
Biochimica et Biophysica Acta 1864 (2017) 645–654

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbamcr
Rootletin prevents Cep68 from VHL-mediated proteasomal degradation
to maintain centrosome cohesion
Huilong Yin a,1, Lu Zheng a,1, Weixiao Liu b, Dachuan Zhang a, Wei Li b,⁎⁎, Li Yuan a,⁎
a Savaid School of Medicine, University of Chinese Academy of Sciences, Beijing 100049, China
b State Key Laboratory of Reproductive Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China
⁎ Correspondence to: L. Yuan, Savaid School of Me
Academy of Sciences, YuQuan Rd. 19(A), Shijingshan Dist
⁎⁎ Correspondence to: W. Li, Institute of Zoology, Ch
Beichen West Road, Chaoyang District, Beijing 100101, Ch

E-mail addresses: leways@ioz.ac.cn (W. Li), yuanli@uc
1 These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.bbamcr.2017.01.007
0167-4889/© 2017 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 6 September 2016
Received in revised form 5 January 2017
Accepted 11 January 2017
Available online 13 January 2017
Centrosome cohesion, mostly regarded as a proteinaceous linker between parental centrioles, ensures the inter-
phase centrosome(s) to function as a singlemicrotubule-organizing center.Maintenance of centrosome cohesion
counts on a number of centrosomal linker proteins because depletion of any of those leads to premature centro-
some separation in interphase, termed centrosome splitting. However, the underlyingmechanisms of the depen-
dence are unknown. Here, we show that absence of Rootletin triggers the von Hippel-Lindau tumour suppressor
protein (VHL)-mediated proteasomal degradation of Cep68 and, in turn, results in centrosome splitting. The VHL
E3 ligase complex ubiquitinates Cep68 in vitro and in vivo. Co-silencing of Rootletin and VHL reverts Cep68 loss
and centrosome splitting. Expression of a stable mutant of Cep68, either diminishing its polyubiquitylation or
eliminating binding to β-domain of VHL, also suppresses centrosome splitting provoked by Rootletin depletion.
We propose that the archetypal linker protein Rootletin maintains centrosome cohesion in part through inhibi-
tion of VHL-mediated Cep68 degradation.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

In most cells, the centrosome serves as the major microtubule (MT)
organizing center (MTOC) [1], which coordinates most MT-related pro-
cesses, including cell shape, polarity, adhesion andmotility, cell division
and cytokinesis, as well as intracellular transport [2,3]. In addition, the
core centrosomal components, the centrioles, can function as basal bod-
ies that seed the growth of cilia and flagella [4]. Aberrant centrosome
function forms the etiological basis for a growing number of human dis-
eases [5,6].

The mammalian centrosome is comprised of two centrioles (hereaf-
ter termed parental centrioles) and the surrounding pericentriolar ma-
terial (PCM) [7]. The two centrioles within a G1 centrosome are
ostensibly connected through a proteinaceous linker, often referred as
centrosome cohesion [8], intercentrosomal/centrosomal linker [9,10]
or G1–G2 tether , emanating from their proximal ends. As cells progress
fromG1 into G2 phase, the centrosome is duplicated, and the duplicated
centrosomes remain linked until late G2 phase to function as a single
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MTOC [11]. Proteins implicated in tethering function include C-Nap1
[12], Rootletin [13], Cep68 [14], CEP215-CDK5RAP2 [8,14], LRCC45
[15], and centlein [16], of which C-Nap1 and Rootletin are the essential
components of the intercentrosomal linker [14]. C-Nap1 associatedwith
the proximal ends of the centrioles through CEP135 [17] is supposed to
be a centriolar docking protein [10,12], while Rootletin decorates fibers
emanating from the proximal ends of parental centrioles [13,14].

At the onset of mitosis, the intercentrosomal linker is disassembled
via different mechanisms, coincident with centrosome separation in
preparation for mitotic spindle assembly [18]. For example, linker pro-
teins C-Nap1 and Rootletin dissociate from mitotic centrosomes in re-
sponse to phosphorylation by the Nek2A kinase [13,19,20] that is
targeted to centrosome by the Hippo pathway effector kinase sterile-
20 like kinase Mst2 [18]. Nek2-phosphorylated Dishevelled is also re-
quired for the removal of linker proteins from centrosome, preceding
separation of centrosomes [21]. Following linker disassembly, the
kinesin-5motor protein Eg5 facilitates centrosomemigration to the op-
posite poles of the cell [22,23].

In stark contrast, all linker proteins stay at the interphase centro-
somes in order to join the two centrosomes into one functional MTOC
unit [11]. Depletion of any of the linker proteins results in premature
centrosome separation in interphase, termed centrosome splitting
whenever the distance between the two parental centrioles is N2 μm
[24]. However, none of molecular mechanisms accounts for either re-
quirement of any liker protein for maintenance of centrosome cohesion
or absence of any liker protein leading to centrosome splitting.
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We have been intrigued to uncover the underlying mechanisms of
requirement of a linker protein for maintenance of centrosome cohe-
sion. Here, we report that absence of the archetypal linker Rootletin
triggers VHL-mediated proteasomal degradation of Cep68 and, in turn,
leads to the splitting of interphase centrosomes. The VHL E3 ligase
complex ubiquitinates Cep68 in vitro and in vivo. Silencing of VHL re-
verts Cep68 loss and centrosome splitting in Rootletin-depleted cells.
Expression of a stable mutant of Cep68, either diminishing its
polyubiquitylation or eliminating binding to β-domain of VHL, also sup-
presses centrosome splitting provoked by Rootletin depletion. Thus,
presence of Rootletin is required for maintenance of centrosome cohe-
sion, not only for its own sake as a linker protein, but more importantly
as a safeguard to prevent VHL-mediated Cep68 degradation.
2. Materials and methods

