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Cep78 controls centrosome homeostasis by
inhibiting EDD-DYRK2-DDB1VprBP
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Abstract

The centrosome plays a critical role in various cellular processes
including cell division and cilia formation, and deregulation of
centrosome homeostasis is a hallmark feature of many human
diseases. Here, we show that centrosomal protein of 78 kDa
(Cep78) localizes to mature centrioles and directly interacts with
viral protein R binding protein (VprBP). Although VprBP is a compo-
nent of two distinct E3 ubiquitin ligases, EDD-DYRK2-DDB1VprBP and
CRL4VprBP, Cep78 binds specifically to EDD-DYRK2-DDB1VprBP and
inhibits its activity. A pool of EDD-DYRK2-DDB1VprBP is active at the
centrosome and mediates ubiquitination of CP110, a novel centro-
somal substrate. Deregulation of Cep78 or EDD-DYRK2-DDB1VprBP

perturbs CP110 ubiquitination and protein stability, thereby
affecting centriole length and cilia assembly. Mechanistically, ubiqui-
tination of CP110 entails its phosphorylation by DYRK2 and bind-
ing to VprBP. Cep78 specifically impedes the transfer of ubiquitin
from EDD to CP110 without affecting CP110 phosphorylation and
binding to VprBP. Thus, we identify Cep78 as a new player that
regulates centrosome homeostasis by inhibiting the final step of
the enzymatic reaction catalyzed by EDD-DYRK2-DDB1VprBP.
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Introduction

The centrosome is the major microtubule-organizing center in most

eukaryotic cells and controls a number of cellular processes includ-

ing cell division, cell shape, motility and polarity, and cilia forma-

tion [1]. Beginning in G1 phase, a cell possesses one centrosome

comprising two centrioles, the mother and daughter centrioles,

embedded in the pericentriolar material (PCM) [2]. Centrosome

duplication commences in S phase, wherein a new centriole or

procentriole grows perpendicularly at the proximal end of each

existing centriole. Procentrioles elongate in S and G2 phases, while

the daughter centriole matures into a mother centriole. At the same

time, parental centrioles recruit and accumulate increasing amounts

of PCM. Two functional centrosomes, fully capable of nucleating

and organizing microtubules, are formed at the G2/M phase. At the

onset of mitosis, the two centrosomes separate, migrating to the

opposite end of a cell and establishing the mitotic spindle. These

events ensure accurate chromosome segregation and allow each of

the two incipient daughter cells to receive a diploid set of DNA

along with a single centrosome. When a cell exits the cell cycle and

enters the G0 phase, the centrosome migrates to the cell cortex

where the mother centriole templates the assembly of a cilium, a

cellular antenna critical for locomotion and sensation [3]. Because

centrosome duplication occurs once per cell cycle, the number of

centrosomes in a cell is under strict control. Defects in centrosome

duplication or function can give rise to human disorders such as

cancer, ciliopathies, and microcephaly [4–7].

The molecular makeup of the centrosome is complex, consisting

of hundreds of proteins as revealed by recent bioinformatic, genomic,

transcriptomic, and proteomic studies [8–10]. Centrosomal protein of

78 kDa (Cep78) was first discovered as a novel component through

proteomic analysis of isolated centrosomes [9]. Human full-length

Cep78 is composed of 722 amino acids and possesses a putative

coiled-coil (CC) domain and a leucine-rich repeat (LRR) domain with

six consecutive LRR repeats. Deregulation of Cep78 causes retinal

generation and hearing loss [11–13] and is associated with prostate

and colorectal cancer [14,15]. The Cep78 gene is found in ciliated

organisms but absent from non-ciliated organisms, suggesting that

the encoded product could be involved in cilia biogenesis and/or

function [16]. Another recent study shows that Cep78 is involved in

regulating centrosome duplication [17]. Despite these observations,

the biological function of Cep78 remains poorly characterized.

Ubiquitination is common mechanism for regulating protein

stability and function [18]. The process of ubiquitination is

controlled by three main classes of enzymes wherein ubiquitin (Ub)

is transferred from an activating enzyme E1 to a conjugating

enzyme E2 and finally to lysine residue(s) of the target substrate via

a ligating enzyme E3. E3 ligases are responsible for substrate recog-

nition and can be categorized into three types, really interesting

new gene (RING), homologous to the E6AP carboxyl terminus

(HECT), and RING-between-RING (RBR), depending on the pres-

ence of functional domains and the mechanism of Ub transfer to the
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substrate [19]. Given that deregulation of some E3 ligases is associ-

ated with cancer, it is therefore critical to understand how their

activities are controlled at the molecular level. The connection

between Cep78 and protein ubiquitination is unknown.

In this study, we identified Cep78 as a new player that controls

protein ubiquitination at the centrosome. We found that (i) Cep78

mostly associates with parental centrioles; (ii) Cep78 directly inter-

acts with viral protein R binding protein/DDB1 and Cullin4-

associated factor 1 (VprBP/DCAF1), a subunit of two distinct E3

ligases: the HECT-type EDD-DYRK2-DDB1VprBP consisting of EDD,

DYRK2, DDB1 and VprBP, and the RING-type CRL4VprBP consisting

of Roc1, Cullin4A, DDB1, and VprBP [20]; (iii) Cep78 specifically

interacts with EDD-DYRK2-DDB1VprBP; (iv) Cep78 is not a substrate

of EDD-DYRK2-DDB1VprBP; (v) Cep78 inhibits EDD-DYRK2-DDB1VprBP;

(vi) a fraction of EDD-DYRK2-DDB1VprBP is present at the centrosome

and mediates ubiquitination of a novel substrate CP110; (vii) deregula-

tion of Cep78 or EDD-DYRK2-DDB1VprBP alters CP110 ubiquitination,

thereby disrupting protein stability and cellular processes that are

dependent on CP110. Finally, we dissected the molecular mechanism

by which Cep78 inhibits ubiquitination of CP110.

Results

Cep78 localizes to parental centrioles and is periodically
expressed in the cell cycle

We previously used a combination of biochemistry, cell biology,

and proteomics to characterize Cep76, a protein that suppresses

centriole amplification [21,22]. During the course of these studies,

we identified Cep78 from a proteomic screen for Cep76-interacting

partners. The interaction between Cep78 and Cep76 was subse-

quently confirmed by immunoprecipitation (IP)/Western blot (WB)

(Fig 1A). Furthermore, both recombinant and endogenous Cep78
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Figure 1. Cep78 interacts with Cep76 and CP110, localizes to the distal region of centrioles, and is cell cycle regulated.

