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Introduction

Centrosomes are microtubule organizing centers (MTOCs) that 
serve as the poles of mitotic spindles in mitotic cells. The centro-
some consists of a pair of centrioles that are precisely duplicated 
during S-phase. Of the centriole pair, the “mother” is distin-
guishable from the “daughter” by the presence of distal and sub-
distal appendages.1 During cellular quiescence (G

0
 phase), the 

mother centriole is converted to the basal body that assembles 
a primary cilium, which is then disassembled during cell cycle 
re-entry.2 A cilium or flagellum is made of a microtubular axo-
neme that is ensheathed within a membrane and protrudes out 
from the cell surface.3 While motile cilia are found in specific cell 
types, non-motile primary cilia that transduce physiological and 
developmental signals are found in almost all mammalian cells 
at some point during their life cycle.4,5 During ciliogenesis, the 
centrosome migrates to the cell surface where the mother centri-
ole is converted to the basal body, which entails it being encap-
sulated at its distal end by vesicles derived from the Golgi and 
anchored to the plasma membrane.6 This is followed by extension 
of the ciliary axoneme mediated by the intraflagellar transport 
(IFT) machinery.7 Recent studies indicate that various molecular 
machineries that control the temporal switch between basal bod-
ies and centrioles play a crucial role in regulating ciliary assem-
bly-disassembly in co-ordination with the cell cycle.8-12 Defects 
in the assembly or function of primary cilia are associated with a 
series of pathologies broadly known as ciliopathies.13,14

We have recently shown voltage-dependent anion channel 3 
(VDAC3), a mitochondrial porin, to localize to centrosomes, 
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preferentially to the mother centriole and to interact with the 
centrosomal protein kinase Mps1, which was also predomi-
nantly associated with the mother centriole.15 Mps1 is required 
for the spindle assembly checkpoint16 and is an important regu-
lator of centriole assembly, although it may be dispensable for 
the canonical centriole duplication cycle.17-20 Mps1 is required for 
the recruitment of Centrin 2 (Cetn2) to procentrioles,15,21 and 
increasing the level of Mps1 at centrosomes invariably causes 
centriole re-duplication in human cells.18,19,22-24 We showed that 
a centrosomal pool of VDAC3 recruits Mps1 to centrosomes; 
Mps1 is lost from centrosomes in VDAC3-depleted cells, leading 
to an inhibition of centriole assembly that can be bypassed by 
targeting Mps1 to centrosomes independently of VDAC3.15

Here, we show that both VDAC3- and Mps1-depleted RPE1 
cells inappropriately assemble primary cilia. Tethering Mps1 to 
the centrosome via the PACT domain can suppress cilia forma-
tion in VDAC3-depleted cells, suggesting that VDAC3 nega-
tively regulates ciliogenesis, at least in part by recruiting Mps1 to 
centrosomes. Thus, our study reveals a novel role for a VDAC3-
Mps1 module in controlling ciliogenesis. Moreover, differences 
in the ciliary phenotypes between VDAC3-depleted and Mps1-
depleted cells suggest that VDAC3 may play additional, Mps1-
independent roles in ciliogenesis.

Results

VDAC3 depletion leads to primary cilia assembly in non-starved 
cells. In our previous study, while assessing centriole assembly in 
asynchronously growing RPE1 cells treated with control (siCon), 
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VDAC2),31,32 or FCCP, an uncoupler of oxidative phosphoryla-
tion and therefore an inhibitor of general mitochondrial func-
tion.15 While cytochalasin D, an inhibitor of F-actin dynamics 
known to induce ciliogenesis,29 led inappropriate cilia formation 
in proliferating RPE1 cells, neither Erastin nor FCCP treatment 
(at concentrations that showed expected effects on cell viability 
and microtubules),15 led to any significant increase in cells with 
cilia (Fig. 2A). Therefore, our data suggests that appearance of 
primary cilia in proliferating siVDAC3 cells does not reflect 
inhibition of a mitochondrial function of VDAC3 or a general 
effect of mitochondrial dysfunction, but is likely due to the inhi-
bition of the centrosomal function of VDAC3. Moreover, ectopic 
expression of GFP-VDAC3, which localizes to the centrosomes 
in about 60% of RPE1 cells in addition to cytosol and mito-
chondria (Fig. 2B and ref. 15), suppressed ciliogenesis by roughly 
2-fold in serum-starved RPE1 cells compared with the expression 
of GFP alone (Fig. 2B).