2.1. Cell lines and transfections

RPE-1 and ARPE-19 were cultured in DMEM/F12 1:1 (Hyclone) sup-
plemented with 10% fetal bovine serum (Hyclone). HeLa and HEK293T
were cultured in DMEM (Hyclone) supplementedwith 10% fetal bovine
serum (Hyclone). The cells were grown at 37 °C under 5% CO2. The
transfection was performed using Lipofectamine 2000 (Invitrogen) or
Lipofectamine 3000 (Invitrogen) according to the manufacturer's
protocol. For establishment of stable cell lines, RPE-1 cells were
transfected with GFP, GFP-Cep68, GFP-Cep68 (S714R/K744R/K745R)
or GFP-Cep68 (Δ256–283 Δ481–508), then cultured in medium con-
taining G418 (300 ng/ul) for selection. Within 12 to 14 days, individual
clones were isolated and analyzed by immunofluorescence and
immunoblotting.
2.2. FACS analysis

For flow cytometry (FACS) analysis, RPE-1 and ARPE-19 cells treated
with Rootletin siRNA and/or MG132 were trypsinized, suspended in
100 μl PBS and fixed by adding 3 ml of cold 70% ethanol and incubating
overnight. The fixed cells were washed with PBS, incubated with
10mg/ml propidium iodide (PI) for 1 h, and then analyzed for DNA con-
tent by FACSCalibur (BD Biosciences).
2.3. Antibody production

Rabbit polyclonal antibody against Cep68 (aa298–508)was generat-
ed by Absea Biotechnology Ltd. (Beijing, China). The antibody has been
used in all immunofluorescence experiments (used at 1:3000).
2.4. Plasmids, mutagenesis and proteins purification

Plasmid FLAG-Cep68 was described previously [16]. GFP-Cep68 was
subcloned from FLAG-Cep68. The truncated mutants of Cep68 were
cloned in-frame into p3 × FLAG-CMV-10. Full-length VHL was obtained
from HeLa cDNA and cloned into p3 × FLAG-CMV-10 and pCMV-Myc.
The truncated mutants of VHL were cloned in-frame into pCMV-Myc.
GFP-Rootletin was gifted from Erich A. Nigg. Myc-VHL (R167Q), FLAG-
Cep68 (S714R/K744R/K745R), FLAG-Cep68 (Δ256–283 Δ481–508),
GFP-Cep68 (S714R/K744R/K745R) and GFP-Cep68 (Δ256–283 Δ481–
508) were constructed by the mutagenesis of Myc-VHL, FLAG-Cep68
and GFP-Cep68 using the QuikChange site-directed mutagenesis kit
(Stratagene).

GST-E1 was constructed by cloning the coding sequence of human
E1 into pGEX-4 T2. The construction of pET28-UbcH5a, the expression
and purification of the proteins used in this study has been described
previously [25].
2.5. Immunofluorescence microscopy

Cells growing on coverslips were washed with PBS and fixed in
−20 °C methanol for 8 min. Coverslips were washed and blocked
with 3% bovine serumalbumin (BSA) in PBS for 30min at room temper-
ature, then incubated with primary antibodies (diluted with 3% BSA in
PBS) overnight at 4 °C. Coverslips were washed with PBS three times
and incubated with secondary antibodies diluted in AbDil (2% BSA,
0.1% Tween-20 in PBS) for 30 min. Coverslips were rinsed in PBS, and
then mounted on slides with ProLong Gold (Invitrogen, P36931) con-
taining DAPI for nuclear staining. The following primary antibodies
were used:mouse anti-γ-tubulin (1:1000, sc-17787, Santa Cruz), rabbit
anti VHL (1:500, BS6051, Bioworld), rabbit anti-GFP (1:1000, 50430–2-
AP, ProteinTech), rabbit anti-Rootletin (1:3000, Erich A. Nigg), rabbit
anti-Cep68 (1:6000, Erich A. Nigg), rabbit anti-FLAG (1:2000, 20543–
1-AP, ProteinTech). Secondary antibodies were Alexa Fluor 488 donkey
anti-rabbit IgG (1:1500, A21206, Invitrogen), Alexa Fluor 594 goat anti-
rabbit IgG (1:1500, A11012, Invitrogen), Alexa Fluor 488 goat anti-
mouse IgG (1:1500, A11029, Invitrogen) and Alexa Fluor 555 goat
anti-mouse IgG (1:1500, A21424, Invitrogen). Immunofluorescencemi-
croscopy was performed using microscope (Olympus BX51) equipped
with a 100 × oil immersion objective. Images were acquired using
DVC camera (1412 AM-FW-TE) and IPLab software (version 5.0).

