Vesicular trafficking plays a role in centriole
disengagement and duplication
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ABSTRACT Centrosomes are the major microtubule-nucleating and microtubule-organizing
centers of cells and play crucial roles in microtubule anchoring, organelle positioning, and
ciliogenesis. At the centrosome core lies a tightly associated or “engaged” mother-daughter
centriole pair. During mitotic exit, removal of centrosomal proteins pericentrin and Cep215
promotes "disengagement” by the dissolution of intercentriolar linkers, ensuring a single
centriole duplication event per cell cycle. Herein, we explore a new mechanism involving
vesicular trafficking for the removal of centrosomal Cep215. Using small interfering RNA and
CRISPR/Cas9 gene-edited cells, we show that the endocytic protein EHD1 regulates Cep215
transport from centrosomes to the spindle midbody, thus facilitating disengagement and
duplication. We demonstrate that EHD1 and Cep215 interact and show that Cep215 displays
increased localization to vesicles containing EHD1 during mitosis. Moreover, Cep215-contain-
ing vesicles are positive for internalized transferrin, demonstrating their endocytic origin.
Thus, we describe a novel relationship between endocytic trafficking and the centrosome
cycle, whereby vesicles of endocytic origin are used to remove key regulatory proteins from
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centrosomes to control centriole duplication.

INTRODUCTION

The centrosome serves as the major microtubule-organizing center
of a cell, giving rise to a variety of protein machines that include
mitotic spindles and cilia (Conduit et al., 2015). Centrosome dupli-
cation is tightly coupled to the cell cycle and normally occurs only
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once each cycle. Typically, cells in G1 phase contain a single centro-
some. During S phase, centrosomes duplicate, with mother and
daughter centrioles spawning an orthogonally positioned procentri-
ole. As newly formed daughter centrioles elongate during G2
phase, the protein linker connecting the two centrosomes is broken,
triggering centrosome separation (Bahe et al., 2005). Centrosomes
then recruit additional pericentriolar material (PCM) in a process
called “maturation,” which allows them to facilitate spindle assem-
bly. During mitotic exit, each daughter cell receives a tightly associ-
ated mother—daughter centriole pair that disconnects in a process
termed “disengagement” (Tsou and Stearns, 2006a; Mardin and
Schiebel, 2012). Thus, the centrosome cycle ensures that mitotic
cells contain two centrosomes to guide assembly of a bipolar spin-
dle and enhance the accuracy of chromosome segregation.

To prevent rampant centrosome amplification, the centrosome
cycle contains roadblocks that restrict duplication and that are nor-
mally removed at distinct steps during the cell cycle. For example,
after assembly of a new daughter centriole, pericentrin (PCNT)
maintains the orthogonal “engaged” configuration of the mother—
daughter pair. Importantly, engagement itself functions as a block to
centriole reduplication (Tsou and Stearns, 2006b). During mitotic
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exit, PCNT is cleaved to promote disengagement and “license”
centrioles for another round of duplication (Lee and Rhee, 2012).
Equally crucial is the removal of the PCM protein Cep215/Cdkrap2
from centrosomes. Notably, PCNT interacts with Cep215 and is
required for its centrosomal localization (Pagan et al, 2015).
Although expression of a noncleavable PCNT mutant blocks centri-
ole disengagement (and thus duplication), the depletion of Cep215
rescues centriole duplication in these cells. Therefore, in addition
to PCNT cleavage, Cep215 is normally removed from centrosomes
for centriole disengagement and duplication to proceed in a timely
manner.

At present, little is known of how centrosomal proteins are re-
cruited and removed from centrosomes. Although proteasome-
mediated degradation is a mechanism for eliminating centrosomal
proteins (Chen et al., 2002; Pagan et al., 2015), it is assumed that
diffusion accounts for the exchange of most centrosomal proteins.
However, an unexplored possibility is that membrane trafficking as-
sists protein removal. Indeed, several proteins, including ninein, un-
dergo relocation from centrosomes to the spindle midbody to pro-
mote centrosome duplication (Bouckson-Castaing et al., 1996).
Moreover, ninein moves from centrosomes along microtubules, sug-
gesting it may be redistributed via a transport mechanism (Moss
et al., 2007).