Because cells that have exited the cell cycle are expected to 
form cilia, we sought to test if the observed ciliogenesis phe-
notype of siVDAC3 cells is simply a consequence of cell cycle 
position by examining siVDAC3 cells that had entered S-phase 
(as judged by their ability to incorporate BrdU) for the presence 
of primary cilia. Roughly 30–35% of BrdU-positive siVDAC3 
cells (siVDAC3-1 or siVDAC3-2) had a primary cilium, com-
pared with 10–11% of BrdU-positive siCon cells, indicating a 
roughly 3-fold increase in S-phase siVDAC3 cells that contained 
cilia (Fig. 2C). Moreover, a significant fraction of BrdU-positive 
cells (roughly 20%) with an intact cilium had just three foci of 
CP110 (Fig. 2D), a centriolar protein that antagonizes cilia for-
mation and is absent from the basal body.12,33 This indicates that 
such cells had undergone centriole duplication with an intact pri-
mary cilium and a mother centriole/basal body lacking CP110, 
a phenotype that was very rare in control cells. However, these 
cells disassembled their cilia before entering to mitosis, since we 
did not find any cilia-containing mitotic siVDAC3 cell (data not 
shown). Together, these results demonstrate that the appearance 
of cilia in siVDAC3 cells is not due to cell cycle exit per se, and 
suggest that a centrosome associated VDAC3 pool negatively 
regulates ciliogenesis in proliferating cells.

Mps1 depletion also leads to inappropriate ciliogenesis. 
The centrosomal pool of VDAC3 binds to Mps1 and regulates 
the centrosomal level of Mps1, while Mps1 activity controls the 
recruitment of Cetn2 to the newly formed centrioles.15 Wondering 
if Mps1 depletion (siMps1; depletion of Mps1 was verified by 
immunoblotting in Fig. 1C) might induce aberrant ciliogenesis, 
we examined non-starved siMps1 cells for the presence of pri-
mary cilia. Mps1 depletion indeed led to cilia assembly in about 
50% of cells, slightly less than that observed in siVDAC3 cells 
(Fig. 1B). The aberrant ciliogenesis in siMps1 or siVDAC3 cells 
does not appear to reflect the role of Mps1 in recruitment of 
Cetn2 to centrioles, since only 30–35% of siCetn2 cells assem-
bled cilia (Fig. S2A). However, only 14–16% of siMps1 cells that 
had entered S-phase as judged by BrdU incorporation contained 
primary cilia (Fig. 2C). This result suggests that unlike siV-
DAC3, most siMps1 cells that assembled primary cilia had exited 
the cell cycle and were in G

0
/G

1
 phase.

VDAC3-(siVDAC3 or siVD3) or Mps1 (siMps1)-specific siR-
NAs, we noted that only about 10% of siVDAC3 or siMps1 cells 
incorporated BrdU during a 4 h pulse, compared with roughly 
40% of siCon cells (ref. 15; Fig. S1A). Because centriole duplica-
tion was initiated without delay once siMps1 or siVDAC3 cells 
entered S-phase, (as judged by proper incorporation of the pro-
centriole marker Sas6 in all BrdU-positive cells), we concluded 
that these cells had a defect in cell cycle entry rather than cell 
cycle progression.15 Here we have further explored that cell cycle 
defect. Interestingly, we found that a significant fraction of asyn-
chronously grown siVDAC3 or siMps1 cells had assembled pri-
mary cilia (Fig. 1A and B). Several recent studies demonstrate 
that the presence of primary cilia can delay the cell cycle,9,25-28 
suggesting that the presence of primary cilia in VDAC3- and 
Mps1-depleted cells may account for the cell cycle delay. Thus, 
we set out to determine whether VDAC3 and Mps1 might regu-
late ciliogenesis.