2.6. RNA interference and rescue experiment

For RNA-mediated interference, cells were transfected using Lipo-
fectamine RNAiMAX (Invitrogen) according to the manufacturer's in-
struction and harvested at 72 h post transfection. Several proteins
were depleted using siRNA duplex oligonucleotides targeting the fol-
lowing sequences: VHL: GGACACACGATGGGCTTCTGGTTAAC [26],
Rootletin: AAGCCAGTCTAGACAAGGA [13]. The negative control siRNA
was obtained from the manufacturer (Dharmacon). For rescue
experiments, siRNA-resistant VHL or Rootletin was generated by
changing the targeted sequence of siVHL to the sequence 5′-
GGACACACGACGGATTACTGGTTAAC -3′or siRootletin to the sequence
5′- AAGCCTCTTTGGACAAGGA -3′ (mutated nucleotides are underlined)
using the QuikChange site-directedmutagenesis kit. At 48 h after siRNA
transfection, cells were transfected with the intended plasmid, along
with siRNA, using Lipofectamine 3000 (Invitrogen). At 24 h after trans-
fection, cells were fixed and analyzed [27].

2.7. Immunoprecipitation

HEK293T cells were lysed in ice-cold ELB buffer (50 mM HEPES,
250 mM NaCl, 0.1% NP-40, 1 mM PMSF (Sigma) and complete EDTA-
free protease inhibitor cocktail (Roche). The lysates were centrifuged
at 12,000g for 10 min at 4 °C. The supernatant was precleared by incu-
bating with 50 μl of protein G-Sepharose (CW0012A, Cowin Biotech)
at 4 °C for 3 h. After that, the supernatant was incubated with 2 μg anti-
body (homogeneous normal IgG as control) at 4 °C for an additional 3 h.
After addition of 20 μl Dynabeads Protein G (10004D, Invitrogen), the
incubation was further extended for 12 h at 4 °C. Beads were washed
with ELB buffer four times. The bound proteins were eluted with 1×
SDS-PAGE sample buffer at 99 °C for 5 min.

2.8. Immunoblotting

Proteins were separated by SDS/PAGE gel and transferred onto
polyvinylidene difluoridemembranes (Millipore). Then themembranes
were blocked in TBST (10 mM Tris-HCl pH 7.4, 150 mM NaCl and 0.1%
Tween-20) containing 5% non-fat milk at room temperature for 1 h. Pri-
mary antibodies were diluted in TBST containing 1% non-fat milk, and
used as the following concentrations: mouse anti-Myc (1:1000,
M047–3, MBL), mouse anti-HA (1:5000, M2003, Abmart), mouse anti-
β-actin (1:5000, M20010, Abmart), rabbit anti-FLAG (1:1000, 20543–
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1-AP, ProteinTech), rabbit anti Cep68 (1:1000, Erich A. Nigg), and rabbit
anti-GFP (1:1000, 50,430–2-AP, ProteinTech), rabbit anti VHL (1:1000,
BS6051, Bioworld). The membranes were incubated with primary anti-
bodies at 4 °C overnight, then washed three times with TBST and incu-
bated with horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG (1:10,000, GAM0072, Liankebio) or swine anti-rabbit IgG
(1:10,000, P0399, DakoCytomation) diluted in TBST containing 1%
non-fat milk at room temperature for 1 h. After final washing with
TBST, the membranes were developed by using ECL Prime Western
Blotting detection reagent (RPN 2232, GE Healthcare Life Sciences).
Fig. 1. Cep68 loss and centrosome splitting upon Rootletin depletion are suppressed by proteaso
not (−) with 2 μM MG132 for 24 h, and stained with γ-tubulin (red) and either Rootletin or C
status. (B) Quantification of the normalized fluorescence intensity of Rootletin and Cep68 at
three independent experiments. Error bars represent s.d. ⁎⁎P b 0.01. (C) RPE-1 cells were tran
The cell lysates were immunoblotted with indicated antibodies. ⁎⁎P b 0.01. (D) Histogram sum
absence (−) or presence (+) of MG132. Centrosomes were counted as split when the dist
experiments. Error bars represent s.d. DAPI was shown in blue. Scale bars, 2 μm.
2.9. In vivo ubiquitination assays

HEK293T cells were transfected with plasmids expressing HA-
ub, FLAG-Cep68 or FLAG-Cep68 (S714R/K744R/K745R), Myc-VHL
or Myc-VHL (R167Q or 1–154) in various combinations. Twenty-
four hours after transfection, cells were treated with 20 μM
MG132 for 3 h prior to harvesting. Cells were then lysed in ELB
buffer and subjected to immunoprecipitation with FLAG anti-
body, followed by immunoblotting analysis with indicated
antibodies.
me inhibition. (A) RPE-1 cells transfectedwith NC or Rootletin siRNA 72 h, treated (+) or
ep68 (green) (top panel) or analyzed by FACS (bottom panel) to monitor their cell-cycle
the centrosomes of cells treated and stained as in (A). n N 50 centrosomes per group in
sfected with NC or Rootletin siRNA, treated (+) or not (−) with 2 μM MG132 for 24 h.
marizes the percentage of centrosome splitting upon depletion of NC or Rootletin in the
ance between two centrioles was N2 μm. n N 200 cells per group in three independent



