples were then fixed with 2.5% GA in 0.2 M Cacodylate buffer,

pH 7.2, and embedded in resin (Beznoussenko & Mironov, 2015).

The samples embedded in resins were sectioned with diamond knife

(Diatome, Switzerland) using Leica EM UC7 ultramicrotome.

Sections (50-60 nm) were analysed with a Tecnai 20 High Voltage

EM (FEI, The Netherlands) operating at 200 kV.

For immunogold staining of myosin VI, A549 wild-type and

myosin VI KO cells were plated on gridded MatTek glass bottom

dishes and treated as detailed/described above for CLEM. Then,

cells were stained with anti-myosin VI 1296 antibody, incubated

with Nanogold®-Fab’ Goat anti-Rabbit IgG (#2004, Nanoprobes).

GoldEnhanceTM (EM #2113, Nanoprobes) was used to enhance the

signal from nanogold particles.

Flow cytometry analysis of cell cycle profile

Myosin VI shRNA expression was induced with 0.5 µg/ml doxycy-

cline for 10 days. Cells were then trypsinised and washed once in

PBS. After centrifugation, cell pellets were resuspended in 250 µl
of 4°C-cold PBS, fixed by adding 750 µl of 100% Et-OH (−20°C)
dropwise while vortexing and left 1 h on ice. Cells were then

washed in PBS-1% BSA and resuspended in 1 ml PI (50 µg/ml)

and RNAse (250 µg/ml). After incubation at 4°C overnight, flow

cytometry was performed for cell cycle analysis. Sample acquisi-

tion was performed with FACSCanto II (Beckton Dickinson). Anal-

ysis of cell cycle distribution was performed with ModFitLT V3.1

software.

Senescence-associated β-galactosidase (SA-β-gal) assay

After fixation with 4% PFA for 10 min, cells were incubated with

SA-β-gal staining solution containing 1 mg/ml 5-bromo-4-chloro-3-

indolyl beta-D galactopyranoside (X-Gal), 40 mM citric acid/sodium

phosphate pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium

ferricyanide, 150 mM NaCl and 2 mM MgCl2. After incubation at

37°C overnight, cells were washed with PBS and mounted on glass

slides using Mowiol Mounting Medium. Images were acquired using

a digital camera connected to a white-light microscope. SA-β-gal
activity was detected in senescent cells as local perinuclear blue

precipitate.
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Data availability

The mass spectrometry raw datasets were deposited in PRIDE data-

base and can be accessed through ProteomeXchange with the

following Project Name: Study of endogenous interactome of

Myosin VI, Project accession: PXD026697 (http://www.ebi.ac.uk/

pride/archive/projects/PXD026697). Full list of the specific interac-

tors is provided in Dataset EV1.

Expanded View for this article is available online.
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