Here, we explore vesicular trafficking as a mechanism to attenu-
ate the levels of centrosomal proteins and their redistribution to the
spindle midbody. Our findings suggest a role for the endocytic
ATPase protein EHD1, its interaction partner MICAL-L1, and the ret-
romer complex in the removal and transport of Cep215 from the
centrosome to the spindle midbody, thus enabling centriole disen-
gagement and duplication. Our data implicate a previously un-
known vesicular trafficking pathway in the regulation of the centro-
some cycle.

RESULTS AND DISCUSSION

Depletion of EHD1 and select endocytic regulatory proteins
impairs centriole disengagement and duplication

Several studies have linked endocytic trafficking regulators to vari-
ous aspects of centrosome biology. For example, CP110 is removed
from mother centrioles to promote ciliogenesis, and this requires
both ciliary vesicles and the endocytic regulatory protein EHD1 (Lu
et al., 2015). Furthermore, Rab11-associated recycling endosomes
interact with mother centriole appendages and contribute to mitotic
spindle assembly (Hehnly and Doxsey, 2014). In spite of these dis-
coveries, a potential role for endocytic transport in regulation of the
centrosome cycle has not been explored.

We first examined whether EHD1 might participate in centriole
duplication using an established centriole reduplication assay in
U20S cells. Specifically, hydroxyurea (HU) was added to cells to
induce a prolonged S-phase arrest, which causes repeated cycles
of mother—daughter centriole disengagement and duplication
(Kuriyama et al., 2007). Centriole numbers were measured in mock-
treated and EHD1-depleted cells by immunostaining for y-tubulin
and Centrin 1. EHD1 protein levels were depleted by 75-85% as
determined by anti-EHD immunoblotting (Figure 1A). Whereas
Centrin 1 labels all centriole distal tips, y-tubulin appears as a single
spot associated with either unduplicated (Figure 1B) or dupli-
cated centriole pairs (Figure 1C) and individual centriole singlets
(Figure 1D). Although most control cells contained >4 centrioles, the
percentage of cells with >4 centrioles was significantly reduced in
EHD1-depleted cells (Figure 1E). These findings suggest that EHD1,
an endocytic membrane-remodeling protein, plays an unexpected
role in centriole duplication.
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We next examined whether this centriole reduplication defect
could be due to an inability of mother—daughter centriole pairs to
disengage, because failure to disengage prevents centriole dupli-
cation (Tsou and Stearns, 2006a). We synchronized control or
EHD1-depleted cells and examined their centriole engagement
status during telophase and early G1 phase by immunostaining for
c-Nap1 and Centrin 1. After disengagement, c-Nap1 binds the
proximal ends of both mother and daughter centrioles, appearing
as two distinct foci (Fry et al., 1998). However, within an engaged
pair, c-Nap1 localizes as a single spot to the proximal end of the
mother centriole (Tsou and Stearns, 2006b). Thus, disengaged
centrioles contain a single spot of c-Nap1 and Centrin 1 (1:1 ratio),
whereas an engaged pair has one focus of c-Nap1 and two Centrin
1 spots (1:2 ratio) (Tsou and Stearns, 2006b). As expected, the ma-
jority of centrioles (65%) were disengaged in control (Mock) cells
(Figure 1, F, H, and K). However, upon EHD1 depletion, less than
20% of cells contained disengaged centrioles (Figure 1, G, |, and
K), suggesting that EHD1 is required for efficient centriole
disengagement.

As an alternative approach to small interfering RNA (siRNA),
we used CRISPR/Cas9 gene editing to knockout EHD1 (EHD1
KO) in NIH 3T3 cells (Yeow et al., 2017) (Figure 1J) and mea-
sured the percentage of cells with disengaged centrioles com-
pared with the wild-type NIH 3T3 line. Strikingly, we found a
decrease in the percentage of EHD1 knockout cells with disen-
gaged centrioles, indicating that the effect on centrioles is not
limited to acute EHD1 depletion (Figure 1L). These data indi-
cate that EHD1 plays a significant role in promoting centriole
disengagement.