Fig. 2. Cep68 is a direct binding partner and substrate of VHL E3 ligase complex. (A) XLMS/MS using a LTQmass spectrometer analysis of a FLAG-Cep68 immunopurification fromHEK293T
cells, listing the number of score, peptides. (B-D) VHL interacts with Cep68. (B) Extracts fromHEK293T cells were subjected to immunoprecipitation using anti-VHL antibody or rabbit IgG,
and analyzed by immunoblottingwith indicated antibodies. (C, D) The lysates fromHEK293T cells co-expressing FLAG-Cep68 andMyc-VHLwere subjected to immunoprecipitation using
anti-Myc (C) or anti-FLAG antibody (D), andwere immunoblottedwith indicated antibodies. (E) TheN-terminalβ-domainof VHL interactswith Cep68.HEK293T cellswere co-transfected
with FLAG-Cep68 and the indicated fragments of Myc-VHL, immunoprecipitated with anti-Myc antibody, and then immunoblotted with indicated antibodies. (F) In vitro ubiquitination
assay demonstrates Cep68 is a substrate of VHL E3 ligase complex. FLAG-Cep68-His was incubated with or without purified E1, E2, E3, ATP and Myc-ub at 37 °C for 1 h, and analyzed by
immunoblotting with indicated antibodies. (G) In vivo ubiquitination assay reveals that wild type (WT) VHL, but not the truncated mutant (residues 1–154), promotes Cep68
ubiquitination. HEK293T cells were transfected with the indicated constructs, incubated with 20 μM MG132 for 3 h, and subjected to in vivo ubiquitination assays. Cell lysates were
prepared, then FLAG-Cep68 was immunoprecipitated with FLAG antibody, and analyzed by immunoblotting with indicated antibodies.
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2.10. In vitro ubiquitination assays

FLAG-Cep68-His was constructed using a one-step cloning kit
(Vazyme Biotech) by introducing the coding sequence of human
Cep68 into baculovirustransfer vector pFastBac1, with a FLAG tag at
the N-terminus for in vitro ubiquitination assay and a 6× His tag at the
C-terminus for purification. The plasmid FLAG-Cep68-His was then
transformed into DH10 α competent cells to get Bacmid DNA. The
Bacmid DNA was used to infect sf9 cell according to Invitrogen Bac-to-
Bac Baculovirus expression system. FLAG-Cep68-His proteinswere pro-
duced by infecting sf9 cells for 72 h. Cells were lysed in lysis buffer
(20 mM Tris-HCl pH 7.5, 150 mM Nacl, 0.1% NP-40) on ice for 30 min,
followed by centrifuging at 4 °C. The FLAG-Cep68-His proteinswere pu-
rified from supernatants by affinity chromatography using a 5-ml
HisTrap HP column (GE Healthcare).

In vitro ubiquitylation assays were performed in a volume of 50 μl,
containing: 500 ng of recombinant human FLAG-Cep68-His, 2 mM
ATP, 200 ng of recombinant human GST-E1 (E1), 500 ng of recombinant
human His-UbcH5a (E2), VHL E3 complex (500 ng of VHL, 500 ng of
Elongin B, 500 ng of Elongin C, 500 ng of Rbx1) (Millipore), and
200 ng of recombinant human Myc-ub (a gift from Chunsheng Han)
[28]. The reaction system was incubated at 37 °C for 60 min. The
Fig. 3. Identification of the ubiquitination sites and VHL-binding domains in Cep68. (A) The M
corresponding to the mass of the ubiquitination peptide (724-LYDSILASLDMLAGCTLIPDKK-7
for MH+ corresponding to the mass of the ubiquitination peptide (710-IAKQSGELESHADR-72
the modified peptides. Observation of the addition of 114 D (mass of Gly-Gly) for all y ions co
(B) HEK293T cells were transfected with the indicated constructs, incubated with 20 μM MG
internal deletion of Cep68 eliminates binding to VHL. HEK293T cells were co-transfected with
FLAG antibody, and then immunoblotted with indicated antibodies. (G) Schematic of VHL-bind
supernatant was subjected to immunoprecipitation with anti-FLAG an-
tibody immobilised on Dynabeads Protein G. The beads Samples were
washed three times with RIPA buffer (50 mM Tris pH 7.5, 1% NP40,
0.1% SDS, 2 mM EDTA, 0.5% Deoxychalate, 150 mM NaCl). The bound
proteins were eluted with 1× SDS-PAGE sample buffer in the presence
of a reducing reagent, followed by immunoblotting analysis with indi-
cated antibodies.

2.11. Mass spectrometry analysis

HEK293T cells expressing FLAG-Cep68 protein were harvested,
after lysis, and cleared from insoluble material by centrifugation at
12,000 g for 10 min at 4 °C. For analysing Cep68-ubiquitinated
sites, cells were treated with 50 μM MG132 for another 8 h before
harvesting. Immunoprecipitation was carried out by incubation
with anti-FLAG antibody immobilised on Dynabeads Protein G.
After washing, the purified FLAG-Cep68 proteins were boiled in 1×
SDS-PAGE sample buffer for 5 min and separated by SDS-PAGE. The
gel bands at the approximate size of VHL or FLAG-Cep68 were ex-
cised. Then the in-gel digestion was performed with trypsin
(Promega) in 50 mM ammonium bicarbonate at 37 °C overnight.
The peptides were analyzed by nano-LC-LTQ-Orbitrap XL MS/MS
S/MS spectrum of a triply charged ion at mass-to-charge ratio (m/z) 894.45905 for MH+
45) with Lys-744 and Lys-745 was modified, and mass-to-charge ratio (m/z) 552.27618
3) with Ser-714 was modified. The labeled peaks correspond to masses of b and y ions of
nfirms that residues Ser-714, Lys-744 and Lys-745 of Cep68 are the ubiquitination sites.
132 for 3 h, and subjected to in vivo ubiquitination assays. (C-F) The two 26-amino acid
Myc-VHL and the indicated fragments of FLAG-tagged Cep68, immunoprecipitated with
ing regions of Cep68. +, interaction;−, no interaction.
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(Thermo Fisher Scientific). Proteins were identified by comparing
the fragment spectra against those in the NCBI human protein data-
base using Sequest v2.8 via Bioworks3.3.1 (Thermo Fisher Scientific)
software.
2.12. Measurements and statistical analysis

The detailedmethods of measurements were followed by the previ-
ous study [18]. The statistical significance of the difference between two
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means was determined using a two-tailed t-test. Differences were con-
sidered significant when p b 0.05.