Generally, the majority of RPE1 cells do not assemble primary 
cilia during asynchronous growth. Upon cell cycle exit, commonly 
achieved by prolonged serum starvation, about 80–85% of RPE1 
cells form primary cilia.11,29 Notably, about 70% of non-starved, 
asynchronously growing RPE1 cells treated with VDAC3-specific 
siRNA (siVDAC3-1; depletion of VDAC3a and VDAC3b, the 
two isoforms of VDAC3,15 were verified by immunoblotting in 
Fig. 1C) assembled primary cilia-like structures as judged by 
acetylated tubulin (Ac-tub) staining, a well-known marker for the 
ciliary axoneme (Fig. 1A and B), compared with only 15–20% of 
siCon cells. The Ac-tub-positive axoneme-like structures in siV-
DAC3 cells are not elongated centrioles,12 as judged by the absence 
of any aberrant elongation of various centriolar markers such as 
Cetn2 (Fig. S1B), Cep135 (Fig. 1D) and CP110 (Fig. 2D). We 
also observed axoneme-like structures using an antibody against 
polyglutamylated tubulin,8 suggesting that this was not an artifact 
of aberrant tubulin acetylation (Fig. 1D), and roughly 75–80% 
of the Ac-tub stained cilia were positive for the ciliary membrane 
marker Arl13b (Fig. 1E), a small GTPase that regulates Sonic 
hedgehog signaling in mature cilia.30 These observations indicate 
that a majority of the siVDAC3 cells assembled mature primary 
cilia under non-starved growing conditions. Ectopic expression of 
a version of VDAC3 resistant to siVDAC3-1 (GFP-sirVDAC3)15 
suppressed cilia formation in VDAC3-depleted cells as compared 
with GFP alone (Fig. 1F and G). RPE1 cells treated with a second 
siRNA against VDAC3 (siVDAC3-2)15 showed a similar appear-
ance of primary cilia, although to a lesser extent (about 55–60% 
in siVDAC3-2 cells compared with 65–75% in siVDAC3-1 and 
15–20% in siCon cells; Fig. S1C and D). These observations 
confirm that the aberrant ciliogenesis phenotype in RPE1 cells 
is an effect of VDAC3 depletion in these cells rather than a non-
specific or off-target effect.

