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Background: The mechanism by which centriole dimensions are regulated is not understood.
Results: The absence of centrobin leads to degradation of centrosomal protein 4.1-associated-protein (CPAP). High centrobin

levels cause stabilization of CPAP and abnormal centrioles.

Conclusion: Centrobin plays a role in the stability and centriole elongation function of CPAP and limits the centriole length.
Significance: Identifying the regulatory mechanisms is crucial for understanding centriole biogenesis.

Microtubule-based centrioles in the centrosome mediate
accurate bipolar cell division, spindle orientation, and primary
cilia formation. Cellular checkpoints ensure that the centrioles
duplicate only once in every cell cycle and achieve precise
dimensions, dysregulation of which results in genetic instability
and neuro- and ciliopathies. The normal cellular level of centro-
somal protein 4.1-associated protein (CPAP), achieved by its
degradation at mitosis, is considered as one of the major mech-
anisms that limits centriole growth at a predetermined length.
Here we show that CPAP levels and centriole elongation are
regulated by centrobin. Exogenous expression of centrobin
causes abnormal elongation of centrioles due to massive accu-
mulation of CPAP in the cell. Conversely, CPAP was undetect-
able in centrobin-depleted cells, suggesting that it undergoes
degradation in the absence of centrobin. Only the reintroduc-
tion of full-length centrobin, but not its mutant form that lacks
the CPAP binding site, could restore cellular CPAP levels in
centrobin-depleted cells, indicating that persistence of CPAP
requires its interaction with centrobin. Interestingly, inhibition
of the proteasome in centrobin-depleted cells restored the cel-
lular and centriolar CPAP expression, suggesting its ubiquitina-
tion and proteasome-mediated degradation when centrobin is
absent. Intriguingly, however, centrobin-overexpressing cells
also showed proteasome-independent accumulation of ubiq-
uitinated CPAP and abnormal, ubiquitin-positive, elongated
centrioles. Overall, our results show that centrobin interacts
with ubiquitinated CPAP and prevents its degradation for nor-
mal centriole elongation function. Therefore, it appears that
loss of centrobin expression destabilizes CPAP and triggers its
degradation to restrict the centriole length during biogenesis.

Centrosomes are the major microtubule-organizing centers
of the cell and are responsible for maintaining cell shape, motil-
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ity, and polarity. They also have pivotal roles in organizing an
accurate bipolar spindle during normal and asymmetric cell
division, spindle orientation and positioning, biogenesis of the
cilia and flagella, and immune response (1-6).

Every centrosome has two centrioles, which serve as the
functional hub. The two centrioles, mother and daughter, that
differ in age and morphology. They are duplicated only once in
every cell cycle to generate two new centrioles that are then
inherited by each daughter cell. Normal dimensions and mor-
phology are achieved by the centrioles only after passage
through one-and-a-half cell cycles. The mother centriole is
more mature and longer than the daughter centriole and is
identified by the presence of sub-distal and distal appendages
(2,7-12). Defects in centriolar duplication cause abnormal size,
morphology, and number of centrioles, and these defects have
been linked to genetic instability in tumorigenesis, neuropa-
thies, and ciliopathies (13—-20). In fact, almost all the mutations
that have been identified in patients with microcephaly or
Seckel syndrome are in the genes that encode for centriole pro-
teins (21). Hence, understanding how the centriole biogenesis
is regulated and identification of the players involved may con-
tribute to the development of therapies for these clinical
conditions.

In humans centriole assembly initiates at the S phase of cell
cycle, and a new procentriole (daughter centriole) is generated
from the proximal end of mother centriole (22—24). The dupli-
cation process involves three stages: initiation, elongation, and
maturation. Initiation process includes the recruitment of
essential centriolar proteins such as CEP152, PLK4, hSAS-6,
STIL, CPAP?, CEP135, CP110, y-tubulin, and centrobin to the
proximal end of preexisting mother centrioles (25-36). Once
this pro-centriolar protein complex is formed, centrioles are
elongated to achieve a maximum length of ~500 nm and width
of ~200 nm by the addition of &/ 3-tubulin heterodimers onto it
(37). Exactly how these restricted dimensions are achieved in
comparison with the dynamic and highly unstable cytoskeletal
microtubules, which can vary in length, is not understood (38).

2 The abbreviation used is: CPAP, centrosomal protein 4.1-associated-protein.
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Recently, CPAP (also referred to as CENPJ) overexpression
was reported to cause the centriolar microtubules to elongate
beyond the predetermined length of 0.5 wm and led to accumu-
lation of multipolar spindles (35, 39, 40). Depletion of cellular
CPAP also resulted in loss of centrosome integrity and led to a
higher number of cells with mono- and multipolar (35) as well
as abnormal, misoriented spindles (4). Additionally, CPAP
mutations have been linked to microcephaly and Seckel syn-
drome (41, 42). Disruption of CPAP gene expression in mice
resulted in symptoms of microcephaly and Seckel syndrome as
well as abnormal centrosome/centriole numbers and multi-
and monopolar spindles (17). Hence, identifying the cellular
mechanisms that regulate CPAP expression is critical and may
also uncover the role of centriole duplication during brain
development.

CPAP is ubiquitinated and degraded by the proteasome dur-
ing mitosis (39, 43). Interestingly, the elongation phase of cen-
triole duplication, which determines centriole length, is com-
pleted by the time cells reach mitosis (44). Although CEP120
and SPICE1 are known to promote centriole elongation and
interact with CPAP (45, 46), they act downstream of CPAP in
the centriole duplication process. Therefore, identifying the
upstream targets and underlying signals that govern cellular
CPAP levels will shed light on how the centriole length is
restricted. In this regard, we recently reported that centrobin
interacts with tubulin and CPAP, and these interactions are
critical during the elongation stage of centriole duplication (47,
48).