3. Results and discussion

3.1. Cep68 loss and centrosome splitting upon Rootletin depletion are sup-
pressed by proteasome inhibition

Centrosomal linker protein Rootletin and Cep68 are present in inter-
phase, but lost at mitotic centrosomes [9,13,14,16,29]. To explore the
underlying mechanism of Rootletin requirement for maintenance of
centrosome cohesion, we depleted Rootletin using RNA interference-
mediated gene silencing in RPE-1 and ARPE-19 cells. The silencing effi-
ciency was demonstrated by the near-complete removal of Rootletin
from centrosomes in siRNA-treated cells labeledwith the anti-Rootletin
antibody (Fig. S1A, left panel and B) [13–16] that is unsuitable for detec-
tion of endogenous Rootletin byWestern blotting [13,15,16]. Depletion
of this protein revealed Cep68 loss (Fig. S1A, right panel and B) and split
centrosomes in nearly 76% of Rootletin-depleted cells (Fig. S1C), which
was congruent with previous studies [13,14,16]. To further eliminate
the possibility that siRNA off-target effects caused the anomalies, we
performed the rescue experiments by generation of a siRNA resistant
(sr) form of GFP–Rootletin. Co-transfection of Rootletin siRNA and sr-
GFP-Rootletin, but not the parental GFP-Rootletin, restored the expres-
sion of GFP-Rootletin (Fig. S1D), and reversed both Cep68 loss (Fig. S1E)
and centrosome splitting (Fig. S1F).

We next tested whether the Cep68 loss in Rootletin-depleted cells
was due to proteasome-dependent proteolysis. RPE-1 cells transfected
with either control or Rootletin siRNA were treated with a vehicle or
the proteasome inhibitor MG132. Following MG132 treatment, Cep68
was present in most of Rootletin-depleted centrosomes (Fig. 1A and
B). Western blot analyzes also revealed that MG132 treatment stabi-
lized Cep68 in Rootletin-depleted cells (Fig. 1C). Unexpectedly,
Rootletin-depleted cells with split centrosomes were reduced from
69% to 14% by the addition of MG132 (Fig. 1D). Similar results were ob-
tained from ARPE-19 cells (Fig. S2A–C). Of note, treatment of cells with
either siRNA or MG132 showed no overt influence on cell-cycle profile,
as judged by FACS assay (Figs. 1A and S2A). Taken together, these data
indicate that Cep68 loss and centrosome splitting triggered by Rootletin
depletion might be mediated by ubiquitin proteasome system (UPS)
[30].

3.2. Cep68 is a direct binding partner and substrate of VHL E3 ligase
complex

To search for an E3 ubiquitin ligase conferring substrate specificity
on the UPS [31], we performed immunoprecipitation followed by
mass spectrometry. Analysis of immunopurified FLAG-tagged Cep68
by nano-LC-LTQ-Orbitrap XL MS/MS [32] revealed VHL-E3 ubiquitin li-
gase as a candidate Cep68-interacting protein (Fig. 2A). VHL forms a
protein complex (VCB-Cul2) with elongin C, elongin B, Cul-2, and
Rbx1 [33], and functions as the substrate-recognition component of
the E3 ubiquitin protein ligase complex [34]. Crystal structure analysis
Fig. 4. VHL-mediated Cep68 degradation upon Rootletin depletion results in centrosome split
siRNAs. (B) RPE-1 cells transfected with NC, Rootletin, VHL or Rootletin and VHL siRNAs w
Quantification of the normalized fluorescence intensity of Rootletin, Cep68 and VHL at the ce
independent experiments. Error bars represent s.d. ⁎P b 0.05. (D) Immunoblotting of Cep68,
Histogram summarizes the percentage of centrosome splitting upon depletion of NC, Rootleti
experiments. Error bars represent s.d. ⁎⁎⁎P b 0.001. (F) Measurement of Cep68 protein abunda
or VHL siRNA for 48 h followed by treatment with CHX (100 μg/ml) as the indicated time, an
Myc-VHL were analyzed by immunoblotting with the indicated antibodies. (H) Quantification
with Myc or Myc-VHL. n N 50 centrosomes per group in three independent experiments. Erro
for 48 h, then transfected with Myc-VHL or sr-Myc-VHL (siRNA-resistant construct) for 2
Quantification of the normalized fluorescence intensity of Cep68 at the centrosomes of RPE-
with expression of Myc, Myc-VHL or sr-Myc-VHL. n N 50 centrosomes per group in three in
summarizes the percentage of centrosome splitting upon depletion of NC, Rootletin, VHL or
RPE-1 cells. n N 200 cells per group in three independent experiments. Error bars represent s.d
has revealed that VHL essentially consist of two domains: a β-domain
that spans residues 63 to 154, and an α-domain that encompasses res-
idues 155 to 189 [35]. The α domain is required for binding elongin C,
which allows the nucleation of the E3 complex, while the β domain
(residues 63–155) functions for recognition of substrate [35].