A non-mitochondrial pool of VDAC3 negatively regu-
late ciliogenesis. We have shown that the mitochondrial porin 
VDAC3 is also localized at the centrosome and regulates centri-
ole assembly.15 In order to test whether the aberrant ciliogenesis in 
siVDAC3 cells was an effect of inhibiting a mitochondrial func-
tion of VDAC3, we treated RPE1 cells with either Erastin, an 
inhibitor of the mitochondrial function of VDAC3 (as well as 
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Figure 1. VDAC3 depletion led to primary cilia assembly in non-starved cells. (A and B) Asynchronously growing RPE1 cells treated with siRNAs 
against Lamin A/C (siCon), VDAC3 (siVDAC3-1) and Mps1 (siMps1) were stained for γ-tub and Ac-tub to identify centrosome and primary cilia respec-
tively. (A) Shown are representative images of random fields of siCon and siVDAC3-1 cells stained for γ-tub (red) and Ac-tub (green). Arrows mark 
cilia. (B) Percentage of cells with cilia were plotted as bars where values represent mean ± SD for three independent experiments, 400–500 cells 
were counted per replicate. (C) Immunoblots show the depletion of VDAC3 (VDAC3a and VDAC3b were decreased by roughly 40% and by 75%) in 
siVDAC3-1 cells (siVD3-1) and Mps1 (by roughly 85%) in siMps1 cells compared with siCon cells prepared similarly as (B). GAPDH or α-tub was used as 
loading control. (D) Asynchronously growing siCon and siVDAC3-1 cells were stained for polyglutamylated tubulin (GT335, green) and Cep135 (red). 
Percentage of cells with cilia were plotted where values represent mean ± SD for three independent experiments, roughly 200 cells were counted 
per replicate. In this and all other images, panels show digitally magnified images of a region surrounded by the box. (E) Representative image of a 
siVDAC3-1 cells prepared as in (A) stained for Arl13B (red) and Ac-tub (green). (F and G) siVDAC3-1 cells were transfected with plasmids expressing 
GFP or GFP-sirVDAC3. (F) Shown is a representative field of siVDAC3-1 cells stained for Cep135 (red) and Ac-tub (magenta). The cell that expressed 
GFP-sirVDAC3 (green) did not contain a primary cilium while the other untransfected cells had cilia as marked by arrows. DNA is blue and bar is 5 μm in 
(A–G). (G) The percentage of GFP-positive cells containing cilia were plotted as bars. Values represent mean ± SD for three independent experiments, 
50–70 GFP-positive cells counted per replicate.
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Figure 2. A non-mitochondrial pool of VDAC3 negatively regulate ciliogenesis. (A) Asynchronously growing RPE1 cells were treated with DMSO (16 h), 
1 or 2 μM Erastin (16 h), 0.1 μM Cytochalasin D (Cyto D; 16 h), 50 μM FCCP (16 h) and 250 μM FCCP (for 4 h), fixed and stained for Ac-tub to identify cilia. 
Percentage of cells containing cilia were plotted as bars and values represent mean ± SD for three independent experiments, where at least 100 cells 
were counted per replicate. (B) RPE1 cells expressing GFP or GFP-VDAC3 (green) were serum starved for 48 h and stained for Ac-tub. Values represent 
the mean ± SD for three independent experiments, where 50–75 GFP-positive cells were counted per replicate. Shown is a random field containing 
GFP-VDAC3 expressing (green) and non-expressing cells stained for Ac-tub (magenta), γ-tub (red) and DNA (blue). Arrow marks the cilium. (C and D) 
Cells prepared as in Figure 1A were labeled with BrdU for 4 h. Bar graph shows the percentage of BrdU-positive cells with Ac-tub stained cilia. Values 
represent the mean ± SD for three independent experiments, where at least 100 cells were counted per replicate. (D) Representative image of a siV-
DAC3-1 cell stained for CP110 (red), Ac-tub (green) and BrdU (blue). Bar is 5 μm in (B and D).

Centrosomal levels of Mps1 and VDAC3 were markedly 
reduced in starved cells and increased after serum addition. 
Since the depletion of VDAC3 or Mps1 facilitated ciliogenesis, we 
wondered if the centrosomal level of these two proteins remains 
low during quiescence, when most cells form cilia. Notably, 
several studies have demonstrated that the expression of Mps1 
is very low in resting cells and tissues with a low proliferative 
index,34,35 while Mps1 level is upregulated in intensely proliferat-
ing cells.36,37 Similarly, we observed that upon serum starvation, 
which leads to quiescence in RPE1 cells, the total Mps1 level 
was greatly reduced, but that Mps1 level was elevated after re-
addition of serum to those cells (Fig. 3A). Consistent with these 