Centrobin has a crucial role in centriole assembly, bipolar
mitotic spindle assembly, microtubule polymerization, and
asymmetric cell division (5, 36, 49 —52). Although it is consid-
ered as a daughter centriole protein, centrobin was detected on
mother centrioles of G,/M-arrested cells (47), suggesting that
its levels are regulated on the centrioles at different stages of cell
cycle. Our study, which reported that centrobin interacts with
a-tubulin and is required for the stability and elongation of
centrioles (47), demonstrated its pivotal structural and func-
tional roles in centriole duplication. Most importantly, our
recent report also shows that direct interaction between cen-
trobin and CPAP is responsible for the recruitment and main-
tenance of CPAP on the centrioles, and prevention of this inter-
action inhibits the CPAP-mediated elongation of centrioles.
However, the molecular mechanism by which centrobin con-
tributes to the CPAP-mediated elongation of centrioles
remains unknown.

In this study, for the first time we uncover a direct role for
centrobin in limiting centriole length and the molecular mech-
anism associated with it. We show that centrobin expression
levels regulate the cellular and centriolar levels of CPAP. Higher
centrobin expression inhibits CPAP degradation and translates
into increased ubiquitinated CPAP at the cellular and centriolar
levels leading to abnormally elongated centrioles. On the other
hand, reduced centrobin expression results in the destabiliza-
tion and degradation of CPAP, an essential centriole elongation
protein. Current observations in the context of our previous
studies (47, 48) show that centrobin is required for maintaining
CPAP levels and centriole elongation during normal cell cycle.
However, once the right length of centrioles is achieved at mito-
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sis (39), an unknown event, perhaps loss of centrobin, triggers
CPAP degradation to limit centriole growth during biogenesis.

EXPERIMENTAL PROCEDURES

Cell Lines, Transfection, and Media—293T, HeLa, and U20S
osteosarcoma cells were grown in DMEM medium (Cellgro)
supplemented with 10% fetal bovine serum, sodium pyruvate,
minimum essential amino acids, and antibiotic-antimycotic
solutions. The HeLa GFP-centrin-stable cells were kindly pro-
vided by Dr. Alexey Khodjakov, Wadsworth Center, New York
State Department of Health (53). Plasmid transfections were
done using the calcium phosphate method in the 293T cell line.
Trans-1T2020 (Mirus) reagent was used to transfect plasmids in
the U20S cell line. siRNAs were transfected using Oligo-
fectamine reagent (Invitrogen).

Antibodies and Reagents—Anti-centrobin monoclonal anti-
body has been described previously (47). The monoclonal anti-
GFP antibody, used for immunoprecipitation, was purchased
from Invitrogen™. The polyclonal antibody for CPAP was pur-
chased from Proteintech. Antibodies against HA, actin, and
tubulin were obtained from Sigma, and the anti-ubiquitin and
myc tag (9E10) antibodies were from Santa Cruz Biotechnol-
ogy. CP110 antibody was from Bethyl Laboratories. RNAi-me-
diated depletion of centrobin was achieved using either direct
transfection of pretro-Super-shcentrobin or synthetic siRNAs
from Thermo Fisher Scientific. The sequence of the targeting
region has been described before (36). The Alexa Fluor 488/
568/647-linked secondary antibodies as well as the a-tubulin-
Alexa Fluor 488 conjugate were purchased from Invitrogen™.
Hydroxyurea, nocodazole, and MG-132 were purchased from
Sigma.

Plasmids—The expression vectors carrying cDNAs for myc-
centrobin (full-length centrobin) and centrobin mutant span-
ning residues 365-903 that do not bind to CPAP have been
used and described before (47, 48). The GFP-C1-CPAP and
pcDNA4-myc-CPAP expression constructs were kind gifts
from Dr. Tang, Institute of Biomedical Sciences, Taiwan. The
HA-ubiquitin expressing construct was kindly provided by Dr.
Beichu Guo, Medical University of South Carolina.

Cell Culture, Transfection, and Drug Treatment—To study
the stability effect of centrobin on CPAP, 293T or U20S cells
were transfected in 24 wells for 72 h with low concentrations of
myc-centrobin and control plasmids. For proteasome inhibi-
tion, cells were treated with 20 um MG-132 (Sigma) for 14 h.
Because the MG-132 stock solution was prepared in DMSO, an
equivalent amount of DMSO solution was added to cells as
control treatment.

Immunofluorescence—For visualization of centrioles, cells
grown on coverslips were left on ice for half an hour to depo-
lymerize the cytoskeletal microtubules followed by treatment
with an extraction buffer (20 mm Hepes, pH 7.4, 50 mMm NaCl, 3
mMm MgCl,, 300 mMm sucrose, and 0.5% Triton X-100) to
enhance centriole staining and fixed with ice-cold methanol at
—20 °C. The cells were then incubated with appropriate pri-
mary antibodies diluted in PBS containing 0.02% Tween 20 and
then incubated with Alexa Fluor 488/568/647-linked secondary
antibodies. Coverslips were placed on slides in mounting media
containing antifade and DAPI (Invitrogen), and imaging was
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FIGURE 1. Overexpression of centrobin results in the abnormal elongation of centrioles. A, U20S cells that were transfected with control or myc-centrobin
expression vectors for 72 h were stained using the primary anti-myc, and -centrin antibodies followed by Alexa-568 and -647-linked secondary antibodies and
a-tubulin-Alexa-488 direct conjugate antibody. The right panel depicts the percentage of myc-positive centrioles that showed abnormal elongation. Results
represent three independent experiments with 50 cells examined/experiment. B, the centriole length was examined in control and myc-centrobin-expressing
cells and has been plotted using the software Prism. p < 0.0001. C, same as A, except U20S cells were stained at different time points after expression of
myc-centrobin. Scale bar: 2 um. Images were acquired using the Olympus FV10i confocal microscope and are maximum projections of Z-stacks.

conducted at room temperature. Images were acquired using
the Olympus FV10i that has an automated scanning confocal
system and is equipped with a 60X water immersion objective
1.345 n.a. Most images presented are maximum projections
of Z-stacks. For mitotic spindle assay, cells were directly
fixed with ice-cold methanol and stained using DAPI and
a-tubulin and centrin antibodies. Images were acquired
using the 60X oil objective with 1.4 n.a. of the Zeiss Axiovert
Imager microscope.

