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ASB7 regulates spindle dynamics and genome
integrity by targeting DDA3 for proteasomal
degradation
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Proper dynamic regulation of the spindle is essential for successful cell division. However, the molecular mechanisms that
regulate spindle dynamics in mitosis are not fully understood. In this study, we show that Cullin 5-interacting suppressor
of cytokine signaling box protein ASB7 ubiquitinates DDA3, a regulator of spindle dynamics, thereby targeting it for
proteasomal degradation. The presence of microtubules (MTs) prevented the ASB7-DDAS3 interaction, thus stabilizing
DDAZ3. Knockdown of ASB7 decreased MT polymerization and increased the proportion of cells with unaligned chro-
mosomes, and this phenotype was rescued by deletion of DDA3. Collectively, these data indicate that ASB7 plays a

crucial role in regulating spindle dynamics and genome integrity by controlling the expression of DDA3.

Introduction

Regulation of cell division is important for normal proliferation
and prevention of tumor development. The distribution of rep-
licated chromosomes into the two daughter cells is a key event
of the cell cycle and is essential for normal cell division. This
step is tightly regulated by multiple molecules and signaling
pathways (Kline-Smith and Walczak, 2004; Musacchio, 2015;
Meunier and Vernos, 2016). Normal bipolar attachment of mi-
totic spindles to sister kinetochores and congression of chromo-
somes to the metaphase plate are achieved by dynamic turnover
of microtubules (MTs; Musacchio and Hardwick, 2002). When
all kinetochores are attached to the spindle and the structure is
under tension, the spindle checkpoint is deactivated, and MT
depolymerization provides the driving force for chromosome
segregation at anaphase (Musacchio and Hardwick, 2002).
MTs switch between growing and shrinking phases and
are thus dynamically unstable (Kline-Smith and Walczak,
2004). Spindle dynamics are regulated by MT nucleators (e.g.,
y-tubulin), MT-associated proteins, and MT depolymerases
(e.g., kinesin-13 and related proteins; Kline-Smith and Walczak,
2004). Three members of the kinesin-13 family, Kif2a, Kif2b,
and mitotic centromere-associated kinesin/Kif2c, execute di-
verse functions in mitosis (Ems-McClung and Walczak, 2010;
Walczak et al., 2013). These proteins do not walk along MTs
like conventional kinesins; instead, they undergo 1D diffusion
along the MT lattice with no bias toward the plus or minus end
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(Helenius et al., 2006). Kif2a, which localizes at spindle poles,
is essential for spindle bipolarity; consequently, knockdown of
Kif2a in human cells results in formation of monopolar spindles
(Ganem and Compton, 2004). In contrast, in Xenopus laevis an-
imal caps, monopolar spindles are a minor phenotype of Kif2a
depletion that occurs at stage 10. The predominant phenotype,
which arises at stage 10.5-11, is formation of multipolar spin-
dles (Eagleson et al., 2015). Furthermore, Kif2a depletion in-
creases the proportion of cells with three or more centrosomes
(Eagleson et al., 2015). Thus, multipolar spindles caused by
Kif2a depletion are likely to arise because of the presence of
multiple centrosomes. Kif2a also contributes significantly to ef-
ficient pole coalescence, although it is not strictly required for
this process (Eagleson et al., 2015).

Kif2a interacts with an MT-associated protein, DDA3
(also known as PSRC1), which functions on the mitotic spin-
dles to control chromosome congression and segregation by
regulating the dynamics of the mitotic spindle. This interac-
tion increases the efficiency of Kif2a targeting to spindle poles
(Jang et al., 2008). Knockdown of DDA3 increases the fre-
quency of unaligned chromosomes, substantially reduces ten-
sion across sister kinetochores at metaphase, and decreases the
velocity of chromosome segregation during anaphase (Jang et
al., 2008). Down-regulation of DDA3 stabilizes spindle MTs,
which phenocopies the effect of Kif2a knockdown. In summary,
DDA3 acts as an MT-destabilizing protein in collaboration
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with Kif2a to regulate spindle dynamics and mitotic progres-
sion (Jang et al., 2008).