observations, centrosomal Mps1 was either completely lost or 
substantially diminished in the majority of starved RPE1 cells 
(Fig. 3B and C). By 20 h after serum stimulation, centrosomal 
Mps1 was significantly increased in roughly 55–65% of cells, 
the bulk of which were BrdU-positive and was largely associated 
with a single centriole (Fig. 3B and C), presumably the mother 
centriole as seen previously.15 Moreover, roughly 50% of serum-
stimulated RPE1 cells had lost their primary cilia by 20 h after 
serum re-addition, and roughly 70–75% of non-ciliated RPE1 
cells showed intense Mps1 signal at the centrosome (Fig. 3C). 
Thus, we observed a strong correlation between the increase in 
the abundance of Mps1 at the centrosome, re-entry of the starved 
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Figure 3. Centrosomal levels of Mps1 and VDAC3 were reduced in starved cells and increased after serum addition. (A) Immunoblots show the cellular 
level of Mps1 in RPE1 lystes from cells that were asynchronously growing (Asyn), serum starved (SS), are starved and stimulated with serum for 20 h 
(SA). α-tub was used as loading control. (B–D) Shown are representative fields of RPE1 cells that were serum starved (SS) or serum stimulated for 20 h 
(SA) and; (B) labeled with BrdU (blue) and stained for Mps1 (green) and γ-tub (red); (C) stained for Mps1 (green), Arl13B (magenta), γ-tub (red) and DNA 
(blue), or (D) stained for VDAC3 (red) and Cep170 (green). SS cells were stained for DNA (blue) and SA cells were labeled with BrdU (blue) in (D). The 
centrosome and/or cilia of every cell are indicated by a box, magnified panels are shown for cells marked by arrows. Bar = 5 μm in (B–D).
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Consistent with the idea that Mps1 may negatively regulate 
cilia assembly, Mps1 is barely detectable in quiescent cells and 
increases dramatically as cells re-enter the cell cycle and lose their 
primary cilia (see above). To further test the hypothesis that Mps1 
negatively regulates ciliogenesis, we asked if overexpressing Mps1 
could inhibit the formation of primary cilia during serum starva-
tion. RPE1 cells expressing either GFP or GFP-Mps1 were serum 
starved and examined for the presence of cilia. Figure 4B shows 
that the ectopic expression of GFP-Mps1 suppressed cilia assem-
bly, and to an even greater degree than GFP-VDAC3 (Fig. 2B), 
suggesting that the reduction of Mps1 level in quiescent cells may 
play a key role in facilitating cilia formation.

Targeting Mps1 to centrosomes independently of VDAC3 
suppresses aberrant ciliogenesis in siVDAC3 cells. Because cen-
trosomal Mps1 levels are greatly reduced in VDAC3-depleted 
cells,15 we next asked if the aberrant ciliogenesis in siVDAC3 
cells is due to the failure to recruit Mps1 to centrosomes. GFP-
Mps1-PACT is an exclusively centrosomal version of Mps1 that 
is tethered to centrosomes independently of VDAC3 via the 
PACT domain.23,38 GFP-Mps1-PACT is functional in centri-
ole assembly23 and, like GFP-Mps1, can suppress ciliogenesis 
in serum-starved cells (Fig. S2B). We found that GFP-Mps1-
PACT caused a 2-fold decrease in the percentage of siVDAC3 
cells containing primary cilia compared with GFP-PACT alone  
(Fig. 5). Moreover, ciliary lengths were shortened in roughly 20% 
of siVDAC3 cells expressing GFP-Mps1-PACT that still had cilia 
(data not shown). This observation indicates that tethering Mps1 
to centrosomes independently of VDAC3 largely bypassed the 
aberrant assembly of primary cilia in non-starved siVDAC3 cells, 
and further supports the hypothesis that a centrosomal func-
tion of a VDAC3-Mps1 module prevents cilia formation during 
proliferation.

cells into S-phase and disassembly of primary cilia. It is therefore 
tempting to speculate that the growing cells that are depleted 
of centrosomal Mps1 do not progress to S-phase phase, partly 
because of their inability to disassemble primary cilia.

We reported previously that the VDAC3 antibody weakly 
stained mitochondria but strongly stained centrosomes in the 
majority of RPE1 cells, where the bulk of VDAC3 lay within 
the region defined by Cep170, a mother centriolar protein that 
is associated with the appendages.15 In serum-starved cells, this 
centrosomal VDAC3 signal was low and, like Mps1, increased 
considerably after serum addition, particularly in those cells 
that entered S-phase (Fig. 3D). Moreover, in starved cells the 
distribution of centrosomal VDAC3 no longer overlapped that 
of Cep170 and closely resembled the residual centrosome stain-
ing we previously observed in siVDAC3 cells.15 Thus, our results 
support the hypothesis that a centrosomal function of VDAC3 
and Mps1 negatively regulates cilia assembly and cells regulate 
the level of these proteins at the basal body to favor ciliogenesis 
during cellular quiescence.