A Flag or Flag-Cep78 was expressed in HEK293 cells. Lysates were immunoprecipitated with an anti-Flag antibody and Western blotted with the indicated antibodies.
IN, input. b-actin was used as a loading control.

B RPE-1 cells expressing Flag-Cep78 were stained with antibodies against CP110 (red), Flag (green), and C-Nap1 (blue). Scale bar, 1 lm.
C RPE-1 cells were stained with DAPI (blue) and antibodies against Cep78 (red) and centrin, glutamylated tubulin (GT335), or C-Nap1 (green). Scale bar, 1 lm.
D RPE-1 cells in different phases of the cell cycle were stained with DAPI (blue) and antibodies against Cep78 (red) and centrin (green). Scale bar, 1 lm.
E Cep78 fluorescence intensity at centrosomes was measured and quantitated. At least 75 cells were quantitated in each cell cycle phase and two independent

experiments were performed.
F RPE-1 (left) and U2OS (right) lysates from different cell cycle phases were Western blotted with antibodies against Cep78. a-tubulin was used as a loading control. AS,

asynchronous. *denotes full-length Cep78.

Source data are available online for this figure.
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associated with a known Cep76-interacting protein CP110 [22]

(Figs 1A and 5A). By transfecting a plasmid expressing Flag-tagged

Cep78 into normal diploid RPE-1 cells and performing immuno-

fluorescence (IF) experiments, we found that the staining of recom-

binant Cep78 overlaps with a distal centriolar marker CP110 but not

with a proximal centriolar marker C-Nap1 (Fig 1B). Likewise, IF

experiments performed with an anti-Cep78 antibody revealed that

endogenous Cep78 co-localizes with a distal centriolar marker

centrin but not with C-Nap1 or another proximal marker glutamy-

lated tubulin (GT335) (Fig 1C). A second anti-Cep78 antibody also

exhibited staining that overlapped with centrin (Fig EV1A). Cep78

is an intrinsic component of centrosomes since its localization

was not affected by treatment with nocodazole, a microtubule-

depolymerizing drug (Fig EV1B). Examination of endogenous Cep78

staining pattern at different stages of the cell cycle revealed one

bright dot or two dots, one bright and one weak, in G0 cells

(Fig 1D). The bright dot is always associated with the mother centri-

ole able to template a cilium (Fig 1C). This staining pattern of

Cep78 remains unchanged in G0, G1, and S phases (Fig 1D). In late

G2 and M phases, two additional weak dots, presumably associated

with maturing procentrioles, could be detected occasionally

(Fig 1D). By quantifying the intensity of Cep78 IF in the vicinity of

centrosomes, we showed that the Cep78 signal is low in G0 and G1,

increases in S and G2, and diminishes in M phase (Fig 1E). Simi-

larly, Cep78 protein levels were low in G0 and G1, increased in

G1/S, peaked in S and G2, and decreased in M and the next G1

phase (Fig 1F). Cep78 IF and WB signals were greatly diminished in

Cep78-depleted cells (Fig EV1C and D), indicating that our antibody

specifically recognizes endogenous Cep78. Taken together, our data

suggest that Cep78 is a distal centriolar protein primarily associated

with parental centrioles and that it may function in late G1, S, and

G2 phases.

Cep78 specifically interacts with the EDD-DYRK2-DDB1VprBP E3
ligase at the centrosome

To obtain insights into the biological relevance of Cep78, we

performed a proteomic screen for Cep78-interacting partners. We

identified three putative partners—EDD, DDB1, and VprBP (Fig 2A)—

components of EDD-DYRK2-DDB1VprBP [23]. Because the highest

number of peptides recovered in our mass spectrometric analysis

besides Cep78 corresponded to VprBP, we first tested and confirmed

the interaction between endogenous Cep78 and VprBP in multiple

cell lines, including HEK293, HeLa, and RPE-1 (Fig EV2A). To

further explore whether Cep78 binds to EDD-DYRK2-DDB1VprBP, we

transfected a plasmid expressing Flag-Cep78 into cells, performed

anti-Flag IPs, and showed that Flag-Cep78 co-immunoprecipitates

with endogenous DYRK2, EDD, DDB1, and VprBP (Fig 2B). In strik-

ing contrast, Flag-Cep78 did not co-immunoprecipitate with

Cullin4A, a component of CRL4VprBP (Fig 2B). Similarly, endogenous

Cep78, VprBP, DDB1, and EDD were detected in Flag-DYRK2

immunoprecipitates (Fig EV2B). The interaction between Cep78 and

EDD-DYRK2-DDB1VprBP is physiologically relevant since endo-

genous Cep78 specifically co-immunoprecipitated with endogenous

DYRK2, EDD, DDB1, and VprBP (Fig 2C) and these proteins

co-fractionated in a discrete protein complex at ~670 kDa (Fig 2D).

Of note, the interaction between Cep78 and VprBP appeared to be

very robust (Fig 2B and C), suggesting that these two proteins may

directly interact. Indeed, in vitro binding experiments using puri-

fied Cep78 and individual EDD-DYRK2-DDB1VprBP subunits

revealed that Cep78 directly binds to VprBP only (Fig 2E). Further-

more, since VprBP is thought to directly interact with DDB1, which

in turn binds to DYRK2/EDD [23], we determined whether Cep78

interacts with DDB1 through VprBP. The Cep78–VprBP interaction

remained intact upon DDB1 depletion (Fig EV2C), whereas the

interaction between Cep78 and DDB1, DYRK2 or EDD was substan-

tially reduced in VprBP-depleted cells (Fig EV2D). Thus, our results

suggest that Cep78 specifically binds to EDD-DYRK2-DDB1VprBP

and that VprBP likely forms a scaffold linking Cep78 to DDB1/

DYRK2/EDD (Fig 2F).

Although EDD-DYRK2-DDB1VprBP subunits are present in the

nucleus and cytoplasm [24–27], their localization to the centrosome

has not been documented. Since EDD-DYRK2-DDB1VprBP binds to

Cep78, we speculate that a pool of this E3 ligase is targeted to the

centrosome. To biochemically demonstrate the localization of EDD-

DYRK2-DDB1VprBP, we purified centrosomes through sucrose gradi-

ent centrifugation and found that endogenous Cep78, EDD, DYRK2,

DDB1, and VprBP co-sedimented with c-tubulin and centrin on a

sucrose gradient (Fig 3A). As a negative control, these gradient frac-

tions were devoid of a non-centrosomal marker giantin (Fig 3A).