Immunoprecipitation—In pulldown experiments, cells trans-
fected with the indicated plasmids were washed in ice-cold PBS
and then lysed using immunoprecipitation lysis buffer (50 mm
Tris, pH 7.4, 150 mM NaCl, 1 mm EDTA, 1% sodium deoxy-
cholate, 1% Triton X-100, and 100 mm PMSF) for 40 min on ice.
The DNA was sheared using a 21-gauge needle, after which
lysates were spun at 14,000 rpm for 20 min. Lysates were pre-
cleared with a 50% slurry of protein A/G beads (Pierce) followed
by incubation with anti-GFP antibody overnight at 4 °C and
then with protein A/G beads for 1 h at 4 °C to precipitate the
immune complexes. After washing six times using lysis buffer,
the bound proteins were fractionated on an SDS-PAGE gel, and
Western blotting was performed to detect the bound proteins.
For immunoprecipitation, 1 ug of anti-GFP antibody was used
per ml of lysate.

Statistics—All experiments were performed independently at
least three times. Experiments that involved enumeration have
histograms presented where 50 cells were counted per group.
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Calculation of p value was done using Student’s ¢ test. The
asterisk denotes that the results are significant.

RESULTS

Overexpression of Centrobin Results in Abnormal, Long Cen-
triole-like Structures—To understand the mechanism by which
centrobin contributes to centriole elongation, U20S cells were
transfected with control or myc-tagged centrobin expression
vector for 72 h, and the centriole length was determined in
myc-positive cells. For better staining of the centrioles, cells
were placed on ice to depolymerize the bulk of cytoskeletal
microtubules and then extracted with a detergent-containing
buffer as described under “Experimental Procedures.” Cells were
then fixed with ice-cold methanol and stained using anti-a-tubu-
lin, -myc, and -centrin antibodies for immunofluorescence
microscopy. Confocal microscopy imaging revealed that in com-
parison with the centrioles of control cells, centrobin-overexpress-
ing cells had abnormal, long centriolar structures (Fig. 14, left
panel). As shown previously by others (54, 55), tubulin and centrin
staining along the length of these structures confirms that these
are in fact microtubule-based, elongated centrioles.

Quantitation of elongated centrioles in myc-centrobin-pos-
itive cells from three independent experiments showed that
34% of the myc-positive centrioles were abnormally elongated
beyond the predetermined 0.5 um (Fig. 14, right panel). At the
72-h time point, centriole length of myc-positive centrioles
spanned between 1.6 and 3.4 um, and the average length was
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FIGURE 2. Centrobin overexpression results in increased cellular CPAP but not CP110 and hSAS-6 levels. A, 293T cells transfected with control or
myc-centrobin expression vectors were lysed after 72 h of transfection and immunoblotted (/B) using the anti-CPAP, -CP110, -myc, and -actin antibodies.
Relative densitometric values are shown. Individual values were normalized against actin values, and the band intensities of control lane were considered as
1 for calculating relative values. B, 293T cells were transfected with control or indicated amounts of myc-centrobin vector followed by immunoblotting with the
anti-myc, -CPAP, hSAS-6, and -actin antibodies. C, U20S cells expressing control or myc-centrobin expression vectors were fixed with methanol and stained
with anti-a-tubulin and, -myc, and -CPAP antibodies to mark the centrioles. D, same as B, except cells were stained with anti-CP110 antibody instead of CPAP.
E, 293T cells were transfected with control or myc-centrobin-365-903 amino acid vectors and immunoblotted using the anti-myc, -CPAP, and -actin antibodies.
F,U20S cells were transfected with GFP and GFP-centrobin-365-903 vectors followed by immunostaining with anti-CPAP and -centrin antibodies. Images were
acquired using the Olympus FV10i confocal microscope and are maximum projections of Z stacks. Scale bar: 2 um.

found to be 2.8 um as compared with control centrioles that
spanned between 0.31 and 0.485 um with an average length of
0.46 pum (Fig. 1B). A similar phenotype was observed in 293T
cells upon overexpression of centrobin (data not shown), sug-
gesting that the abnormal elongation of centrioles triggered by
centrobin is not cell line-specific.

Next, we examined the timing of appearance of abnormal
centrioles upon overexpression of centrobin. U20S cells were
transfected with myc-centrobin vector and imaged by confocal
microscopy at 12, 24, 48, 72, and 96 h post-transfection. This
time-course analysis of centrobin-overexpressing cells revealed
that although the centriole size was not different from control
cells at 12 h (data not shown) or 24 h post-transfection, the
abnormal elongation was visible by 48 h, and the complexity of
the microtubule-based structures increased profoundly at later
time-points (Fig. 1C). As observed in Fig. 1C, centrioles were
elongated to an average of 3 um. The microtubule-based struc-
tures were found to be significantly longer and branched at the
distal end by 96 h. These data confirm that increased cellular
levels of centrobin lead to unregulated elongation and abnor-
mal structure of the centrioles.

Centrobin Overexpression Results in Increased Cellular Levels
of CPAP—CPAP and CP110 play opposing roles in regulating
centriole length. CPAP overexpression or CP110 depletion
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cause the centrioles to elongate abnormally (35, 39, 40). There-
fore, to understand the underlying molecular mechanism by
which centrobin-mediates centriole elongation, we examined
the cellular expression levels of CPAP and CP110 in centrobin-
overexpressing cells. 293T cells were transfected with control
or myc-centrobin expression vectors, and cell lysates were pre-
pared 72 h post-transfection and subjected to immunoblotting
to detect the endogenous levels of CPAP, CP110, and tubulin.
Fig. 2A shows that the centrobin-overexpressing, but not control
cells, have a massive accumulation of the CPAP protein. On the
other hand, the cellular level of CP110 in centrobin-overexpress-
ing cells, albeit relatively higher than control, was not as pro-
foundly different as CPAP levels, suggesting that centrobin-over-
expression has a more robust effect on CPAP protein levels.