To confirm the interaction between Cep68 and VHL, we per-
formed immunoprecipitations with affinity-purified VHL antibody
from untransfected cells, and with antibody against either Flag or
Myc immunoprecipitates from cells co-transfected with Flag-Cep68
and Myc-VHL. Cell lysates immunoprecipitated with anti-VHL anti-
body were subjected to Western blotting with anti-Cep68 antibody.
Endogenous Cep68 could readily be detected in the VHL immunopre-
cipitate (Fig. 2B), but not in the control sample (Fig. 2B). Epitope-
tagged Cep68 and VHL expressed in HEK293T cells were able to in-
teract with each other in reciprocal immunoprecipitation experi-
ments (Fig. 2C and D). To define which domain of VHL binding to
Cep68, we generated deletion constructs bearing either the N-termi-
nal β (amino acids 1–154) or α (amino acids 155–213) domain. As
shown in Fig. 2E, Cep68 bound to the full-length and β domain, but
not to α domain of VHL.

To determine whether Cep68 is a substrate for VHL-dependent
ubiquitylation, we subjected purified FLAG-Cep68-His to in vitro
ubiquitylation assays. TheVHL E3 ligase complex containing five recom-
binant proteins (pVHL, Elongin B, Elongin C, Rbx1 and Cul2) [33] and re-
combinant Cep68 expressed in insect cells were purified for the assays
[36]. As shown in Fig. 2F, VHL complex directly ubiquitinated Cep68.
To evaluate whether Cep68 acts as a substrate of VHL complex in cells,
we transfected HEK293T cells with FLAG-Cep68 and HA-ub, together
with either wild-type (WT) or a truncated mutant (residues 1–154) of
VHL defective in forming an E3 ubiquitin ligase complex due to an in-
ability to bind elongin C. In the presence of MG132, WT VHL, but not
the truncatedmutant, ubiquitinated Cep68 (Fig. 2G). We thus conclude
that Cep68 is a direct substrate of this E3 ligase complex.

3.3. Identification of the major ubiquitinated sites and VHL binding
region(s) of Cep68

We next attempted to identify the residue(s) within Cep68
ubiquitinated by the VHL E3 ligase complex. Cep68 protein was
immunoprecipitated from HEK293T cells that had been transfected
with FLAG-Cep68 and treated with MG132. The purified Cep68 protein
was separated on SDS-PAGE; the gel band of interest was excised,
alkylated, in-gel digested with trypsin, and subjected to nano-LC-LTQ-
Orbitrap XL MS/MS analysis [32,37]. By the MS/MS spectrum, we
identified two peptide ions with the mass corresponding to the modi-
fied peptides (724-LYDSILASLDMLAGCTLIPDKK-745 and 710-
IAKQSGELESHADR-723) with an addition of 114 D (mass of Gly-Gly),
suggesting that residues Ser-714, Lys-744 and Lys-745 of Cep68 are
the ubiquitination sites (Fig. 3A).

To experimentally verify that Ser-714, Lys-744 and Lys-745 of Cep68
are the ubiquitination sites, we generated the FLAG-Cep68(S714R/
K744R/K745R) mutant and co-transfected HEK293T cells with either
the mutant and WT VHL or WT Cep68 together with either VHL
ting. (A) Immunoblotting of VHL in RPE-1 and ARPE-19 cells transfected with NC or VHL
ere co-immunostained with the indicated antibodies (green) and γ-tubulin (red). (C)
ntrosomes of cells treated and stained as in (B). n N 50 centrosomes per group in three
VHL in RPE-1 cells transfected with NC, Rootletin, VHL or Rootletin and VHL siRNAs. (E)
n, VHL or Rootletin and VHL in RPE-1 cells. n N 200 cells per group in three independent
nce by CHX chase assay. HEK293T cells were transfected with FLAG-Cep68 and either NC
d immunoblotted with indicated antibodies. (G) HEK293T cells transfected with Myc or
of the normalized fluorescence intensity of Cep68 at the centrosomes of cells transfected
r bars represent s.d. ⁎⁎P b 0.01. (I) RPE-1 cells were treated with NC siRNA or VHL siRNA
4 h. Cell lysates were analyzed by immunoblotting with the indicated antibodies. (J)
1 cells transfected with NC, Rootletin, VHL or Rootletin and VHL siRNAs in combination
dependent experiments. Error bars represent s.d. ⁎⁎P b 0.01; ⁎P b 0.05. (K) Histogram
Rootletin and VHL in combination with expression of Myc, Myc-VHL or sr-Myc-VHL in
. ⁎⁎⁎P b 0.001; ⁎⁎P b 0.01. DAPI was shown in blue. Scale bars, 3 μm.
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(residues 1–154) or VHL (R167Q) defective in binding to elongin C [38].
In vivo ubiquitylation assay showed that polyubiquitylation of the
Cep68 mutant was diminished in HEK293T cells (Fig. 3B), comparable
to cells expressing the WT Cep68 and a VHL mutant (Fig. 3B).

We then performed domain-mapping studies to identify the re-
gion(s) of Cep68 responsible for its interactions with VHL. First, we
identified that two portions of Cep68 encompassing residues 1–282
and 401–508 robustly interactedwith VHL (Fig. 3C). We then narrowed
down the binding regions to aa256–283 (Fig. 3D) and aa481–508 (Fig.
3E), as further attested to inability of the internal deletion Cep68
(Δ256–283Δ481–508) to bind VHL (Fig. 3F). Themapping study there-
of was diagramed (Fig. 3G).