Mps1 and VDAC3 control ciliary disassembly during serum 
stimulation of the starved cells. In order to further verify the 
hypotheses that the centrosomal level of VDAC3 and Mps1 cor-
relate with cilia assembly and disassembly, we examined whether 
RPE1 cells could resorb cilia during release from starvation in 
Mps1- and VDAC3-depleted cells. Indeed, we observed a signifi-
cant decrease in siVDAC3 cells that resorbed their primary cilia 
after 20 h of serum re-addition and an even greater reduction in 
siMps1 cells, as compared with siCon cells (Fig. 4A). This sug-
gests the possibility that certain thresholds of VDAC3 and Mps1 
at the centrosome are crucial to facilitate disassembly of primary 
cilia during serum-stimulated release from quiescence, which is 
coordinated with cell cycle re-entry.

Figure 4. Mps1 controls ciliary diassembly during serum stimulation. (A) siCon, siVDAC3-1 and siMps1 cells were serum starved (SS), stimulated with 
serum for 20 h (SA) and fixed. Cells were stained for Ac-tub and the percentage of cells with primary cilia were plotted as bars. Values represent mean ± 
SD for three independent experiments, where at least 200 cells were counted per replicate. (B and C) RPE1 cells expressing GFP or GFP-Mps1 were se-
rum starved for 48 h, stained for Ac-tub and the GFP-positive cells containing primary cilia were counted. (B) Values represent the mean ± SD for three 
independent experiments, where 60–75 cells were counted per replicate. (C) Representative image of a serum starved GFP-Mps1 (green) expressing 
RPE1 cell stained for γ-tub (magenta), Ac-tub (red) and DNA (blue). Bar is 5 μm.
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to promote ciliary disassembly, while VDAC3 might have an 
additional function that inhibits cilia assembly in cycling cells. 
Thus, our data supports the presence of a pool of VDAC3 at the 
centrosome that executes its function in part through recruiting 
Mps1 and in part independently of Mps1. Nonetheless, this study 
raises important questions about the downstream mechanism 
of Mps1 and VDAC3 in the ciliary assembly-disassembly pro-
cess and its coordination with the cell cycle. A few mechanistic 
pathways were recently described that negatively regulate cilio-
genesis.4,8,11,25,26,29,39 VDAC3 and Mps1 might contribute to one 
or more of these pathways or function in ciliogenesis through a 
novel pathway, which we look forward to characterizing in future 
studies.

While the observation that a mitochondrial porin regulates 
ciliogenesis may be striking, perhaps it should not be surpris-
ing. Both membrane-associated and mitochondrial proteins 
have recently been found at the basal body and transition zone, 
with either proven or suggested roles in ciliogenesis.14,40-42 Both 

Discussion

We have demonstrated novel roles of VDAC3 and Mps1 in reg-
ulating ciliogenesis. Both proteins were largely associated with 
the mother centriole/basal body, had very low level at the cen-
trosome during quiescence, and overexpression of both either 
inhibited cilia assembly or promoted ciliary disassembly. Since 
VDAC3 appears to be the centrosomal receptor for Mps1,15 it 
seems logical to suggest that VDAC3 and Mps1 cooperate in a 
common mechanism for ciliary resorption and the regulatory 
switch from basal body to centriole. However, the phenotypes 
associated with modulation of the two proteins do not completely 
overlap. GFP-Mps1 suppressed ciliogenesis to a greater degree 
than GFP-VDAC3, and fewer Mps1-depleted cells were able to 
disassemble their cilia upon serum stimulation. In contrast, the 
aberrant assembly of cilia was more pronounced upon VDAC3 
depletion due to the presence of cilia in S-phase cells. Together, 
these observations suggest that VDAC3 and Mps1 cooperate 