Furthermore, IF experiments revealed that in addition to their

nuclear localization, endogenous DYRK2, EDD, and VprBP co-

localize with centrin in about 5–65% of cells depending on the

phase of the cell cycle (Fig 3B and C). Together, these data suggest

that Cep78 likely interacts with EDD-DYRK2-DDB1VprBP at the

centrosome.

Mapping domains critical for the function of Cep78 and its
interaction with EDD-DYRK2-DDB1VprBP

To delineate the functional domain(s) of Cep78 that enable its local-

ization to the centrosome and association with VprBP, a series of

Flag-tagged truncated, deletion, and point mutants of Cep78 were

expressed in cells. After IPs with anti-Flag antibodies, we found that

only a fragment (1–520) containing the entire LRR domain can inter-

act with endogenous VprBP (Figs 3D and EV3A) and that deletion

of any one repeat within the domain is sufficient to abolish VprBP

binding (Figs 3D and EV3B). Deletion of the CC domain, in contrast,

did not affect binding to VprBP (Figs 3D and EV3B). Furthermore,

disruption of the LRR domain but not the CC domain compromised

centrosomal localization (Figs 3D and EV3C), suggesting that the

LRR domain or the horseshoe conformation it adopts is critical for

centrosomal targeting and VprBP binding. To further dissect the

centrosomal localization and VprBP-binding domains, we mutated

single amino acids within the LRR domain that lie on the concave or

convex surface of the horseshoe [28] and thus are predicted to

induce minimal structural perturbations. We found that a point

mutation in the fifth (D262A) or sixth (D290A) LRR repeat is suffi-

cient to abrogate VprBP binding without affecting centrosomal local-

ization (Figs 3E and EV4A and B). Likewise, depletion of VprBP did

not impinge on Cep78 localization (Fig EV5A), suggesting that

centrosomal targeting of Cep78 and its association with VprBP are

separate events.

VprBP possesses an armadillo-like and a cromo-like domain in

the N-terminal region, a LisH domain in the middle region, and a

WD40 and an acidic domain in the C-terminal region [20]. When
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VprBP fragments of various sizes were expressed, we observed that

the C-terminal end (1,377–1,507) encompassing the acidic domain

is responsible for Cep78 binding (Figs 3F and EV4C and D). The

Cep78-binding domain of VprBP is therefore distinct from the WD40

domain required for DDB1 binding [29,30].

Cep78 is not a substrate of EDD-DYRK2-DDB1VprBP

To explore the functional relationship between Cep78 and EDD-

DYRK2-DDB1VprBP, we first asked if Cep78 is a substrate of EDD-

DYRK2-DDB1VprBP by setting up in vivo ubiquitination assays.

Flag-Cep78, HA-Ub, and Myc-VprBP expressed in cells were left

untreated or treated with MG132 to stabilize ubiquitinated products.

Lysates were immunoprecipitated with anti-Flag in the presence of

1% SDS to prevent interacting proteins such as VprBP from co-

immunoprecipitating with Flag-Cep78 (Fig EV5B). Under this assay

condition, any observable ubiquitinated products with an apparent

molecular weight above 78 kDa were likely attributed to Flag-Cep78

ubiquitination. Although ubiquitination of Flag-Cep78 could be

detected, the levels of ubiquitination did not change upon VprBP

expression irrespective of MG132 (Fig 4A). Likewise, expression of

VprBP did not significantly increase the levels of Cep78 ubiquitina-

tion in mitosis (Fig EV5C) during which Cep78 was down-regulated

(Fig 1E and F). In contrast, two previously known EDD-DYRK2-

DDB1VprBP substrates, katanin p60 and TERT [23,31], became highly

ubiquitinated in the presence of VprBP (Fig EV5D and E). Consis-

tent with the notion that VprBP does not impinge on Cep78 ubiquiti-

nation, depletion or expression of VprBP did not alter the protein

levels or centrosomal localization of Cep78 (Figs 4B and EV5A).

Depletion of VprBP also did not affect Cep78 protein levels in mito-

sis (Fig EV5F), and both wild-type Cep78 and VprBP-binding

mutant of Cep78 (D290A) exhibited similar levels of ubiquitination

in mitosis (Fig EV5G). Moreover, depletion or expression of Cep78

had no effect on VprBP protein levels or centrosomal localization

A
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Figure 2. Cep78 interacts with EDD-DYRK2-DDB1VprBP through VprBP.

A Flag-Cep78 protein complexes from HEK293 cells were immunopurified and subjected to mass spectrometric analysis.
B Flag or Flag-Cep78 was expressed in HEK293 cells. Lysates were immunoprecipitated with an anti-Flag antibody and Western blotted with the indicated antibodies.

IN, input.
C HEK293 lysates were immunoprecipitated with an irrelevant (control) or anti-Cep78 antibody and Western blotted with the indicated antibodies. IN, input.
D HEK293 cell extracts were chromatographed on a Superpose-6 column, and the resulting fractions (Fraction-1 to -12) were Western blotted with the indicated

antibodies. IN, input.
E Purified Cep78 was mixed with purified EDD, DYRK2, DDB1, or VprBP. Proteins were immunoprecipitated with an anti-Cep78 antibody and Western blotted with the

indicated antibodies. IN, input.
F Proposed architecture of the Cep78-bounded EDD-DYRK2-DDB1VprBP complex.

Source data are available online for this figure.
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(Fig EV5A and Appendix Fig S1A and B). From these results, we

conclude that Cep78 is not a substrate of EDD-DYRK2-DDB1VprBP

and that neither protein affects the localization or stability of the

other.