To further confirm if expression levels of centrobin correlate
with that of CPAP, 293T cells were transfected with varying
amounts of myc-centrobin expression vector and examined for
endogenous levels of CPAP. The cellular level of CPAP was
directly proportional to amounts of centrobin expressed in the
cell (Fig. 2B). Interestingly, corresponding levels of another
essential centriole biogenesis protein, hSAS-6 (33), were not
altered profoundly in centrobin-overexpressing cells. This sug-
gests that cellular levels of centrobin, specifically, alter the cel-
lular levels of CPAP.
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Next, we examined whether the increased cellular levels of
CPAP upon centrobin overexpression translate into their
incorporation in the elongating centriole barrels. U20S cells,
which are commonly used for studies related to centriole biol-
ogy due to mutations that uncouple the cell cycle and centriole
duplication processes (56), were transfected with myc-centro-
bin expression vector for 72 h and stained for CPAP and CP110.
The centriolar levels of CPAP mimicked the cellular levels,
where centrobin-overexpression resulted in a profound
increase in the staining intensity of CPAP as compared with
control cells, specifically on the elongated centriole-like struc-
tures (Fig. 2C). CP110, which stains the distal ends of centrioles
(27), was not significantly different in the control and centro-
bin-overexpressing cells (Fig. 2D). These results suggest that
centrobin has a specific, stabilizing effect on the cellular levels
of CPAP but not CP110. Because a constant dynamic exchange
between the cytoplasmic and centriolar CPAP can occur (4),
the abnormal centriole elongation of centrioles, when centro-
bin is expressed at higher levels, appears to be caused by stabi-
lization of cellular levels of CPAP and accumulation of it on the
centrioles.

Earlier, we showed that centrobin directly interacts with
CPAP (48). To further evaluate if the observed stabilizing effect
of centrobin on endogenous CPAP was indeed due to its bind-
ing ability, we tested the effect of a 365—903-amino acid frag-
ment of centrobin that does not bind to CPAP but retains its
tubulin binding ability (47, 48) (referred to as centrobin 365-
903 in the rest of the manuscript) on the cellular and centriolar
levels of CPAP. As observed in Fig. 2, E and F, overexpression of
centrobin mutant, which does not bind to CPAP, did not alter
the cellular and centriolar levels of CPAP, indicating that phys-
ical interaction with centrobin is necessary for the accumula-
tion of CPAP.

Centrobin Depletion Results in the Degradation of Cellular
CPAP—Recently, we reported that centrobin-CPAP interac-
tion facilitates the maintenance of CPAP on centrioles and con-
tributes to its elongation function (48). In fact, in this report we
showed that depletion of centrobin causes the disappearance of
CPAP from the centrioles and inhibition of CPAP-mediated
centriole elongation. Here, we examined whether the cellular
levels of CPAP are also affected upon centrobin depletion. 293T
cells were transfected with either control or centrobin shRNA
using the pRetro-Super expression vectors, and cell lysates were
prepared after 72 h and subjected to SDS-PAGE and Western
blotting to detect centrobin, CPAP, and another centriolar pro-
tein, centrin. Fig. 3A shows that endogenous CPAP was unde-
tectable in centrobin-depleted cells, whereas the cellular level
of centrin, a centriolar marker, was not affected considerably
upon centrobin depletion (Fig. 3A4).

To assess if centrobin depletion has an effect on centriolar
CPAP and if the effect is specific, HeLa cells that stably express
GFP-centrin (53) were transfected with control or shRNA
expression vectors for 72 h and stained for immunofluores-
cence microscopy. Although the GFP-positive centrioles in
control shRNA-expressing cells showed the presence of centro-
bin and CPAP, centrobin depletion caused the disappearance of
CPAP, but not centrin, from centrioles (Fig. 3B). This indicates
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that centrobin depletion-associated effect on CPAP level is
specific.

To further assess the effect of centrobin deficiency on cellu-
lar levels of CPAP protein, 293T cells were transfected with
varying amounts of centrobin shRNA expression vector for
72 h, and the cell lysates were subjected to immunoblotting to
detect CPAP levels. In agreement with the observations shown
in Fig. 2D, where increasing amounts of myc-centrobin expres-
sion led to a synergistic stabilizing effect on CPAP, progressive
loss of endogenous cellular CPAP was observed with increasing
depletion of centrobin (Fig. 3C). These observations indicate
that maintenance of cellular and centriolar levels of CPAP
requires the presence of centrobin.

Reintroduction of Full-length Centrobin, but Not CPAP,
Restored the Cellular Levels of CPAP—Next, we examined
whether the loss of cellular CPAP in centrobin-depleted cells is
due to the loss of centrobin by reintroducing centrobin expres-
sion. Because the shRNA used for depleting centrobin targets
the non-coding 3'-UTR region, this reagent does not affect the
expression of exogenously introduced centrobin cDNA. Cen-
trobin was depleted in 293T cells for 36 h as described above
and re-transfected with the myc-centrobin expression vector.
After 72 h, cell lysates were probed for endogenous and exoge-
nous centrobin and endogenous CPAP by immunoblotting. Fig.
3D demonstrates that centrobin knockdown resulted in the loss
of endogenous CPAP, similar to Fig. 3, A and C, but reintroduc-
tion of centrobin in these cells restored the cellular levels of
CPAP. This observation, in association with the results of Fig. 2,
confirms that the loss of CPAP seen in centrobin-deficient cells
is specific to centrobin levels, and the persistence of cellular and
centriolar CPAP is determined by centrobin levels.