3.4. VHL-mediated Cep68 degradation upon Rootletin depletion results in
centrosome splitting

Since Cep68 is a VHL substrate (Fig. 2F and G) and its loss upon
Rootletin depletion is reversed by MG132 treatment (Figs. 1A–C, S2A
and B), we hypothesized that absence of VHL would result in the stabi-
lization of Cep68 in Rootletin-depleted cells. siRNA-mediated VHL de-
pletion reduced the levels of VHL protein substantially in RPE-1 and
ARPE-19 cells (Fig. 4A), while silencing Rootletin resulted in a near-
complete removal of Rootletin from centrosomes (Fig. 4B, C and Fig.
S1A, left panel, B) without alteration of the levels of VHL protein (Fig.
Fig. 5.Expression of a non-degradable Cep68, either diminishing its polyubiquitylation or elimin
Increase of Cep68 stability in mutants compared to wild-type. CHX treatment of WT and Cep68
Exogenous WT and the mutant forms of Cep68 localize to the interphase centrosome. RPE-1 c
K744R/K745R) were co-immunostained with anti-GFP antibody (green) and anti-γ-tubulin a
Δ481–508) or GFP-Cep68 (S714R/K744R/K745R), were analyzed by immunoblotting with th
(S714R/K744R/K745R) suppresses centrosome splitting provoked by Rootletin depletion. Hi
stably expressing GFP, GFP-Cep68, GFP-Cep68 (Δ256–283 Δ481–508) or GFP-Cep68 (S714R
were immunostained with antibodies against γ-tubulin and GFP, and scored for split centroso
⁎P b 0.05, ⁎⁎P b 0.01. (E) The histograms show cell cycle analysis of RPE-1 cells stably expres
K745R), n N 1000 cells per group in three independent experiments. Error bars represent s.d. D
4D). Co-silencing of VHL and Rootletin retained Cep68 at interphase
centrosomes (85.1 ± 13.5% in the double depletion in comparison
with 21.7 ± 1.9% in Rootletin depletion; Fig. 4C), recapitulating the re-
sults produced with MG132 treatment (Figs. 1A–C, S2A and S2B). Simi-
larly, co-depletion of Rootletin and VHL in ARPE-19 cells rescued Cep68
disappearance (Fig. S3A and B) from interphase centrosomes (83.0 ±
5.7% in the double depletion in comparison with 30.5 ± 3.0% in
Rootletin depletion; Fig. S3A and B). Strikingly, simultaneous depletion
of Rootletin and VHL reduced the number of cells with split centro-
somes by 60% in RPE-1 (Fig. 4E) and 57% in ARPE-19 cells (Fig. S3C).
In line with these observations, Cep68 protein level was elevated in
cells lacking both Rootletin and VHL in comparison with cells depleted
only of Rootletin (Fig. 4D). A cycloheximide (CHX) chase assay also in-
dicated that Cep68was stabilized in cells depleted of VHL (Fig. 4F). Con-
versely, cells transfected with VHL had reduced levels of endogenous
Cep68 compared to cells transfected with empty vector (Fig. 4G),
which led to an increased percentage of cells with split centrosomes
(Fig. 4H).

We next performed the rescue experiments to validate the specific-
ity of VHL siRNA duplexes.We produced a siRNA-resistant (sr) VHLmu-
tant with silent mutations. We confirmed that — under conditions in
which endogenous VHLwas suppressed— sr-Myc-VHL, but not parental
Myc-VHL, could express exogenously in VHL depleted cells (Fig. 4I).
Upon VHL removal, transfection of sr-Myc-VHL, but not parental Myc-
atingbinding to VHL, suppresses centrosome splitting provokedbyRootletin depletion. (A)
mutants at 0, 8, 16, and 24 h demonstrated stabilization of mutant Cep68 versusWT. (B)

ells stably expressing GFP-tagged Cep68, Cep68 (Δ256–283 Δ481–508) or Cep68 (S714R/
ntibody (red). (C) RPE-1 cells, stably expressing GFP, GFP-Cep68, GFP-Cep68 (Δ256–283
e indicated antibodies. (D) Ectopic expression of Cep68 (Δ256–283 Δ481–508) or Cep68
stogram summarizes the percentage of centrosome splitting in RPE-1 cells. RPE-1 cells,
/K744R/K745R), were transfected with Rootletin siRNA. 72 h after transfection, the cells
mes. n N 200 cells per group in three independent experiments. Error bars represent s.d.
sing GFP, GFP-Cep68, GFP-Cep68 (Δ256–283 Δ481–508) or GFP-Cep68 (S714R/K744R/
API was shown in blue. Scale bars, 2 μm.
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VHL, reduced Cep68 at the centrosome (Fig. 4J) and then rendered cen-
trosome splitting (Fig. 4K). More importantly, expression of sr-Myc-
VHL, but not parental Myc-VHL, abrogated the distinct reversal of
Cep68 loss and centrosome splitting in cells depleted both of Rootletin
and VHL (Fig. 4J and K).

Having identified the two Cep68 mutants either diminishing its
polyubiquitylation or eliminating binding to VHL, we tested whether
expression of either mutant could stabilize Cep68 in comparison with
expression of WT Cep68. Blockade of new protein synthesis by treat-
ment with CHX rapidly decreased the WT, but not the two mutants of
Cep68 levels (Fig. 5A), suggesting that polyubiquitylation at Ser-714,
Lys-744 and Lys-745 and VHL binding region(s) are required for
Cep68 degradation.