We tested this idea further using an alternative centriole disen-
gagement assay. Cells were treated with the Cdk1 inhibitor, RO-
3306, which causes G2-phase arrest and promotes the premature
disengagement of duplicated centriole pairs (Vassilev et al., 2006;
Prosser et al., 2012). Centriole disengagement was visualized by
immunostaining for y-tubulin and Centrin 1. Accordingly, y-
tubulin:Centrin 1 foci in a 4:4 ratio indicates premature disen-
gagement (Figure 1M), a 4:2 ratio represents two pairs of en-
gaged centrioles (Figure 1N), and a 2:1 ratio signifies an
unduplicated centriole pair (Figure 10). Whereas most control
cells (52%) displayed premature centriole disengagement (4:4 ra-
tio), this was reduced (22%) in EHD1-depleted Hela cells (Figure
1P). Premature centriole disengagement was also decreased in
EHD1-depleted immortalized RPE-1 cells (Figure 1Q) and NIH
3T3 CRISPR/Cas9 EHD1 knockout cells (Figure 1R). In addition,
we transiently transfected green fluorescent protein (GFP)-EHD1
into either the wild-type NIH 3T3 cells (Supplemental Figure 1,
A-C) or the EHD1 knockout cells (Supplemental Figure 1, D-F)
and calculated the percentages of cells with engaged or disen-
gaged centrioles (Supplemental Figure 1G). Whereas the EHD1
knockout cells had a higher percentage of engaged centrioles
than wild-type NIH 3T3 or GFP-EHD1-transfected NIH 3T3 cells,
transfection of the knockout cells restored the level of cells with
engaged centrioles to those of the wild-type NIH 3T3 cells (Sup-
plemental Figure 1G).

We also found that prolonged treatment with RO-3306, which
normally promotes reduplication of disengaged centrioles in Hela
cells (Loncarek et al., 2010; Steere et al., 2011) (Figure 1, S and U),
does not have this effect in EHD1-depleted cells, the majority of
which contained fewer than 4 centrioles (Figure 1, T and U). Collec-
tively, the participation of EHD1 in centriole disengagement impli-
cates vesicular transport as a novel component of the centrosome
cycle.
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blotting demonstrates the efficiency (75-85%) of siRNA-mediated EHD1 depletion from U20S cells. Equal total protein
amounts were loaded. Actin, loading control. (B-D) U20S cells were HU treated for 72 h, immunostained for Centrin 1
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(B), 4 centrioles (C), and > 4 centrioles (D). DNA, blue. Insets show centrioles at higher magnification. Scale bar: 5 pm
(in all images). (E) Graph shows average percentages of mock-treated and EHD1-depleted cells containing the indicated
number of centrioles. For all graphs, n = 3 experiments (>100 cells quantified per each experiment). Error bars indicate
SD. *, p <0.0001. (F-I) Centriole disengagement is impaired upon EHD1 depletion. Hela cells were mock treated
(F, H) or EHD1 depleted (G, 1), synchronized to telophase (F, G) or early G1 phase (H, 1), and immunostained for C-Nap 1
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Cep215 and PCNT are trafficked from centrosomes

to the midbody in an EHD1-dependent manner

How could vesicular transport impact centriole duplication? One
possibility is that vesicular transport is used as a mechanism to re-
move centrosomal proteins that normally restrict progression
through the centrosome cycle. Cep215 is an excellent candidate for
such a mechanism, as its presence on centrosomes is a barrier to
centriole duplication (Graser et al., 2007; Barrera et al., 2010; Pagan
etal., 2015). Cep215 also associates with microtubules and, in addi-
tion to its centrosomal localization, appears in a punctate cytoplas-
mic pattern (Fong et al., 2008, 2009). However, little is known about
the dynamics of these punctate structures and their relationship to
the Cep215 centrosome-bound pool. We therefore hypothesized
that EHD1 depletion may cause abnormal centrosomal retention of
Cep215. In mock-treated cells, Cep215 fluorescence intensity on
centrosomes decreased during mitotic exit, as previously reported
(Pagan et al., 2015), with Cep215 partially relocalized to the spindle
midbody during cytokinesis (Figure 2, A and C; yellow arrows in C
mark Cep215 on the centrosome and rectangular ROl denote
Cep215 at the spindle midbody). (Note that cells in Figure 2, C and
D, were imaged at a lower intensity compared with cells in Figure 2,
A and B, so that differences in Cep215 centrosome localization can
be detected, whereas cells in Figure 2, A and B, were imaged at a
higher intensity to better quantify Cep215 at the spindle midbody.)
However, in EHD1-depleted cells, Cep215/y-tubulin intensity on
centrosomes was significantly higher during cytokinesis and nearly
absent on the midbody (Figure 2, B and D-F; yellow arrows in D and
rectangular region of interest). We also observed a similar increase
in the centrosomal Cep215/y-tubulin ratio in late mitotic EHD1
knockout cells as compared with control cells (Figure 2G). Strikingly,
Cep215 localization to centrosomes was similarly regulated by other
endocytic regulatory proteins, including the EHD1 interaction part-
ner MICAL-L1, as well as components of the retromer complex
(Vps26 and Vps35), but not Rab11 (Supplemental Figure 2).