Figure 5. Targeting Mps1 to centrosomes independently of VDAC3 suppresses aberrant ciliogenesis in siVDAC3 cells. (A and D) Asynchronously grow-
ing siCon or siVDAC3-1 cells expressing GFP-PACT (green) or GFP-Mps1-PACT (green) were stained for Ac-tub to examine the presence of primary cilia. 
(A and B) Shown are representative images of indicated cells stained for γ-tub (red) and Ac-tub (magenta). (C) An image of a random field of siVDAC3-1 
population, where the cell in the right was expressing GFP-Mps1-PACT but the cell in the left was untransfected, stained for γ-tub (red) and Ac-tub 
(magenta). The GFP-Mps1-PACT expressing cell does not contain a cilium while the non-expressing one contains a cilium. DNA is blue and bar = 5 μm 
in (A–C). (D) Percentage of GFP-positive cells with cilia, values represent the mean ± SD for three independent experiments, 100 cells counted per 
replicate.
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VDAC3 and VDAC2, which was recently found as part of the 
NPHP2 complex at the base of primary cilia,14,42 are present in 
the sperm outer dense fiber.43 The cytoplasmic dynein Tctex-1, a 
VDAC1-interacting protein,44 is also localized at the ciliary tran-
sition zone and negatively regulates ciliogenesis,25 suggesting that 
the VDAC family as a whole may have broad roles in ciliogenesis. 
Similarly, trichoplein, a keratin binding protein,45 localizes both 
to mitochondria, where it regulates endoplasmic reticulum-mito-
chondrial juxtaposition,46 and to centrioles,47 where it negatively 
regulates primary cilia assembly and promotes cell cycle progres-
sion by activating Aurora A kinase.9,11 Interestingly, an earlier 
study demonstrated ultra-structural abnormalities in the epi-
didymal axoneme causing reduced sperm motility in two-thirds 
of mice lacking the VDAC3 gene.48 This might suggest a role 
for VDAC3 in the proper assembly and maintenance of sperm 
flagella, contrasting with our conclusion that VDAC3 negatively 
regulates ciliogenesis. However, the axonemal defect in that 
study was associated with compromised mitochondrial func-
tion, whereas our data indicates that it is a centrosomal function 
of VDAC3 that negatively regulates ciliogenesis. Nevertheless, 
we cannot completely rule out the possibility that a mitochon-
drial function of VDAC3 influences ciliogenesis through some 
unknown mechanism. It was recently shown that a mutation in 
the X-prolyl aminopeptidase 3 (XPNPEP3) gene, which encodes 
a mitochondrial enzyme, leads to a NPHP-like ciliopathy,49 sug-
gesting that mitochondrial dysfunction influences ciliogenesis. 
It is possible that VDAC3, or the VDAC family more broadly, 
might be a link between mitochondrial dysfunction and ciliopa-
thies, which is beyond the scope of this current study but will be 
the subject of future experiments. In conclusion, we have dem-
onstrated that a centriolar function of VDAC3 and Mps1 are 
important to regulate ciliogenesis in human cells, and are look-
ing forward to identifying the precise mechanism of this novel 
pathway in future studies.

Materials and Methods

Plasmids. Previously described plasmids used for this study- 
pHF7 (GFP) and pHF36 (GFP-Mps1), pHF279 (GFP-VDAC3), 
pHF283 (GFP-sirVDAC3), pHF284 (GFP-PACT), pHF285 
(GFP-Mps1-PACT).15,17,18,23 Plasmids created for this study are as 
follows: GFP-tagged mammalian expression constructs- pHF286 
(GFP) and pHF287 (GFP-Mps1) were created by inserting a 492 
bp DNA fragment encoding the β globin intron downstream of 
the SV40 promoter in pHF7 (GFP) and pHF36 (GFP-Mps1). 
The sequences of PCR primers are available upon request. The 
identity of all constructs was verified by sequence analysis.

Cell culture. hTERT-RPE1 cells were cultured in  
DME/F-12 (1:1) (Hyclone) supplemented with 10% FBS 
(Atlanta Biologicals), 100 U/ml penicillinG and 100 μg/ml 
streptomycin (Hyclone) at 37°C in a humidified chamber in the 
presence of 5% CO

2
. For serum starvation, RPE1 cells were incu-

bated in serum and antibiotic free DME/F12 (1:1) for 48 h. To 
identify the cells in S-phase, cells were either incubated with EdU 
(10 μM; Invitrogen) or with BrdU (40 μM; Sigma) for 4 h before 
fixation.