Cep78 prevents EDD-DYRK2-DDB1VprBP from
ubiquitinating substrates

Next, we investigated whether Cep78 can modulate the activity of

EDD-DYRK2-DDB1VprBP. For this purpose, we performed in vivo

ubiquitination assays without SDS to immunoprecipitate recombi-

nant VprBP and associated proteins from cells expressing

recombinant VprBP and Ub. VprBP co-immunoprecipitated with

ubiquitinated products having apparent molecular weights from 50

to 250 kDa (Fig 4C). These products were present in greater abun-

dance in MG132-treated cells as opposed to untreated cells (Fig 4C)

and likely represent substrates that get ubiquitinated by, and remain

bounded to, VprBP throughout IP. Remarkably, co-expression of

Cep78 dramatically reduced the levels of ubiquitinated products in a

dose-dependent manner (Fig 4C). In contrast, the D290A mutant

was less efficient in preventing the appearance of ubiquitinated

products compared to wild-type Cep78 (Appendix Fig S1C). Like-

wise, depletion of Cep78 under the same assay condition led to

enhanced accumulation of ubiquitinated products (Fig 4D and

A
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Figure 3. EDD-DYRK2-DDB1VprBP is present at the centrosome and mapping functional domains of Cep78 and VprBP.

A Centrosomes from Jurkat cells were purified through a 40–70% sucrose gradient, and the resulting fractions were Western blotted with the indicated antibodies.
IN, input. c-tubulin and centrin, positive control; giantin, negative control.

B RPE-1 cells were stained with DAPI (blue) and antibodies against centrin (green) and EDD, DYRK2 or VprBP (red). Scale bar, 1 lm.
C The percentage of cells with centrosomal EDD, DYRK2, or VprBP staining across the cell cycle. At least 100 cells were scored in each cell cycle phase and two

independent experiments were performed.
D, E The ability of various Cep78 truncated, deletion, and point mutants to interact with VprBP and localize to centrosomes. 1–722, full-length; D122–146, deletion of

the first LRR repeat; D147–174, deletion of the second LRR repeat; D175–225, deletion of the third LRR repeat; D226–254, deletion of the fourth LRR repeat; D255–
282, deletion of the fifth LRR repeat; D283–308, deletion of the sixth LRR repeat; D450–497, deletion of the coiled-coil domain. E126A, S154A, N182A, T233A, D262A,
and D290A, point mutations of the first, second, third, fourth, fifth, and sixth LRR repeats, respectively.

F The ability of various VprBP truncates to interact with Cep78. 1–1,507, full-length.

Source data are available online for this figure.
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Appendix Fig S1D), and these results together suggest that Cep78

suppresses EDD-DYRK2-DDB1VprBP. To further confirm a role of

Cep78 in suppressing EDD-DYRK2-DDB1VprBP, we examined the

effects of expressing a VprBP mutant refractory to Cep78 binding

(1–1,377) on the levels of ubiquitinated products. Importantly,

while the levels of ubiquitinated products associated with wild-type

VprBP were drastically reduced in the presence of Cep78, those

associated with 1–1377 exhibited no reduction (Fig 4E). Collec-

tively, our data support the notion that Cep78 inhibits the ubiquiti-

nation activity of EDD-DYRK2-DDB1VprBP by directly binding to

VprBP.

To unambiguously and biochemically proof that Cep78 regulates

EDD-DYRK2-DDB1VprBP but not CRL4VprBP, we found that depletion

of Cep78 leads to enhanced ubiquitination of katanin p60 and TERT,

whereas its overexpression diminishes ubiquitination (Appendix Fig

S2A–D). On the other hand, the ubiquitination levels of a CRL4VprBP

substrate MCM10 [32] remained unaffected by Cep78 (Appendix Fig

S2E and F). In light of these results, we suggest that Cep78 specifi-

cally regulates ubiquitination of EDD-DYRK2-DDB1VprBP substrates

in a negative manner.

A Cep78-interacting protein CP110 is a novel
EDD-DYRK2-DDB1VprBP substrate

Next, we sought to determine whether EDD-DYRK2-DDB1VprBP

could target certain substrates for ubiquitination at the centrosome

and whether this event is regulated by Cep78. To this end, we

demonstrated that recombinant or endogenous VprBP interacts with

A

B

C

D E

Figure 4. Cep78 is a negative regulator but not a substrate of EDD-DYRK2-DDB1VprBP.

A Flag or Flag-Cep78 was co-expressed with HA or HA-Ub and Myc or Myc-VprBP in HEK293 cells untreated or treated with MG132. Lysates were immunoprecipitated
with an anti-Flag antibody in 1% SDS and Western blotted with the indicated antibodies. IN, input.

B HEK293 cells were transfected with NS siRNA or VprBP siRNA (left) or construct expressing Flag or Flag-VprBP (right). Lysates were Western blotted with the indicated
antibodies. a-tubulin (left) or b-actin (right) was used as a loading control.

C HEK293 cells transfected with HA-Ub, Flag or Flag-VprBP, and the indicated amount of GFP or GFP-Cep78 construct in lg were left untreated or treated with MG132.
Lysates were immunoprecipitated with an anti-Flag antibody without SDS and Western blotted with the indicated antibodies. IN, input.

D HEK293 cells transfected with NS siRNA or Cep78 siRNA and constructs expressing Flag-VprBP and HA-Ub were left untreated or treated with MG132. Lysates were
immunoprecipitated with anti-Flag antibody without SDS and Western blotted with the indicated antibodies. IN, input. b-actin was used as a loading control.

E Flag or Flag-Cep78 was co-expressed with HA-Ub and Myc-tagged VprBP full-length (1–1,507) or VprBP refractory to Cep78 binding (1–1,377) in HEK293 cells. Lysates
were immunoprecipitated with anti-Myc antibody without SDS and Western blotted with the indicated antibodies. IN, input.

Source data are available online for this figure.
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a Cep78-interacting protein CP110 (Fig 5A and Appendix Fig S3A),

and conversely, recombinant or endogenous CP110 associates with

VprBP (Fig 5A and B). Furthermore, CP110 co-immunoprecipitated

with VprBP, DDB1, DYRK2, and EDD but not with Cullin4A

(Fig 5B), consistent with the idea that it specifically binds to EDD-

DYRK2-DDB1VprBP. Ectopic expression of VprBP or depletion of

Cep78 enhanced CP110 ubiquitination (Fig 5C and D), whereas

expression of wild type but not mutant (D290A) Cep78 reduced

ubiquitination (Fig 5E), suggesting that CP110 is an EDD-DYRK2-

DDB1VprBP substrate. Indeed, CP110 ubiquitination could be induced

by EDD-DYRK2-DDB1VprBP and suppressed by Cep78 in vitro using

purified proteins (Fig 5F). Ubiquitination of CP110 likely signals the

protein for proteasomal degradation since ectopic expression

of EDD, DDB1 or VprBP, or depletion of Cep78, decreased the

A B C D

FE G

H I

Figure 5. EDD-DYRK2-DDB1VprBP-mediated ubiquitination and degradation of CP110 are regulated by Cep78.