As with Cep215, PCNT levels also decrease on centrosomes dur-
ing mitotic exit, an event that coincides with centriole disengage-
ment (Matsuo et al., 2012). Similarly, we found that PCNT accumu-
lates on centrosomes in EHD1-depleted cells (Figure 2, H-L).
However, EHD1 depletion does not induce a general redistribution
of centrosomal proteins, as both Sasé (Habedanck et al., 2005) and
STIL (Kumar et al., 2009; Stevens et al., 2010) recruitment to centro-
somes are unaffected in the absence of EHD1 (Supplemental
Figure 3). Overall, these findings support the possibility that EHD1,
and several of its endosomal sorting partners, mediates the removal
of Cep215 and PCNT from centrosomes.

Because global Cep215 protein levels remain constant through-
out mitosis (Pagan et al., 2015), the removal of Cep215 from centro-
somes is likely due to either diffusion or directed vesicular transport,

rather than degradation. Given the role of EHD1 in vesicular trans-
port (Caplan et al., 2002; Gokool et al., 2007; Jovic et al., 2007; Cai
et al., 2011), we hypothesized that Cep215's dynamic localization
pattern might occur via EHD-mediated vesicular transport rather
than a diffusion-based mechanism. To test this, we used live imag-
ing to investigate whether Cep215 trafficks on vesicles. Cells con-
tained an easily discernible, centrosome-bound population of GFP-
Cep215 (Figure 3A, 2 min). Strikingly, Cep215 punctate structures
were clearly seen detaching from the centrosome region and mov-
ing distally (Figure 3A, yellow arrows, and Supplemental Video 1).
Because EHD1 regulates trafficking of a subset of recycling endo-
somes (Caplan et al., 2002), we next asked whether Cep215 associ-
ates with recycling endosomes or markers of the endocytic pathway.
To address this question, we imaged GFP-Cep215-expressing live
cells pulsed with transferrin, an endocytic cargo whose recycling is
governed, in part, by EHD1 (Naslavsky et al., 2004). We noticed
multiple events of colocalization between GFP-Cep215 and Alexa
Fluor 568-transferrin (Figure 3B, yellow arrows and yellow dashed
square; see Supplemental Figure 4 for individual channels at all time
points), indicating that a population of Cep215 associates with
transferrin-containing recycling endosomes. Importantly, colocaliza-
tion was not transient, but rather was maintained throughout the
experiment (Figure 3B, blue and magenta arrows, and Supplemen-
tal Video 2). Moreover, vesicles containing both transferrin and
Cep215 were highly mobile (Figure 3B, bottom right panel, blue
and magenta tracks depicted over time). These data suggest that a
population of Cep215 is trafficked from centrosomes via vesicular
transport, possibly through recycling endosomes.

We next examined whether trafficking of Cep215-associated
vesicles is mediated by EHD1. Control and EHD-depleted cells were
transfected with Myc-Cep215 and immunostained for Myc to iden-
tify Cep215-associated vesicular structures (Figure 4, A and B, cell
boundaries are marked by dashed yellow regions of interest). Using
automated particle detection, we measured the number of Myc-
positive vesicles. We found that a significantly smaller number of
vesicles were observed in the absence of EHD1 (Figure 4C), possibly
due to fewer Cep215-containing vesicles being released into the
cytoplasm. Intriguingly, the Cep215 distribution pattern in EHD1-
depleted cells was often reminiscent of transferrin-containing endo-
somes that coalesce at the pericentriolar region (Lin et al., 2001;
Giridharan et al., 2013), indicating that EHD1 may regulate the
transport of transferrin- and Cep215-associated vesicles in a similar
manner.

Cep215 resides in a vesicular complex with EHD1

that is trafficked away from the centrosome

Because EHD1 mediates transport of Cep215-associated vesicles,
we examined whether Cep215 could be visualized in vesicles

EHD1 in wild-type or CRISPR/Cas? EHD1 knockout NIH 3T3 cells was determined by anti-EHD1 immunoblot (arrow
denotes EHD1). Actin, loading control. (K, L) Graph shows the percentage of cells with disengaged/engaged centrioles
in late cytokinesis siRNA-treated U20S (K) and CRISPR/Cas9 gene-edited EHD1-knockout NIH 3T3 cells (L).