In a recent report (48), we showed that the U20S cells over-
expressing GFP-CPAP were unable to elongate centrioles in the
absence of centrobin due to lack of centrobin-mediated recruit-
ment of CPAP to the centrioles. Hence, we examined whether
the lack of centriolar expression of CPAP in centrobin-depleted
cells is associated with the lack of interaction of centrobin with
CPAP. 293T cells were transfected with control or centrobin
shRNA vector for 36 h, re-transfected with centrobin mutant
that does not bind to CPAP (centrobin-365-903) or full-length
CPAP itself (Fig. 3E), expression vectors for an additional 36 h,
and the cell lysates were subjected to immunoblotting to detect
centrobin and CPAP. Fig. 3E demonstrates that although
robust expression of the exogenously delivered myc-CPAP was
seen in control cells, relatively lower levels of CPAP were
detected in the centrobin shRNA-expressing cells. This con-
firms that centrobin at least partially regulates the stability
and persistence of CPAP in cells. In addition, expression of
centrobin-365-903 did not restore the CPAP expression in
centrobin-depleted cells (Fig. 3E). These results confirm that
protein instability due to lack of interaction with centrobin is
the mechanism responsible for disappearance of CPAP in cen-
trobin-deficient cells.

Inhibition of the Proteasome Pathway Restores Cellular CPAP
Levels in Centrobin-depleted Cells—CPAP is degraded by the
proteasome in late mitotic/early G; cells (39, 43). However,
what triggers CPAP degradation and termination of centriole
elongation at this phase is not known. Considering our obser-

SASBMB

VOLUME 290-NUMBER 11+MARCH 13,2015



Centrobin Regulates Centriole Length

A Control  Centrobin B
shRNA  shRNA GF P. .
centrin  centrobin CPAP Merged
Centrobin . IB Centrobin
(100 kDa)
L Control
hRNA
CPAP 4 &
Ceap H’ .| IBCPAP
Centrin Centrobin
DS ‘ H IB Centrin hRNA
Acti : —
(&210) ‘ - I8 Sstin
C D Centrobin
Conirol i Myc-centrobin ShRNA
ShRNA Centrobin shRNA yc-
250 ng30 ng 60 ng 125 ng 250 ng Myc-centrobin
IB Centrobi Y 1S ko) 1B Myce
entrobin
Cer}fﬁ?gﬁgﬂ T Endogenous
centrobin .IB Centrobin
CPAP IB CPAP (100 kDa)
(150 kD) MRS
low exposure |~
Actin w IB Actin =
(42 kDa) O
-hlgh exposure |
Control shRNA - + - + + . (ézi%n) IB Actin
Centrobin sShRNA  + - + = - + 4
myc-CPAP - - = = + 4
myc-centrobin

365-903

+ & - - - -
(100 kDa)

myc-centrobin
(60 kDa)

CPAP|
(150 kDa)

IB Centrobin

IB Centrobin

. - IB Actin
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projections of Z stacks. Scale bar: 2 um. C. 293T cells were transfected with increasing amounts of centrobin shRNA- expressing vector for 72 h, and the lysates
were immunoblotted using the indicated antibodies. D, to test the specificity of centrobin shRNA-induced effect, control or centrobin shRNA-transfected 293T
cells after 48 h were re-transfected with myc-centrobin-expressing vector. Lysates were probed with antibodies against centrobin, CPAP, and actin. £, same

experimental scheme as D, except control or centrobin shRNA cells were re-transfected with myc-centrobin-365-903 or myc-CPAP expressing vectors.

vations that CPAP stability is dependent on the cellular levels of
centrobin, we sought to understand the mechanism by which
CPAP expression is lost in centrobin-depleted cells. 293T cells
were transfected with control or centrobin shRNA for 72 h and
treated with a proteasome inhibitor, MG-132, for an additional
14 h, and the cell lysates were subjected to immunoblotting for
detection of CPAP. Our results show that in comparison with
untreated cells, a significant accumulation of CPAP occurs in
MG-132-treated control shRNA cells (Fig. 4A4), reiterating ear-
lier observations that CPAP is proteasomally degraded (39, 43).
Importantly, although CPAP was significantly down-regulated
in untreated centrobin-depleted cells, MG-132 treatment did
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restore the CPAP expression in them, albeit not equivalent to
the levels of MG-132-treated control cells.

Inhibition of the Proteasome Restores CPAP on the Centrioles—
Our previous report shows that CPAP is not recruited to the cen-
trioles in the absence of centrobin (48). Therefore, we determined
whether inhibition of proteasome activity also led to recruitment
and restoration of CPAP to the centrioles in centrobin-depleted
cells. U20S cells were treated with either control or centrobin
siRNAs for 72 h and MG-132 for another 14 h and stained using
anti-a-tubulin, -centrobin, and -CPAP antibodies for immuno-
fluorescence microscopy. As observed in Fig. 4B, control and cen-
trobin-depleted cells that are treated with MG-132 had normal
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FIGURE 4. Proteasome inhibition restores CPAP expression in centrobin-depleted cells. A, 293T cells were transfected with control or centrobin shRNA
expression vectors for 72 h after which cells were treated with either DMSO vehicle control or MG-132 (20 um) for 14 h. Cells were then lysed and immuno-
blotted (/B) with the indicated antibodies. B, U20S cells were transfected with control or centrobin siRNAs for 72 h followed by treatment with DMSO or MG-132
for 14 h. Cells were then fixed with methanol followed by staining with anti-a-tubulin, -CPAP, and -centrobin antibodies to visualize the centrioles. C, same as
B, except cells were stained with centrin instead of CPAP. Images were acquired using the Olympus FV10i confocal microscope and are maximum projections

of Z stacks. Scale bar: 2 um.

sized centrioles. However, although CPAP was undetectable in
centrobin-depleted cells that are not treated with MG-132, protea-
some inhibition restored CPAP recruitment to the centrioles in
these cells. As anticipated, inhibition of proteasome activity in
control cells also resulted in higher expression of CPAP on the
centrioles. These observations that proteasome inhibition restores
centriolar levels of CPAP in centrobin-depleted cells confirm that
CPAP is targeted for proteasome-mediated degradation in the
absence of centrobin.