A HEK293 lysates were immunoprecipitated with an irrelevant (control), anti-CP110, anti-VprBP or anti-Cep78 antibody, and Western blotted with the indicated
antibodies. IN, input.

B Flag or Flag-CP110 was expressed in HEK293 cells. Lysates were immunoprecipitated with an anti-Flag antibody and Western blotted with the indicated antibodies.
IN, input.

C Flag-CP110 was co-expressed with HA-Ub and Myc or Myc-VprBP in HEK293 cells. Lysates were immunoprecipitated with an anti-Flag antibody in 1% SDS and
Western blotted with the indicated antibodies. IN, input.

D HEK293 cells were transfected with NS siRNA or Cep78 siRNA and constructs expressing Flag-CP110 and HA-Ub. Lysates were immunoprecipitated with an anti-Flag
antibody in 1% SDS and Western blotted with the indicated antibodies. IN, input. b-actin was used as a loading control.

E Flag-CP110 was co-expressed with HA-Ub and GFP, GFP-tagged Cep78 wild type (1–722), or mutant refractory to VprBP binding (1-722D290A) in HEK293 cells. Lysates
were immunoprecipitated with an anti-Flag antibody in 1% SDS and Western blotted with the indicated antibodies. IN, input.

F In vitro ubiquitination assays were performed with HA-CP110 as a substrate in the presence of purified Ub, E1, E2, EDD, DYRK2, DDB1, VprBP, and Cep78 in various
combinations. Ubiquitinated and non-ubiquitinated CP110 were detected by immunoblotting with anti-Ub and anti-CP110 antibodies, respectively.

G RPE-1 or HeLa cells were transfected with NS siRNA or Cep78 siRNA. Lysates were Western blotted with the indicated antibodies. b-actin was used as a loading
control.

H RPE-1 or HeLa cells were transfected with construct expressing GFP or GFP-Cep78. Lysates were Western blotted with the indicated antibodies. b-actin was used as a
loading control.

I HeLa cells were transfected with NS siRNA or VprBP siRNA. Lysates were Western blotted with the indicated antibodies. a-tubulin was used as a loading control.

Source data are available online for this figure.
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steady-state levels of CP110 in HEK293, RPE-1, and HeLa cells

(Fig 5G and Appendix Fig S3A–D). The decrease in CP110 levels

caused by Cep78 depletion could be rescued by expression of exoge-

nous Cep78 (Appendix Fig S3D). In sharp contrast, expression of

Cep78 or depletion of VprBP increased CP110 levels in these cell

lines (Figs 1A and 5H and I). As a control, we found that the levels

of another Cep78-interacting protein Cep76 are not affected by

Cep78 or VprBP (Appendix Fig S4A and B). Taken together, our

results indicate that EDD-DYRK2-DDB1VprBP specifically ubiquiti-

nates CP110, leading to its degradation, and these effects can be

counteracted by Cep78.

To validate these results, we were able to distinguish the activity

of EDD-DYRK2-DDB1VprBP from Cyclin F and Neuralized homologue

4 (Neurl4), two E3 ligases previously known to modulate CP110

ubiquitination and stability [33,34]. Cyclin F ubiquitinates CP110 in

G2 phase, whereas Neurl4 may ubiquitinate CP110 throughout the

cell cycle. We showed that Cep78 specifically suppresses ubiquitina-

tion of CP110 induced by EDD-DYRK2-DDB1VprBP, but not by Cyclin

F or Neurl4 (Appendix Fig S5A). Furthermore, although CP110

protein levels decreased in the presence of VprBP, they could be

further reduced by co-expression with Cyclin F or Neurl4 (Appendix

Fig S5B). Thus, the mechanism by which EDD-DYRK2-DDB1VprBP

A C D

E

F G H

I

J

B

Figure 6. Cep78 and EDD-DYRK2-DDB1VprBP control CP110-dependent centriole elongation in non-ciliated cells and cilia assembly in ciliated cells.

A, B HeLa cells transfected with NS siRNA and Cep78 siRNA were stained with DAPI (blue) and antibodies against Cep78 (red) and centrin (green). Scale bar, 1 lm. The
percentage of cells with elongated centrioles (centrin filaments) was determined in (B).

C, D HeLa cells transfected with NS siRNA or Cep97 siRNA and construct expressing an irrelevant Flag-tagged protein (control), Flag-Cep78 (1–722), or Flag-Cep78
(1-722D290A) were stained with DAPI (blue) and antibodies against Flag (red) and centrin (green). Scale bar, 1 lm. The percentage of cells with elongated
centrioles (centrin filaments) was determined in (D).

E, F HeLa cells transfected with construct expressing an irrelevant Flag-tagged protein (control), Flag-EDD, or Flag-VprBP were stained with DAPI (blue) and antibodies
against Flag (red) and centrin (green). Scale bar, 1 lm. The percentage of cells with elongated centrioles (centrin filaments) was determined in (F).

G, H Quiescent RPE-1 cells expressing an irrelevant Flag-tagged protein (control), Flag-Cep78 (1–722), or Flag-Cep78 (1-722D290A) were stained with DAPI (blue) and
antibodies against Flag (red) and glutamylated tubulin (GT335, green). Scale bar, 1 lm. The percentage of ciliated cells was determined in (H).

I, J Proliferating RPE-1 cells expressing an irrelevant Flag-tagged protein (control), Flag-EDD, or Flag-VprBP were stained with DAPI (blue) and antibodies against Flag
(red) and glutamylated tubulin (GT335, green). Scale bar, 1 lm. The percentage of ciliated cells was determined in (J).

Data information: In (B, D, F, H, J) at least 100 cells were scored in each condition and two independent experiments were performed.
Source data are available online for this figure.
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ubiquitinates CP110 appears to be unique since only this enzyme is

subjected to regulation by Cep78.

To further interrogate the relationship between Cep78, EDD-

DYRK2-DDB1VprBP and CP110, we investigated the functional

consequences of CP110 degradation in vivo. We employed two

sensitive assays to monitor the loss of CP110. First, it has been

shown that ablation of CP110 or a CP110 chaperone Cep97 leads to

excessive growth or elongation of centrioles in non-ciliated HeLa

cells [35–38]. We thus examined the effects of manipulating the

protein levels of Cep78 or EDD-DYRK2-DDB1VprBP on the formation

of elongated centrioles in this cell line. Remarkably, depletion of

Cep78 promoted centriole elongation (Fig 6A and B, and

Appendix Fig S6A–D) which could be rescued by expression of

exogenous Cep78 (Appendix Fig S6C and D), whereas ectopic

expression of wild-type Cep78 but not the D290A mutant suppressed

the elongation phenotype induced by Cep97 loss (Fig 6C and D).