(M-R) Premature centriole disengagement induced by the Cdk1 inhibitor RO-3306 is impaired in EHD1-depleted cells.
Hela and RPE-1 cells were treated with RO-3306 for 18 h and immunostained for y-tubulin (red) and Centrin 1 (green).
Micrographs show representative Hela cells with disengaged centrioles (M), engaged centrioles (N), or centrioles that
fail to duplicate (O). DNA, blue. (P-R) Graphs show the percentage of cells containing either disengaged centrioles or
an engaged/no duplication phenotype in RO-3306 and siRNA-treated Hela cells (P), RPE-1 cells (Q), and wild-type NIH
3T3 and CRISPR/Cas9 EHD1-knockout cells (R). (S-U) Reduplication of disengaged centrioles is impaired in EHD1-
depleted cells. Mock-treated or EHD1-depleted Hela cells were incubated with RO-3306 for 36 h and immunostained
for c-Nap1 (green) and Centrin 1 (red). The percentage of cells with >4 centrioles (S) or 4 centrioles or <4 centrioles

(T) is shown in graph (U). Asterisks denote statistical significance between mock-treated and EHD1-depleted cells with

>4 centrioles.
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Scale bar: 5 pm.
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Cep215 y-tubulin

Transferrin GFP-Cep215

Cep215 is transported away from centrosomes on transferrin-containing vesicles. (A) Cep215 displays
directional movement away from the centrosome. U20S cells transfected with pEGFP-Cep215 and dTomato-y-tubulin
for 16 h were imaged live every 2 s for 10 min. The dashed box indicates the y-tubulin-labeled centrosome and is shown
at higher magpnification in the time-stamped insets. Circles mark the centrosome where Cep215 is localized. Arrows
point to Cep215 moving away from the centrosome. Scale bar: 10 pm. (B) Cep215 localizes to mobile vesicles containing
transferrin. U20S cells transfected with pEGFP-Cep215 were pulsed for 15 min with Alexa Fluor 568-conjugated
transferrin and imaged every 2 s for 10 min. Yellow arrows indicate Cep215 on transferrin-containing vesicles. Insets
showcase two vesicles (dashed yellow box) at higher magnification. Blue and magenta arrows mark the movement of
these vesicles, and their entire path is illustrated over time (bottom right panel). Videos compiled are representative of
18 (A) or 7 (B) time series obtained. Scale bar: 10 pm.
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containing EHD1. Using CRISPR/Cas? gene-edited NIH 3T3 cells
containing endogenous levels of EHD1 expressed as an EHD1-GFP
fusion protein, we costained interphase and late mitotic cells for
Cep215 and 4’,6-diamidino-2-phenylindole (DAPI; Figure 4, D and
E). Although some overlap between EHD1- and Cep215-containing
structures was detected in interphase cells (Figure 4D, see insets),
greater overlap was observed between the two proteins in late mi-
totic cells (Figure 4E, see insets and arrows). Indeed, a greater than
twofold increase in Cep215 that localized to EHD1-containing struc-
tures was observed in mitotic cells (Figure 4F). Moreover, in mitotic
cells, we visualized endocytic vesicles containing internalized trans-
ferrin and both Cep215 and Vps35 in the proximity of the centro-
some (Supplemental Figure 5). We therefore rationalized that if
EHD1 and Cep215 are transported on common vesicles, then the
two proteins may interact with one another. To test this, we per-
formed coimmunoprecipitation experiments. We found that endog-
enous Cep215 coimmunoprecipitated with endogenous EHDT,
whereas Cep215 did not precipitate in the beads-only control
(Figure 4G).

Our study shows that EHD1, a regulator of recycling tubule fis-
sion, affects centrosome duplication by promoting centriole dis-
engagement. Our findings support a mechanism for centriole dis-
engagement involving the removal of Cep215 from centrosomes
using vesicles containing endocytic regulatory proteins such as
EHD1, MICAL-L1, and the retromer complex. Moreover, Cep215
trafficks from centrosomes to the spindle midbody during mitotic
exit, a time when centriole disengagement occurs. Although sep-
arase-mediated PCNT cleavage is a prerequisite for centriole
disengagement, a reduction in Cep215 levels on centrosomes is
also critical (Pagan et al., 2015). Our results build upon this pro-
teolytic-based pathway for the liberation of a Cep215 pool that
resides at the centrosome core. We propose that release of
Cep215 from cleaved PCNT is, by itself, not sufficient to promote
centriole disengagement but is followed by a vesicular transport
step that traffics Cep215 away from centrosomes. In sum, these
findings support an unexpected role for vesicular trafficking in the
regulation of the centrosome cycle and provide a new mechanism
for attenuating the levels of proteins on the organelle.