Proteasome Inhibition Is Not Sufficient to Restore the Centri-
ole Elongation Activity of CPAP in Centrobin-deficient Cells—
Previous studies have shown that overexpression of CPAP
causes abnormal centriole elongation (35, 39, 40) and centrobin
is required for this elongation to proceed (47, 48). Our previous
and current observations indicate that centrobin promotes this
centriole elongation activity by regulating the stability of cellu-
lar and centriolar CPAP. It has also been shown that de novo
abnormal elongation of centrioles can occur upon inhibition of
the proteasome activity (57). Because inhibition of the protea-
some degradation pathway restored CPAP expression to the
centrioles in centrobin-depleted cells (Fig. 4B), we examined
whether prevention of CPAP degradation by inhibiting protea-
some activity alone is sufficient to cause abnormal centriole
elongation in the absence of centrobin. U20S cells were trans-
fected with control or centrobin siRNA, treated with MG-132,
and stained with antibodies to detect a-tubulin, centrobin, and
centrin to assess the overall centriole size. As reported before
(57), we observed abnormally elongated centrioles in the
MG-132-treated control cells (Fig. 4C). Centrioles in centro-
bin-deficient cells, in spite of treatment with MG-132, did not
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show abnormal elongation of centrioles as compared with con-
trol cells, perhaps due to relatively lower amounts of cellular
and centriolar CPAP as observed in Fig. 4, A and B. This reiter-
ates that the final length of centrioles is determined by the
amount of both centrobin and CPAP present in the cell.
Interaction with Centrobin Prevents the Proteasome-medi-
ated Degradation of Ubiquitinated CPAP—Because ubiquitina-
tion precedes proteasomal degradation of proteins, we examined
the ubiquitination status of CPAP in centrobin overexpressing
cells. Myc-centrobin, GFP-CPAP, and HA-ubiquitin co-trans-
fected 293T cells, and the appropriate control cells were treated
with DMSO or MG-132. The cell lysates were then subjected to
immunoprecipitation using anti-GFP antibody to pull down
GFP-CPAP and immunoblotted (/B) with anti-HA, -GFP,
and -myc antibodies to detect ubiquitin, CPAP, and centrobin,
respectively. As anticipated, MG-132 treatment resulted in an
increase in the amount of ubiquitinated proteins in control cells
(Fig. 5A, Input panel). Interestingly, when the anti-GFP-
(CPAP) immunoprecipitates were probed using anti-HA (ubiq-
uitin) antibody, centrobin-overexpressing cells showed much
higher levels of ubiquitinated proteins even without MG-132
treatment. The smear, but not ladder, pattern (Fig. 54, upper
panel) upon probing the immunoprecipitates suggests that
other ubiquitinated proteins may be co-precipitated along with
CPAP. Therefore, the same blot-membrane was re-probed
using anti-GFP antibody to detect ubiquitinated CPAP. As
observed in the middle IB panel of Fig. 5A, CPAP detected using
anti-GFP antibody showed a ladder pattern indicating that it is
the ubiquitinated form of CPAP. The control cells that were
treated with MG-132 showed higher levels of ubiquitinated

SASBMB

VOLUME 290-NUMBER 11-MARCH 13, 2015



A
Control vector  + + =
Myc-centrobin - - +
GFP CPAP  + + +
HA-ubiquitin  + + +

MG132 +
HA-ubiquitin
IP GFP

IB GFP 2 GFP CPAP

| myc-centrobin
| (115 kDa)

IB HA HA-ubiquitin
Input

IB GFP ’,. H ” GFP CPAP

(175 kDa)
IB myc E myc-centrobin
r&
i tubulin
IB tubulin | | fOu!

| (115 kDa)

+ HA-ubiquitin
o-tubulin HA CPAP Merged

Control
vector

myc-
centrobin

Centrobin Regulates Centriole Length

B

Control vector + + -
Myc-centrobin
365-903

GFP CPAP
HA-ubiquitin
MG132 .

IB HA ,'F‘

IB myc myc-centrobin
(60 kDa)

--iq GFP CPAP
IB GFP = i ¢

B myc g = ‘- myc-centrobin | jnpy¢

(60 kDa)

+ 4+ o+

+
+

+ + 4+

HA ubiquitin | |p
GFP

D a-tubulin ubiquitin  Merged
Control

vector

myc- = :
E

centrin  ubiquitin  Merged

GFP
centrobin
365-903
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last 14 h. Lysates were prepared using the radioimmune precipitation assay buffer and treated with anti-GFP antibody. Immunoprecipitates (IP) were separated
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A using centrobin-365-903 expression vector. C, U20S cells were transfected with control or myc-centrobin along with the HA-ubiquitin expression vectors.
Cells were fixed and stained using the anti-a-tubulin, -HA, and -CPAP antibodies. D, U20S cells were transfected with control or myc-centrobin expressing
vector and immunostained with anti-a-tubulin, -ubiquitin, and -CPAP antibodies. E, U20S cells were transfected with GFP or GFP-centrobin-365-903 and
stained using the anti-a-tubulin, -ubiquitin, and -CPAP antibodies. Images were acquired using the Olympus FV10i confocal microscope and are maximum

projections of Z stacks. Scale bar: 2 um.

CPAP compared with untreated cells, indicating that inhibition
of proteasome prevents the degradation of ubiquitinated
CPAP. Importantly, centrobin overexpressing cells also showed
profoundly higher levels of ubiquitinated CPAP compared with
control cells even in the absence of MG-132. In fact, the immu-
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noprecipitates prepared from GFP-CPAP-expressing cells
using anti-GFP antibody showed the presence of myc-centro-
bin (Fig. 5A4) confirming our earlier observation that centrobin
and CPAP interact (48). Importantly, expression of centrobin-
365-903 did not cause the accumulation of ubiquitinated
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CPAP in non-proteasome inhibitor-treated cells (Fig. 5B), sug-
gesting that CPAP is accumulated only through its interaction
with centrobin. Overall, these results indicate that centrobin
interacts with an ubiquitinated form of CPAP, and this ubig-
uitinated form of CPAP does not get targeted for proteasome-
mediated degradation in the presence of centrobin.