Similarly, expression of EDD, DDB1, or VprBP provoked elongation

of centrioles (Fig 6E and F). Second, it is known that CP110 can

suppress cilia assembly in RPE-1 cells able to form cilia [35,39]. A

loss of CP110 therefore results in ectopic formation of cilia in prolif-

erating cells, while its expression inhibits cilia assembly in quiescent

cells. We demonstrated that expression of wild-type Cep78, in

A

C D

E F

G

H

B

Figure 7. Mechanism underlying EDD-DYRK2-DDB1VprBP inhibition by Cep78.

A Putative DYRK2 phosphorylation sites of CP110.
B In vitro kinase assays were performed using HA-CP110 as a substrate in the presence of DYRK2 or DYRK2, EDD, DDB1, and VprBP. Phosphorylation of CP110 was

detected by immunoblotting with an anti-phosphoserine antibody. IN, input.
C, D Flag, Flag-CP110 wild type (WT), or S287AS366AS551AS906A mutant (mut) were expressed in HEK293 cells. Lysates were immunoprecipitated with an anti-Flag

antibody and Western blotted with the indicated antibodies. IN, input.
E Flag-CP110 wild type (WT) or S287AS366AS551AS906A mutant (mut) were co-expressed with HA-Ub in HEK293 cells. Lysates were immunoprecipitated with an

anti-Flag antibody in 1% SDS and Western blotted with the indicated antibodies. IN, input.
F Flag-CP110 was co-expressed with GFP or GFP-Cep78 in HEK293 cells. Lysates were immunoprecipitated with an anti-Flag antibody and Western blotted with the

indicated antibodies. IN, input.
G Flag-VprBP was co-expressed with GFP or GFP-Cep78 in HEK293 cells. Lysates were immunoprecipitated with an anti-Flag antibody and Western blotted with the

indicated antibodies. IN, input.
H A model illustrating the role of Cep78 in regulating the activity of EDD-DYRK2-DDB1VprBP. Upon binding to VprBP, Cep78 induces a conformational change in VprBP.

As a result, EDD is no longer in close proximity to CP110 and Ub cannot be transferred to CP110. P, phosphate group.

Source data are available online for this figure.
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contrast to the D290A mutant, efficiently inhibits cilia formation in

quiescent RPE-1 cells (Fig 6G and H). Conversely, expression of

EDD, DDB1, and VprBP promoted cilia formation in proliferating

cells (Fig 6I and J). Taken together, these data suggest that Cep78

maintains centrosome homeostasis by counteracting EDD-DYRK2-

DDB1VprBP-mediated ubiquitination and degradation of CP110.

Mechanism of EDD-DYRK2-DDB1VprBP inhibition by Cep78

To obtain mechanistic details into how Cep78 precludes CP110 ubiqui-

tination, we revisited our current knowledge of substrate ubiquiti-

nation carried out by EDD-DYRK2-DDB1VprBP [23,31]. First, it is

believed that the substrate must be phosphorylated by DYRK2 prior

to ubiquitination. Substrate recognition by VprBP is also important

since VprBP helps bring the substrate into close proximity with EDD.

Once the substrate is physically close to EDD, Ub is transferred from

EDD to the substrate. CP110 contains five putative DYRK2 phospho-

rylation sites (Fig 7A) and was readily phosphorylated by DYRK2

alone or EDD-DYRK2-DDB1VprBP in vitro (Fig 7B), suggesting that it

is a DYRK2 substrate. When four of these sites were mutated to

alanine (S287AS366AS551AS906A), phosphorylation of the mutant

protein was significantly diminished (Fig 7C). The mutant protein

exhibited impaired binding to VprBP (Fig 7D) and became less

susceptible to ubiquitination (Fig 7E), suggesting that CP110 phos-

phorylation is a prerequisite for VprBP binding and subsequent ubiq-

uitination. Importantly, Cep78 suppressed ubiquitination of CP110

(Fig 5E) without compromising its ability to undergo phosphoryla-

tion (Fig 7F) and associate with VprBP (Fig 7G). These results imply

that Cep78 specifically prevents the transfer of Ub to CP110.

Discussion

The centrosome is a dynamic organelle which undergoes numerical

and structural changes during the cell cycle. To achieve dynamicity,

the stability and function of proteins involved in different aspects of

centrosome biology must be kept in check at all times. Failure to

achieve or maintain centrosome homeostasis can have deleterious

consequences and can give rise to human diseases such as cancer

and ciliopathies. E3 ligases play an important role in modulating

protein stability and function [19], and in this study, we demon-

strated that a pool of the E3 ligase EDD-DYRK2-DDB1VprBP operates

at the centrosome and that a poorly studied protein Cep78 is dedi-

cated to controlling its activity. To our knowledge, Cep78 is the first

centrosomal protein shown to possess inhibitory activity against an

E3 ligase through direct binding.

Although the precise manner in which EDD-DYRK2-DDB1VprBP

ubiquitinates its substrates is not fully clear, distinct components of

this E3 ligase are thought to participate in substrate phosphoryla-

tion, binding to VprBP and ubiquitination [23,31]. Our data show

that although Cep78 inhibits CP110 ubiquitination, it does not

prevent CP110 from undergoing phosphorylation or from interacting

with VprBP. Therefore, it appears that Cep78 explicitly hinders the

addition of Ub to CP110, the last step of the enzymatic reaction cata-

lyzed by EDD-DYRK2-DDB1VprBP. We postulate that Cep78 binding

to VprBP triggers a conformational change in VprBP, thereby

precluding CP110 from staying close to EDD (Fig 7H). As a result,

the transfer of Ub from EDD to CP110 is hampered.