MATERIALS AND METHODS

Antibodies and reagents

The following antibodies were used: anti-Centrin 1 (Protein Tech),
v-tubulin (Sigma), c-Nap 1 and Sasé (Santa Cruz), Cep215 (Bethyl &
Atlas), PCNT (Abcam), GFP (Roche), EHD1 (Abcam), MICAL-L1
(Novus), Vps26 (Abcam), Vps35 (Abcam), Rab11 (Transduction Lab-
oratories), o-tubulin (Sigma), and actin (Novus). Antibody against
STIL was generated in the following manner: Escherichia coli-ex-
pressed glutathione-S-transferase (GST)- or maltose-binding protein
(MBP)-N-terminal STIL (aa 1148-1287) proteins were purified on ei-
ther glutathione-Sepharose or amylose resin. Guinea pig polyclonal
antisera were raised against purified GST-STIL, and the correspond-
ing MBP fusion was used for antibody affinity purification by precou-
pling it to Affigel 10/15 resin (Bio-Rad). RO-3306, thymidine, and
HU were purchased from Sigma. Transferrin conjugated to Alexa
Fluor 568, DAPI, and all secondary antibodies used for immunofluo-
rescence were purchased from Molecular Probes.

Cell culture and treatments

The Hela cervical cancer cell line (ATCC-CCL2) and the human os-
teosarcoma cell line U20S (ATCC-HTB96) were grown at 37°C in
5% CO, in DMEM (high glucose) (Invitrogen) containing 10% fetal
bovine serum (FBS; Sigma), with 2 mM L-glutamine and 100 U/ml
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penicillin/streptomycin (ThermoFisher). The human epithelial cell
line hTERT RPE-1 (ATCC-CRL4000) was cultured at 37°C in 5% CO,
in DMEM/F12 (ThermoFisher) containing 10% FBS, 2 mM L-gluta-
mine, 100 U/ml penicillin/streptomycin, and 1X nonessential amino
acids (ThermoFisher). CRISPR/Cas9 was applied to generate the
NIH 3T3 cell line expressing endogenous levels of EHD1 with GFP
attached to its C-terminus, as well as the EHD1 knockout cells de-
scribed (Yeow et al., 2017). Wild-type and gene-edited NIH 3T3
cells were cultured at 37°C in 5% CO; in DMEM containing 10%
FBS, with 2 mM L-glutamine and 100 U/ml penicillin/streptomycin.
For treatments, cells were plated on collagen (Corning)-coated
coverslips.

Hela and NIH 3T3 cells were synchronized using the double-thy-
midine block method as previously described with modifications
(Ma and Poon, 2017). Cells were treated with 2.5 mM thymidine for
18 h and released into regular media for 9 h, and a second block was
performed with 2.5 mM thymidine for 16 h. For collection of cells in
S phase, cells were fixed immediately following thymidine treatment;
for harvesting of cells in the late cytokinesis stage, thymidine-blocked
cells were released into 9 uM RO-3306 for 4 h, washed, and incu-
bated in fresh DMEM for 2 h. For RPE-1 cell synchronization, cells
were incubated in DMEM/F12 containing 0.2% FBS for 48 h and then
replenished with media containing 10% FBS to trigger their reentry
into the cell cycle. Centriole overduplication was induced by 1 mM
HU (Calbiochem) treatment on U20S cells for 72 h. Premature centri-
ole disengagement was triggered by prolonged G2 arrest (Prosser
et al., 2012) with the application of 9 pM of the Cdk1 inhibitor RO-
3306 for 18 h. RO-3306 treatment was performed for an extended
period (36 h) to allow the reduplication of the disengaged centrioles.