Persistence of Ubiquitinated CPAP in Centrobin-overexpress-
ing Cells Leads to the Elongation of Centrioles—The elongation
phase of centriole duplication is completed when the cell
reaches mitosis (39). It has been shown that CPAP is degraded
through proteasome targeting, and persistence of CPAP can
lead to long, abnormal centrioles (44). Our results show that
centrobin-overexpressing cells have abnormal, elongated cen-
trioles (Fig. 1) as well as high levels of ubiquitinated CPAP. This
raises the possibility that ubiquitinated CPAP may also accu-
mulate on the centrioles of centrobin-overexpressing cells due
to persistent interaction with centrobin (4), resulting in unin-
terrupted elongation function.

Because centrobin overexpression caused accumulation of
ubiquitinated CPAP in the cell and the localization of ubiquiti-
nated proteins on the centrioles has never been reported before,
we examined whether ubiquitinated proteins are accumulated
on centrioles in the context of centrobin overexpression. U20S
cells were transfected with the myc-centrobin expression vec-
tor and HA-ubiquitin vector. Cells were co-stained with
anti-HA and -CPAP antibodies along with anti-tubulin anti-
body to mark the centrioles for immunofluorescence micros-
copy. Fig. 5C shows that although the anti-HA antibody did not
stain the centrioles, centrobin-overexpressing cells showed
high levels of HA staining on the centrioles indicating centri-
olar accumulation of ubiquitinated proteins. Importantly stain-
ing using ubiquitin-specific antibody also showed high
amounts of ubiquitinated proteins on the elongated centrioles
of full-length centrobin (Fig. 5D) but not on centrioles of cells
expressing centrobin-365-903 (Fig. 5E). Although the identity
of ubiquitinated proteins on the centrioles of centrobin-over-
expressing cells is unknown, our results, in association with the
known role of CPAP in centriole elongation (39), suggest that
centrobin is responsible for the stabilization and accumulation
of ubiquitinated CPAP on centrioles and their elongation.

Centrobin Depletion and Overexpression Affects the Bipolar
Spindle Morphology—Bipolar spindle assembly ensures the
correct segregation of chromosomes during cell division. Per-
turbing the centrosome integrity due to short centrioles or
abnormal sized centrioles has been shown to affect the bipolar
spindle assembly process (35, 51), which can contribute to
chromosome instability (15, 58). Hence, we evaluated the phys-
iological effects of CPAP loss as a consequence of centrobin
depletion as well as excess CPAP due to overexpression of cen-
trobin in a mitotic bipolar spindle assembly assay. U20S cells
were transfected with either centrobin shRNA or myc-centro-
bin expression vector along with appropriate control vectors
for 96 h. The spindle morphology in mitotic cells from these
cultures was analyzed by staining with anti-a-tubulin and -cen-
trin antibodies and DAPI (Fig. 6). As reported earlier (51),
depletion of centrobin caused an accumulation of cells with
abnormal spindles that were aberrant, unfocused, mini, or col-
lapsed. Importantly, a higher number of centrobin- overex-
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FIGURE 6. Centrobin depletion and overexpression results in spindles
with abnormal morphology. U20S cells were transfected with control or
centrobin shRNA and control or myc-centrobin vectors for 72 h followed by
staining with DAPI (blue) to mark the nucleus and a-tubulin (green) and cen-
trin (red) primary antibodies to stain the spindle and centrioles. Representa-
tive images for the major categories of spindles observed have been shownin
the top row of panel A, and examples of visibly abnormal spindle-bearing cells
are shown in middle and lower rows of this panel. Quantification of mitotic
cells in centrobin-depleted cells and centrobin-overexpressing cells are
shown in panels B and C, respectively. Images were acquired using the Zeiss
Axiovertimaging microscope with the 60X oilimmersion objective. Scale bar:
20 um. *, p value <0.001.

pressing cells also demonstrated these types of abnormal
spindles compared with control vector-transfected cells, con-
firming that a normal expression level of centrobin is necessary
for maintaining centrosome integrity, which is critical for nor-
mal bipolar spindle assembly during cell division.

DISCUSSION

Here we have identified the molecular mechanism by which
centrobin contributes to the assembly of centrioles. We found
that centrobin is critical for stabilizing the cellular and centri-
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olar levels of CPAP. Although depletion of centrobin leads to
cellular CPAP degradation, overexpression of centrobin causes
the accumulation of CPAP and abnormal, long centrioles. In
association with our previous report that centrobin and CPAP
interact directly (48), this study demonstrates that loss of cen-
trobin-CPAP interaction results in targeting of ubiquitinated
CPAP for proteasome-mediated degradation, a potential
mechanism for restricting the centriole length to ~500 nm.

Although several centriolar proteins such as STIL, SAS-6,
CEP120, SPICE1, and CEP135 can interact with CPAP and pos-
itively regulate the centriole duplication and elongation process
(30, 32, 45, 46), this is the first study that uncovers the mecha-
nism by which CPAP levels are regulated in the cell to restrict
the centriole length. Earlier we showed that centrobin binds to
CPAP directly, and this interaction is essential for maintaining
CPAP levels on centrioles (48). Here, we show that centrobin
expression levels determine the cellular levels of CPAP.
Although excess centrobin causes the persistence of ubiquiti-
nated CPAP and uncontrolled elongation of centrioles due to
prolonged interaction with centrobin, lack of centrobin leads to
degradation of ubiquitinated CPAP by the proteasome and
inhibition of centriole elongation.

It has been shown that CPAP is ubiquitinated by the APC-
Cdh1 complex, which is active during mitosis (39). Once a pro-
tein is ubiquitinated, it is often targeted to the proteasome and
degraded. This is achieved by the action of specific deubiquiti-
nases, which recycle the ubiquitin back to the cytoplasm (59),
making the protein vulnerable to the action of proteases.
Therefore, ubiquitination of CPAP at mitosis and targeting it
for proteasomal degradation is one of the mechanisms by which
centriolar CPAP levels are regulated to halt centriole elonga-
tion at the predetermined dimensions of ~500-nm length (39).
In fact, this previous study also showed that expression of a
degradation-resistant mutant form of CPAP, which lacks the
ubiquitination site, could lead to unregulated elongation of cen-
trioles. However, the ubiquitination pattern of CPAP and its
centriole localization were not reported.