One interesting finding from our work is that the C-terminal

acidic domain of VprBP binds to Cep78 and plays a crucial role in

controlling the ubiquitination activity of EDD-DYRK2-DDB1VprBP. In

this regard, it is intriguing that Merlin, a protein that inhibits

CRL4VprBP, binds to the same domain on VprBP [40]. It has been

proposed that Merlin acts as a competitive inhibitor to prevent

substrates from binding to VprBP [40]. This mode of inhibition is

undoubtedly different from that of Cep78 which appears to be non-

competitive. Since deregulation of some E3 ligases has been linked

to cancer and very few inhibitors of the HECT-type E3 ligases are

currently available [41,42], our results on Cep78 may provide new

insights into targeting this particular type of E3 ligases for therapeu-

tic intervention.

Although we do not yet know how many centrosomal substrates

EDD-DYRK2-DDB1VprBP can target, this E3 ligase seems to be highly

selective since it specifically ubiquitinates and influences the steady-

state levels of CP110 (this work) and katanin p60 [23] but not

Cep76 (this work), all of which are centrosomal proteins. EDD-

DYRK2-DDB1VprBP is believed to function during mitosis [23,31].

We postulate that EDD-DYRK2-DDB1VprBP is responsible for direct-

ing ubiquitination of a subset of substrates in mitosis when Cep78

levels are low, and that regulation of this E3 ligase by Cep78 in

other phases of the cell cycle is critical to maintain centrosome

homeostasis. In support of this idea, the protein levels of Cep78

correlate with those of CP110 [43] and the two cellular processes

associated with CP110 function, centriole length, and cilia assembly,

go awry when there is insufficient or excessive amount of Cep78 or

EDD-DYRK2-DDB1VprBP. Future proteomic studies will identify addi-

tional EDD-DYRK2-DDB1VprBP substrates at the centrosome.

Materials and Methods

Cell culture and plasmids

Human U2OS, hTERT RPE-1, HeLa, Jurkat, and HEK293 cells were

grown in DMEM supplemented with 5% FBS at 37°C in a humidified

5% CO2 atmosphere. To generate Flag-tagged Cep78 fusion proteins,

human Cep78 cDNA fragments encoding residues 1–722 (full-

length), 1–520, 221–445, 446–722, and 221–722 were amplified by

PCR using Phusion High-Fidelity DNA polymerase (New England

Biolabs) and cloned into mammalian expression vector pCBF-Flag.

Full-length cDNA was also subcloned into pEGFP-C1 vector to

generate GFP-Cep78. The following Cep78 deletions/point muta-

tions (D122–146, D147–174, D175–225, D226–254, D255–282, D283–
308, D450–497, E126A, S154A, N182A, T233A, D262A, and D290A)

and CP110 mutation (S287AS366AS551AS906A) were introduced

into full-length cDNA by employing a two-step PCR mutagenesis

strategy and subcloned into pCBF-Flag or pEGFP-C1. To generate

Flag-VprBP fusion proteins, human VprBP cDNA fragments encod-

ing residues 1–1,507 (full-length), 1–796, 797–1,040, and 1,041–

1,507 were cloned into pCBF-Flag. All constructs were verified by

DNA sequencing. The following proteins were also expressed from

plasmids in mammalian cells: HA-Ub (J. Archambault), Flag-TERT

(C. Autexier), GFP-DDB1, Myc-VprBP (1–1,507), Myc-VprBP

(1–1,377), Myc-VprBP (981–1,377), Myc-VprBP (1,040–1,377)

(E. Cohen), HA-CP110, Flag-CP110, Flag-SCAPER, Flag-Cyclin F and

Flag-Neurl4 (B. Dynlacht), Myc-MCM10 (S. Saxena), Flag-katanin
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p60 (J. Singer), Flag-EDD (D. Saunders and C. Watts, Addgene plas-

mid #37188), and Flag-DYRK2 (A. Rao, Addgene plasmid #20005).

Antibodies

Antibodies used in this study included anti-CP110, anti-Cep78, anti-

VprBP, anti-EDD, anti-DDB1, anti-Cullin4A (Bethyl Laboratories),

anti-centrin (Millipore), anti-GFP (Roche), anti-C-Nap1, anti-HA,

anti-myc, anti-phosphoserine (Santa Cruz), anti-a-tubulin, anti-Flag,
anti-c-tubulin, anti-b-actin (Sigma-Aldrich), anti-glutamylated tubu-

lin GT335 (Cedarlane), anti-DYRK2 (Abcam), and anti-Ub (Dako).

To generate rabbit anti-Cep78 antibodies, a glutathione-S-trans-

ferase (GST) fusion protein containing residues 590–722 (IRCM6) of

Cep78 was expressed in E. coli and purified to homogeneity. Anti-

bodies against Cep78 were purified by affinity chromatography.

Mass spectrometric identification of Cep78 interacting proteins

To identify interacting proteins, Flag-Cep78 was expressed in

HEK293 and immunoprecipitated with anti-Flag agarose beads

(Sigma-Aldrich) for 2 h at 4°C. Bounded proteins were eluted with

Flag peptide for 30 min, and the resultant eluates were precipitated

with trichloroacetic acid and fractionated by SDS–PAGE. Six gel

slices containing polypeptides were excised after Coomassie staining

and subjected to proteolytic digestion mass spectrometric analysis.

Analyses were performed at the mass spectrometry core facility

from IRCM by micro-capillary LC/MS/MS.

Immunoprecipitation, immunoblotting, and
immunofluorescence microscopy

Immunoprecipitation, immunoblotting, and immunofluorescence

were performed as described [44,45]. Briefly, cells were lysed with

lysis buffer (50 mM HEPES/pH 7.4, 250 mM NaCl, 5 mM EDTA/

pH 8, 0.1% NP-40, 1 mM DTT, 0.2 mM AEBSF, 2 lg/ml leupeptin,

2 lg aprotinin, 10 mM NaF, 50 mM b-glycerophosphate, and 10%

glycerol) at 4°C for 30 min and extracted proteins were recovered

in the supernatant after centrifugation at 16,000 g. For immuno-

precipitation, 2 mg of the resulting supernatant was incubated

with an appropriate antibody at 4°C for 1 h and collected using

protein A- or G-Sepharose beads. The beads were washed with

lysis buffer, and bound proteins were analyzed by SDS–PAGE

and immunoblotting with primary antibodies and horseradish

peroxidase-conjugated secondary antibodies (VWR). 100 lg of

lysate was typically loaded into the input (IN) lane. For indirect

immunofluorescence, cells were grown on glass coverslips, fixed

with cold methanol, and permeabilized with 1% Triton X-100/

PBS. Slides were blocked with 3% BSA in 0.1% Triton X-100/PBS

prior to incubation with primary antibodies. Secondary antibodies

used were Cy3-, Cy5-, or Alexa488-conjugated donkey anti-mouse,

anti-rat, or anti-rabbit IgG (Jackson Immunolabs and Molecular

Probes). Cells were then stained with DAPI (Sigma), and slides

were mounted, observed, and photographed using a Leitz DMRB

(Leica) microscope (100×, NA 1.3) equipped with a Retiga EXi

cooled camera. To quantify Cep78 signal at the centrosome, the

background fluorescence between slides was normalized and the

function measurement by region of interest (ROI) from the soft-

ware Volocity was used.