Coimmunoprecipitation

Hela cells growing on 100-mm dishes were lysed in lysis buffer con-
taining 50 mM Tris (pH 7.4), 150 mM NaCl, 0.5% Triton X-100, iodo-
acetamide, and freshly added protease inhibitor cocktail. Lysates
were cleared by centrifugation at 1889 x g at 4°C for 10 min. The
cleared lysate was collected and incubated with anti-EHD1 antibody
at 4°C overnight. Protein G agarose beads (GE) were added to the
lysate-antibody mix at 4°C for 4 h. Samples were then washed three
times with washing buffer containing 50 mM Tris (pH 7.4), 150 mM
NaCl, iodoacetamide, and 0.1% Triton X-100. Protein complexes
were eluted by boiling the sample in the presence of SDS-contain-
ing loading buffer and detected by immunoblotting.

DNA constructs, transfection, and siRNA treatment
tdTomato-Gamma-Tubulin-17 was obtained from Addgene (plas-
mid #58099). Cloning of GFP-Myc-EHD1 has been described
(Caplan et al., 2002; Simone et al., 2013). Hela cells were trans-
fected with FUGENE 6 (Roche Diagnostics) for 18 h at 37°C for live
imaging. The GFP-Cep215 construct for live-cell imaging was a gen-
erous gift from Robert Z. Qi (Hong Kong University of Science and
Technology; Fong et al., 2009).

siRNA oligonucleotides targeting human EHD1 were custom-
made by Dharmacon: sense (5-GAAAGAGAUGCCCAAUGUC(T)
(dT)-3"). siRNA oligonucleotides targeting human Rab11a were
purchased from Dharmacon: sense (5-GAGUAAUCUCCUGU-
CUCGA(dT)(dT)-3). Four specific oligonucleotides (On-Target
SMART pool, Dharmacon) were directed at human MICAL-L1
(5"-CCGGGUUCCUGGCAAACUA-3", 5-GCUAGGAAACAAACGU-
GAU-3’, 5-GGUUCAAGCUCAUCCACGA-3’, 5-GAAUGGGCC-
UGACGGGCAA-3), human Vps26a (5-GCUAGAACACCAAGG-
AAUU-3’, 5-UAAAGUGACAAUAGUGAGA-3’, 5-UGAGAUCGAU-
AUUGUUCUU-3’, 5-CCACCUAUCCUGAUGUUAA-3’), or human

2629

Trafficking regulates the centrosome cycle |



Vps35 (5-GAACAUAUUGCUACCAGUA-3’, 5-GAAAGAGCAU-
GAGUUGUUA-3’, 5-GUUGUAAACUGUAGGGAUG-3", 5-GAA-
CAAAUUUGGUGCGCCU-3"). Hela cells were transfected with
100 nM custom-made oligonucleotides targeting EHD1 or Rab11a,
or 50 nM On-Target plus SMARTpool oligonucleotides targeting
Vps26a, Vps35, or MICAL-L1 using Lipofectamine RNAIMAX (Invit-
rogen) for 72 h in the absence of antibiotics, as per the manufac-
turer’s protocol. The efficiency of knockdown was determined by
immunoblots. U20S cells were transfected with siRNA against STIL
(5"-AAAUCUUCUGACUCACUGGAUGAGG-3’) (ThermoFisher) or
negative control (ThermoFisher catalogue # 4457289).

Immunoblotting

For preparation of cell lysates, cells were washed twice with ice-cold
PBS, harvested with a rubber cell scraper, and resuspended in lysis
buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, and freshly added protease inhibitor
cocktail (Roche). After a 30-min incubation, the cell lysates were cen-
trifuged at 1889 x g at 4°C for 10 min. Total protein levels in the
lysate supernatants were quantified by Bio-Rad protein assay.
Samples with equal amounts of protein were boiled with 4X loading
buffer (250 mM Tris pH 6.8, 8% SDS, 40% glycerol, 5% B-
mercaptoethanol, 0.2% bromophenol blue [wt/vol]) for 10 min and
then separated by 10% SDS-PAGE. Proteins were transferred onto
nitrocellulose membranes (Bio-Rad). Membranes were blocked for
30 min at room temperature in PBST (PBS + 0.3% vol/vol Tween-20)
containing 5% dry milk and then incubated overnight at 4°C with di-
luted primary antibodies. Membranes were washed three times with
PBST and incubated with horseradish peroxidase—conjugated goat
anti-mouse (Jackson Research Laboratories) or donkey anti-rabbit
(GE Healthcare) secondary antibodies for 1 h at room temperature,
followed by three PBST washes and enhanced chemiluminescence
substrate (ThermoFisher). For STIL siRNA, U20S cells were trans-
fected using an Amaxa Nucleofector Il (program X-001). Cell lysates
were prepared 48 h posttransfection by lysing cells in 25 mM Tris
(pH 7.4), 125 mM NaCl, 1 mM ethylene glycol tetraacetic acid, 0.05%
Triton X-100, 0.1 mM phenylmethylsulfonyl fluoride, and 1 mM
dithiothreitol. The Bradford protein assay (Bio-Rad) was used to
measure lysate protein concentrations following the manufacturer’s
instructions. Laemmli sample buffer was then added, and samples
were boiled for 5 min. Equal total protein was loaded for each sam-
ple. STIL RNA interference (RNAI) was used determined the specific-
ity of the anti-STIL antibody. Endogenous a-tubulin was used as load-
ing control. Antibodies were used at a concentration of 1-5 pg/ml.