The foregoing results promoted us to determine whether the VHL-
mediated Cep68 degradation contributed to centrosome splitting
triggered by Rootletin depletion. To this end, RPE-1 cell lines stably ex-
pressing GFP, GFP-Cep68 (WT), GFP-Cep68 (S714R/K744R/K745R) or
GFP-Cep68 (Δ256–283Δ481–508) were established. Like the endoge-
nous Cep68, exogenous wild-type Cep68 and the mutants localized to
the centrosome during interphase (Fig. 5B) and exhibited similar ex-
pression levels of the protein (Fig. 5C). In the absence of Rootletin,
57.7 ± 2.4% of RPE-1 cells expressing GFP-Cep68 (WT) had split centro-
somes, whereas the split centrosomes were significantly reduced in
cells expressing either GFP-Cep68 (S714R/K744R/K745R) or GFP-
Cep68 (Δ256–283Δ481–508) (Fig. 5D). Notably, ectopic expression of
Cep68 had no obvious impact on cell cycle distributions (Fig. 5E).

Collectively, our data suggest that VHL-mediated Cep68 degradation
contributes to premature centrosome separation in Rootletin-depleted
interphase cells.
Fig. 6.Rootletin interfereswith theVHL-Cep68 interaction. (A) TheHEK293T cells transfectedw
were immunoprecipitated with anti-VHL antibody and then immunoblotted with indicated ant
increased amounts of GFP-Rootletin as indicated on the figure. Cell lysateswere immunoprecipi
(C) Model. Left panel: In the presence of Rootletin, the distance between two parental centri
mediated proteasomal degradation of Cep68 and, in turn, results in centrosome splitting. Ri
Rootletin depletion.
3.5. Rootletin interferes with the VHL–Cep68 interaction.

Given that Rootletin depletion triggered VHL-mediated Cep68 deg-
radation, we reasoned that absence of Rootletin would promote the
VHL-Cep68 interaction in the first place. Cells were transfected with ei-
ther control or Rootletin siRNA and followed by MG132 treatment. Cell
lysates were immunoprecipitatedwith anti-VHL antibody and analyzed
by Western blot using an anti-Cep68 antibody. As a result,
immunoprecipitating VHL fromMG132-treated and Rootletin-depleted
cells resulted in an increase in VHL-bound Cep68 (Fig. 6A). Lending fur-
ther support to the result, we transfected HEK293T cells with Myc-VHL
and FLAG-Cep68 as well as increased amounts of GFP-Rootletin, and
performed anti-Myc immunoprecipitations. As shown in Fig. 6B, the
levels of Cep68 decreased as the levels of Rootletin increased, indicating
that Rootletin impedes the interaction between VHL and Cep68.

In summary, we have unveiled the first underlying mechanism of
requirement of a linker protein for maintenance of centrosome cohe-
sion. Rootletin, considered as an archetypal linker protein due to its
filamentous appearance between centrosomes [13], has long been
thought to be a key player in maintenance of centrosome cohesion
because its depletion yields the highest number of cells with the
split centrosomes [13,14,16]. Here we show that Rootletin depletion
promotes VHL-mediated Cep68 degradation and, in turn, leads to the
splitting of centrosomes. Expression of a non-degradable Cep68, ei-
ther diminishing its polyubiquitylation or eliminating binding to
VHL, suppresses centrosome splitting provoked by Rootletin deple-
tion (Fig. 5D), albeit partially. Cep68 binds to the N-terminal β-do-
main of VHL (Fig. 2E) and is a substrate for VHL-dependent
ubiquitylation (Fig. 2F and G). Depletion of Rootletin promotes the
ithNCorRootletin siRNAwere further incubatedwith 2 μMMG132 for 24h. The cell lysates
ibodies. (B) HEK293T cells were co-transfected with FLAG-Cep68 and Myc-VHL as well as
tatedwith anti-Myc antibody, and subjected to immunoblottingwith indicated antibodies.
oles was b2 μm, i.e. paired centrosomes. Middle panel: Rootletin depletion triggers VHL-
ght panel: Ablation of VHL overrides Cep68 loss and centrosome splitting provoked by
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VHL-Cep68 interaction (Fig. 6A), whereas the interaction is inhibited
upon overexpression of Rootletin (Fig. 6B). We propose that the
VHL-binding domains of Cep68, in the presence of Rootletin, are se-
questered in a configuration inaccessible to the β-domain of VHL
(Fig. 6C, left panel). Upon Rootletin removal, VHL targets Cep68 for
ubiquitin-proteasome-mediated degradation and, in turn, renders
centrosome splitting (Fig. 6C, middle panel). Co-silencing of VHL
and Rootletin retains Cep68 at the interphase centrosomes and pre-
vents centrosome splitting (Fig. 6C, right panel). Despite the pro-
posed model, we also postulate that other unidentified substrates
of the VHL E3 ligase complex are involved in maintenance of centro-
some cohesion, as expression of a non-degradable Cep68 can partial-
ly rescue centrosome splitting triggered by Rootletin depletion (Fig.
5D). Therefore, future studies will determine how those proteins, to-
gether with the linker proteins and their regulators, orchestrate cen-
trosome cohesion.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2017.01.007.
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