DNA and siRNA transfections. Mammalian constructs 
were transfected using FuGENE 6 (Promega). Stealth siRNAs 
directed against VDAC3 (siVDAC3-1: nucleotides 330–354; 
siVDAC3-2: nucleotides 625–649)15 and Mps1 (nucleotides 
1360–1384)21 were obtained from Invitrogen and siGLO Lamin 
A/C siRNA (siControl) obtained from Dharmacon were 
used at a final concentration of 40 nM for transfection using 
Lipofectamine RNAiMAX (Invitrogen).

Cytology. Antibodies and working dilutions for indirect 
immunofluorescence (IIF) were as follows: GTU-88 mouse anti-
γ-tubulin, 1:200 (Sigma); rabbit anti-γ-tubulin, 1:200 (Sigma); 
goat anti-γ-tubulin, 1:50 (Santa cruz); rabbit anti-Cetn2, 
1:4,000,21 4G9 mouse anti-Mps1, 1:200 (H00007272-M02, 
Novus Biologicals); rabbit anti-CP110, 1:500 (a kind gift from 
Dr Brian Dynlacht, New York University School of Medicine); 
rat anti-BrdU, 1:250 (Abcam); mouse anti-acetylated tubu-
lin, 1:1,000 (Sigma); GT335 mouse anti-glutamylated tubu-
lin, 1:1,000 (Sigma); rabbit anti-VDAC3, 1:50 (Aviva Systems 
Biology); rabbit anti-Arl13B, 1:200 (Proteintech); 3E6 mouse 
anti-GFP, 1:200 (Invitrogen), rabbit anti-Cep135, 1:500 
(Abcam). Secondary antibodies for IIF were goat or donkey 
anti-rabbit, anti-mouse, or goat anti-rat conjugated to Alexa 350 
(1:200), Alexa 488 (1:1,000), Alexa 594 (1:1000), or Alexa 750 
(1:200) (all from Invitrogen) and DNA was stained with Hoechst 
33342 (Sigma). Cells were fixed with either PBS containing 4% 
formaldehyde (Ted Pella) and 0.2% Triton X-100 for 10 min 
at room temperature, or in methanol at -20°C for 10 min. For 
visualizing BrdU, cells fixed in methanol were stained with pri-
mary and secondary antibodies to cellular antigens, fixed again 
in methanol, treated with 2 N HCl for 30 min, followed by stain-
ing with anti-BrdU antibody.50 Click-iT EdU Cell Proliferation 
kit (Invitrogen) was used according to manufacturer’s instruc-
tion to visualize EdU-positive cells. All images were acquired at 
ambient temperature using an Olympus IX-81 microscope, with 
a 63× or 100× Plan Apo oil immersion objective (1.4 numerical 
aperture) and a QCAM Retiga Exi FAST 1394 camera, and ana-
lyzed using the Slidebook software package (Intelligent Imaging 
Innovations).

Immunoblotting. Human cells were lysed in either HeLa 
lysis buffer (50 mM TRIS-HCl pH 8.0, 150 mM NaCl and 
1% NP-40) or RIPA buffer (50 mM TRIS-HCl pH 8.0, 150 
mM NaCl and 1% TritonX-100, 0.25% Na-Deoxycholate, 0.1% 
SDS). Antibodies for immunoblot analysis were: 1:2,000 rabbit 
anti-GFP (Sigma), 1:1,000 N1 mouse anti-Mps1 (Invitrogen): 
1:20,000 DM1A mouse anti-α-Tubulin (Sigma), 1:1,000 rab-
bit anti-VDAC3 (Aviva Systems Biology), 1:20,000 mouse 
anti-GAPDH (Sigma), 1:750 rabbit anti-Cetn2 (Biolegend). 
Secondary antibodies were Alexa680-conjugated donkey anti-
mouse/rabbit (Invitrogen) and IRDye800-conjugated donkey 
anti-mouse/rabbit (Rockland), both used at 1:10,000 dilution 
for all primaries that were analyzed by Odyssey imaging system 
(Li-Cor) except anti-Cetn2, which was hybridized with a HRP-
conjugated sheep anti-rabbit IgG (GE Healthcare) and detected 
with SuperSignal West Femto Chemiluminescent Substrate 
(Thermo Scientific). The background-corrected intensities of the 
bands were calculated using Odyssey imaging system (Li-Cor).
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