Our previous report showed that the centriolar recruitment
and maintenance of CPAP is dependent on its interaction with
centrobin (48). However, how centrobin-mediated stabiliza-
tion of CPAP on the centrioles is achieved was not known.
Although disassociation of the centrobin-CPAP interaction,
due to inability of CPAP to target to the centrioles, was thought
to be responsible, our current study clearly shows that the cel-
lular levels of CPAP, determined by its interaction with centro-
bin, may be critical for a dynamic exchange of these proteins
between cytoplasm and centrioles. In this regard our observa-
tion that inhibition of proteasome activity using MG-132 is
sufficient to restore the cellular and centriolar CPAP indicates
that centrobin stabilizes cellular levels of CPAP and prevents its
proteasome-dependent degradation. This notion has been fur-
ther substantiated by profound accumulation of CPAP in the
cell and centrioles upon centrobin overexpression.

We also observed that overexpression of centrobin causes
massive accumulation of ubiquitinated CPAP in the cell and
unregulated elongation of centrioles. An intriguing question is
why the ubiquitinated CPAP is not targeted for degradation in
the presence of high levels of centrobin. The most obvious rea-
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son is that the interaction of ubiquitinated CPAP with centro-
bin prevents it from being targeted for proteasomal degrada-
tion. Therefore, ubiquitinated CPAP levels are expected to be
proportionate to centrobin levels, and the absence of centrobin
results in proteasomal degradation of ubiquitinated CPAP. Our
observations shown here suggest this as the potential mecha-
nism. However, alternatively, it is possible that centrobin has a
direct or indirect role in inhibiting the proteasome, which pre-
vents the degradation of ubiquitinated proteins, CPAP in par-
ticular, possibly by affecting the deubiquitinase function. For
example, the activity of deubiquitinase USP33 has been linked
to the regulation of centriole distal end capping protein, CP110
(60). It is possible that deubiquitination of CPAP, before prote-
ase degradation in the proteasome, may be dependent on
USP33 or similar enzymes, and high levels of centrobin may
have a regulatory effect on them, which needs to be investigated
in the future. Yet another possibility is that certain forms of
ubiquitination, as shown for the NF-«B signaling pathway (61,
62), are actually required to perpetuate signaling activities, and
CPAP may be ubiquitinated differently in the presence and
absence of centrobin. Both the above-mentioned possibilities
will be tested in the future.

Previous reports have shown that CPAP is degraded at the
G,/M stage. At this stage, the microtubule assembly on the
centrioles is completed, and the centrioles have reached their
predetermined dimensions (39). Hence, it is believed that deg-
radation of CPAP is a trigger to stop further elongation of the
centrioles. Importantly, both centrobin and CPAP directly bind
to tubulin and have microtubule-stabilizing property (49, 52,
63), suggesting that these proteins contribute to the actual
polymerization of microtubules. Future studies will address
how the tubulin binding property of centrobin and CPAP coor-
dinates and contributes toward centriole assembly and regula-
tion of centriole length during biogenesis. In addition, because
the cellular levels of centrobin remain unchanged throughout
the cell cycle (39), what triggers CPAP degradation in the pres-
ence of centrobin for restricting the centriole length is another
important question. Centrobin, which is considered a predom-
inantly daughter centriolar protein (36), has also been detected
on the mother centrioles in G,/M-arrested cells (47), suggest-
ing the levels of this protein are regulated on centrioles at dif-
ferent stages of cell cycle. Furthermore, in G,/M-arrested cells,
centrobin undergoes PLK1-mediated phosphorylation (52)
indicating its altered function. It is possible that in mitotic cells
centrobin gets phosphorylated causing termination of centro-
bin-CPAP interaction at least at centriolar level, resulting in
CPAP degradation and cessation of centriole elongation. This
notion is currently being investigated.

Centrobin-CPAP interaction appears to be crucial for bipo-
lar mitotic spindle formation. Our results show that abnormal
levels of centrobin are associated with loss of centrosome integ-
rity, defective mitotic spindles with abnormal spindle poles and
orientation. In fact this is in agreement with previous reports
that showed defective mitotic spindle formation and partial loss
of centrosome integrity upon centrobin depletion of centrobin
or CPAP (35, 51) as well as upon overexpression of CPAP (35).
The normal functioning of mitotic spindles is critical for the
fidelity of chromosome segregation and tumor suppression.
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Therefore, our observations highlight the significance of cen-
trobin-CPAP interaction during cell division.

Overall, this study shows that centrobin regulates the CPAP
levels and contributes to centriole assembly during elongation
as depicted in the model (Fig. 7). Loss of centrobin-CPAP inter-
action at mitosis by an unknown mechanism targets CPAP for
degradation and restricts the centriole length at a predeter-
mined length. However, excess centrobin facilitates prolonged
interaction with CPAP and accumulation of ubiquitinated pro-
teins, potentially including CPAP, on centrioles, thereby caus-
ing the centrioles to elongate abnormally. On the other hand,
depletion of centrobin results in the degradation of CPAP, causing
inhibition of the centriole duplication process. Although our
observations clearly show that ubiquitinated CPAP is accumu-
lated on the centrioles and abnormally elongated centrioles are
generated in the presence of excessive centrobin, additional
studies are needed to realize whether ubiquitinated CPAP is
needed for, or if it is functional in, promoting centriole
elongation.
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In summary, we report the identification of centrobin as an
upstream regulator of CPAP, a centrosomal protein with cru-
cial role in centriole assembly, spindle orientation, brain devel-
opment, and ciliogenesis (4, 17, 27, 35, 41, 64). Of clinical
importance, patients with microcephaly and Seckel syndrome
were found to have mutations in this gene (41, 42). Further-
more, mice with disrupted CPAP expression develop symp-
toms of microcephaly and Seckel syndrome (17). Therefore, our
observations that centrobin regulates CPAP levels and restricts
the length of centrioles are highly significant and contribute to
the understanding of centriole biogenesis.
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