Immunofluorescence

Cells were treated as indicated in the text and then fixed either in
prechilled 100% methanol (Figures 1 and 2) at 20°C for 5 min or in
3.7% paraformaldehye (Figure 4) in PBS for 10 min at room tem-
perature. After fixation, cells were rinsed with PBS buffer for three
times, and permeabilized in PBS buffer + 0.1% Triton-X for 30 min.
Appropriate primary antibodies were diluted in PBS buffer contain-
ing 0.1% Triton-X and 0.5% BSA, and samples were incubated for
1 h at room temperature, followed by three washes in PBS to re-
move unbound primary antibodies. Cells were then incubated with
fluorochrome-conjugated secondary antibodies (Molecular Probes)
as well as DAPI for 1 h at room temperature and washed three times
in PBS. Coverslips were mounted in Fluoromount G Mounting me-
dium (SouthernBiotech). Imaging was performed with a Zeiss LSM
800 confocal microscope (Carl Zeiss) using a Plan-Apochromat
63x/1.4 NA oil objective and appropriate filters as previously de-
scribed (Xie et al., 2016). Images were acquired by Zen (Carl Zeiss),

2630 | S. Xie, J. B. Reinecke, et al.

and processing and analysis (including the mean particle function to
calculate vesicles per cell) were performed with ImageJ (National
Institutes of Health [NIH], Bethesda, MD). Images were cropped, ad-
justed for brightness (whole-image adjustment) with minimal ma-
nipulation for better presentation, and, when noted, displayed as
maximal projections of z-sections. For quantification, three indepen-
dent experiments were performed, and ImageJ software was used
for ratiometric calculations of intensity at the centrosome (or spindle
midbody); the number of samples collected is described in the text.
For colocalization measurement (Figure 4, D-F), more than 30 cells
from three independent confocal microscopy experiments were as-
sessed using ImageJ with Mander’s colocalization coefficient using
the JaCoP plug-in.

Live-cell imaging

U20S cells grown on 35-mm glass-bottom tissue culture dishes
(World Precision Instruments) were transfected as indicated in the
text. On the day of imaging, the cells were incubated in freshly pre-
pared phenol red-free DMEM (Invitrogen) containing 10% FBS,
2 mM L-glutamine, and 10 mM HEPES (4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid) (ThermoFisher) for at least 15 min. before
being transferred to the imaging chamber. For live-cell imaging
monitoring the movement of transferrin-containing vesicles, cells
were first serum-starved in DMEM containing 2 mM L-glutamine for
1 h and then incubated in the phenol red—free medium along with
25 pg/ml Alexa Fluor 568-transferrin conjugate for 15 min. The
transferrin-containing medium was then replaced with fresh phenol
red-free medium, and live-cell imaging was initiated. Confocal
microscopy imaging was done with a Zeiss LSM 800 microscope
(Carl Zeiss) using a Plan-Apochromat 63x/1.4 NA oil objective and
appropriate filters. Images in each channel were obtained simulta-
neously at 512 x 512 pixels with z-slices of 1.5 um. The images were
gathered every 2 s, and z-projections are presented in the figures.

Statistical analysis

Data obtained from ImageJ were exported to Prism 7 (GraphPad).
Bar graphs were created representing the mean and SD of the mean
from data obtained from three independent experiments. Statistical
significance was calculated by nonparametric unpaired two-tailed
ttest using the Mann-Whitney U-test of unpaired t test data (Figures
2 and 4 and Supplemental Figure 2), by the “N-1" chi-squared test
for comparison of proportions (Figure 1 and Supplemental Figure 3)
(Campbell, 2007; Richardson, 2011), or by two-way analysis of vari-
ance (GraphPad Prism7) (Supplemental Figure 1).
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