Cell cycle synchronization and FACS analysis

To obtain U2OS cells synchronized in the G1, G1/S, S, G2, M, M/G1,

and next G1 phases, cells were treated with 0.4 mM mimosine for

24 h, 2 mM HU for 24 h, 2 mM HU for 24 h and release for 5 h,

2 mM HU for 24 h and release for 9 h, 40 ng/ml nocodazole for

24 h, 40 ng/ml nocodazole for 24 h and release for 4 h, and 40 ng/ml

nocodazole for 24 h and release for 9 h, respectively. To obtain

RPE-1 cells synchronized in the G0, G1, G1/S, S/G2, and M phases,

cells were brought to quiescence by serum starvation for 48 h and

re-stimulated for 0, 12, 24, 28, and 34 h. HEK293 cells were synchro-

nized in mitosis with 40 ng/ml nocodazole for 24 h. Cell cycle distri-

bution was confirmed by FACS as described previously [46].

RNA interference

Synthetic siRNA oligonucleotides were purchased from GE Dharma-

con. The 21-nucleotide siRNA sequence for the non-specific (NS)

control was 50-AATTCTCCGAACGTGTCACGT-30. The 21-nucleotide

siRNA sequences for Cep78 were 50-GAGGAGTTGTCCAGAAATA-30

(oligo 1), 50-GCGATAAGATACAAAGATG-30 (oligo 2), 50-GGTCGTTC
TGGATATAAGA-30 (oligo 6), and 50-CAAAGAAACTAGGGAAACTA
G-30 (oligo 7). Oligo 1 was used unless stated otherwise. Oligo 7

targets the 30UTR of Cep78 mRNA and was used in rescue experi-

ments. The siRNAs for VprBP, DDB1, and Cep97 were described

previously [23,35].

Production of recombinant proteins

Purified DDB1 and DYRK2 were obtained from Cedarlane. Flag-

Cep78, Flag-EDD, or Flag-VprBP expressed in HEK293 cells was

immunoprecipitated with anti-Flag beads for 2 h. Beads were

washed twice with lysis buffer containing 500 mM NaCl. Proteins

were eluted with Flag peptide for 30 min and collected through

poly-prep chromatography columns (Bio-Rad). A small sample was

run on a gel and Coomassie stained to ensure protein purity.

In vitro binding assay

1 lg of purified Cep78 protein was mixed with 1 lg of purified

EDD, DYRK2, DDB1, or VprBP at 4°C for 1 h, followed by incuba-

tion with an anti-Cep78 antibody for 1 h and Protein A beads for

2 h. After extensive washing with lysis buffer, bound proteins were

analyzed by SDS–PAGE and immunoblotting.

Size exclusion chromatography

2 mg of cell extract was chromatographed (ÄKTA FPLC; GE Health-

care) over a Superose-6 10/300 GL column (GE Healthcare). 1 ml of

fractions was collected, and proteins were precipitated with

trichloroacetic acid and analyzed by SDS–PAGE. The column was

calibrated with Gel Filtration Standard (Bio-Rad) containing a

mixture of molecular weight markers from 17 to 670 kDa.

Centrosome purification

Centrosomes were isolated as described [47]. Briefly, approximately

1 × 109 Jurkat cells treated with 0.2 lM nocodazole and 1 lg/ml
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cytochalasin D at 37°C for 1 h were collected and lysed. The lysate

was treated with 1 mg/ml DNase I before placing onto a 60%

sucrose cushion. After centrifugation, the bottom ¼ of the suspen-

sion was added to a discontinuous sucrose gradient consisting of

5 ml of 70% sucrose solution at the bottom, 3 ml of 50% sucrose

solution in the middle, and 3 ml of 40% sucrose solution at the top.

1 ml of fractions was collected after another round of centrifuga-

tion.

In vivo ubiquitination assay

HEK293 cells were typically transfected with various combinations

of plasmids including HA-Ub. 48 h after transfection, cells were left

untreated or treated with 10 lM MG132 for 6 h and lysed with lysis

buffer. The desired protein was immunoprecipitated without SDS or

with 1% SDS to prevent interacting partners from co-immunopreci-

pitating with the desired protein. After extensive washing, bound

proteins were analyzed by SDS–PAGE and immunoblotting with an

anti-HA antibody.

In vitro ubiquitination assay

HA-CP110 bound to beads was used as substrate for the assay.

Briefly, HA-CP110 expressed in HEK293 cells was immunoprecipi-

tated with anti-HA beads, and beads were washed twice with lysis

buffer containing 500 mM NaCl. Reactions were performed at 30°C

for 1 h in 30 ll of ubiquitination buffer (40 mM Tris–HCl/pH 7.6,

2 mM DTT, 5 mM MgCl2, 0.1 M NaCl, 2 mM ATP) containing vari-

ous combinations of the following components: 100 lM Ub (Boston

Biochem), 20 nM E1/UBE1 (Boston Biochem), 100 nM UbcH5b

(Boston Biochem), 50 ng EDD, 50 ng DYRK2 (Abcam), 50 ng DDB1

(Abnova), 50 ng VprBP, and 50 ng Cep78. After the reaction, beads

were washed with lysis buffer and bound proteins were analyzed by

SDS–PAGE and immunoblotting.

In vitro kinase assay

HA-CP110 bound to beads was used as substrate for the assay. Reac-

tions were performed at 30°C for 1 h in 30 ll of kinase buffer

(25 mM Tris–HCl/pH 7.5, 2 mM DTT, 10 mM MgCl2, 5 mM

b-glycerophosphate, 0.1 mM Na3VO4) containing 50 ng DYRK2 or

50 ng each of EDD, DYRK2, DDB1, and VprBP. After the reaction,

beads were washed with lysis buffer and bound proteins were

analyzed by SDS–PAGE and immunoblotting.

Expanded View for this article is available online.
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