The ubiquitin—proteasome system regulates various cel-
lular processes, including cell cycle progression, transcription,
and signal transduction (Liu et al., 2015). Covalent attachment
of ubiquitin to the substrate is achieved through sequential
reactions by a ubiquitin-activating enzyme (El), ubiquitin-
conjugating enzyme (E2), and ubiquitin ligase (E3). E3s are
thought to be primarily responsible for substrate recognition
(Skaar et al., 2014). The ECS (Elongin B/C—Cullin 5-SOCS
[suppressor of cytokine signaling] box protein) family belongs
to the largest RING finger E3 superfamily, the Cullin-RING
ligases (Okumura et al., 2012). Cullin 5 (CulS) is a scaffold
protein that assembles multiple proteins into complexes that
include a small RING finger protein (Rbx2), an adapter pro-
tein (Elongin B or C), and a substrate-targeting protein (SOCS
box protein; Kile et al., 2002; Kamura et al., 2004). SOCS box
proteins are divided into four major classes: the SOCS family
(whose members contain an SH2 domain and SOCS box), WSB
family (WD40 repeats and a SOCS box), SSB family (SPRY
domain and SOCS box), and ASB family (ankyrin repeats and
SOCS box; Hilton et al., 1998).

The ASB family, the largest family of SOCS box pro-
teins, has 18 members (ASB1-18). These proteins all contain
two functional domains: a C-terminal SOCS box and a variable
number of N-terminal ankyrin repeats (Kile et al., 2002). The
SOCS box itself contains two subdomains, the BC and Cul5
boxes, which are required in order to interact with Elongin
B/C and Cul5-Rbx2 to form E3 complexes (Kamura et al.,
2004; Mahrour et al., 2008).

In this study, we showed that DDA3 is targeted by ASB7
for proteasomal degradation. ASB7 polyubiquitinated DDA3
both in vivo and in vitro. Importantly, knockdown of ASB7 pre-
vented MT polymerization and increased the proportion of cells
with unaligned chromosomes. Depletion of DDA3 in ASB7
knockdown cells reverted these phenotypes. We propose that
ASB7 modulates spindle dynamics and genome integrity by
regulating the level of DDA3.

Results

Ubiquitination and degradation of

DDAS by ASB7?7

To investigate the biological function of ASB7, we subjected
HEK?293T cell lysates expressing FLAG-tagged ASB7 to im-
munoprecipitation (IP) with anti-FLAG antibodies and then
analyzed the resultant immunoprecipitates by mass spectrom-
etry. This screen identified several peptides belonging to DDA3
(Fig. 1 A). To confirm that ASB7 binds DDA3, 3xFLAG-tagged
ASB7 and 3xHA-tagged DDA3 were coexpressed in HEK293T
cells, and the interaction was validated by IP and immunoblot
(IB) analysis (Fig. 1 B). In addition, overexpressed ASB7
bound to endogenous DDA3 (Fig. 1 C), and ultimately we were
able to demonstrate association between endogenous ASB7 and
endogenous DDA3 (Fig. 1 D).

We next investigated whether ASB7 regulates the expres-
sion of DDA3 through the ubiquitin—proteasome degradation
pathway. Consistent with this idea, DDA3 accumulated in cells
treated with the proteasome inhibitor MG132 (Fig. 1 E). Fur-
thermore, DDA3 was down-regulated by stable overexpression
of 3xFLAG-ASB7 in HeLa cells (Fig. 1 F). Inversely, knock-
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down of ASB7 dramatically up-regulated endogenous DDA3
in both HeLa and HEK293T cells (Fig. 1 G). We then sought
to determine whether ASB7 promotes ubiquitination of DDA3
in vivo and in vitro. In the in vivo experiments, His¢c-tagged
ubiquitin was expressed with or without 3xHA-DDA3 and
3xXFLAG-ASB7 in HEK293T cells. Cell lysates were prepared
in 8 M urea containing lysis buffer, and Hiss-tagged ubiquitin
was pulled down with nickel-agarose beads. Polyubiquitina-
tion of both 3xHA-DDA3 (Fig. 1 H) and endogenous DDA3
(Fig. 1 I) was increased by coexpression of 3xFLAG-ASB7.
In contrast, knockdown of ASB7 reduced polyubiquitination of
endogenous DDA3 (Fig. 1, J and K). In vitro ubiquitination as-
says with purified proteins confirmed the promotion of DDA3
polyubiquitination by ASB7 (Fig. 1 L). These data clearly indi-
cate that ASB7 is a ubiquitin ligase that activates the ubiquitina-
tion and degradation of DDA3.

ASB7 is a Cul5-interacting protein

We next performed cycloheximide (CHX) chase experiments to
compare the stability of 3xHA-DDA3 in the presence or absence
of 3xFLAG-ASB7. As expected, 3xHA-DDA3 was destabi-
lized by overexpression of ASB7 (Fig. 2, A and B), and knock-
down of endogenous ASB7 dramatically stabilized endogenous
DDA3 (Fig. 2, C and D). In IP experiments using cell lysates
of HEK293T cells expressing 3xFLAG-ASB7 (Fig. 2 E), we
observed an interaction between ASB7 and endogenous Cul$,
but not Cul2. In contrast, the Cul2-type ubiquitin ligase pVHL
interacted with endogenous Cul2, but not Cul5, under the same
conditions, indicating that the interaction between ASB7 and
Cul5 was selective (Fig. 2 E). Mutant ASB7 lacking the SOCS
box, which is required for Cul5 binding, failed to interact with
Cul5 (Fig. 2, F and G) and did not affect the rate of DDA3
degradation (Fig. 2, H and I). Moreover, knockdown of Cul5,
but not Cul2, stabilized DDA3 (Fig. 2, J and K). These results
demonstrate that ASB7 is a Cul5-interacting protein that regu-
lates the turnover of DDA3.

Cell cycle-dependent regulation of DDA3
degradation by ASB7

DDAZ3 is phosphorylated during the M phase (Jang et al., 2008,
2011), implying that the degradation of DDA3 by ASB7 is
cell cycle dependent. Accordingly, we examined the expres-
sion of DDA3 throughout the cell cycle. To this end, control or
ASB7 knockdown HeLa cells were synchronized in the G1/S
phase by a double thymidine block and then released into fresh
media (Fig. 3, A and B). As reported previously, DDA3 was
up-regulated and phosphorylated in the G2/M phase (Jang et
al., 2008). Knockdown of ASB7 clearly increased the level of
DDA3 from the G1/S through the G2/M phases but did not af-
fect phosphorylation of DDA3 in the G2/M phase. The expres-
sion patterns of cyclin E and Aurora A, which are markers of
the S and M phases, respectively, indicated that ASB7 depletion
did not affect cell cycle progression from the G1/S to G2/M
phase. Next, we examined the expression of DDA3 after the
G2/M phase. For these experiments, cells were synchronized in
the G2/M phase by nocodazole and released into fresh media
(Fig. 3 ©). In control cells, both the abundance of DDA3 and
the levels of phosphorylated DDA3 suddenly decreased upon
progression from the G2/M to the G1 phase. In contrast, ASB7
depletion slightly increased the expression of DDA3 from the
G2/M phase through the G1 phase but did not alter cell cycle
progression. We further examined the stability of DDA3 in each
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ASB7 interacts with DDA3 and promotes ubiquitination of DDA3. (A) Identification of DDA3 as an ASB7-interacting protein. 3xFLAG-ASB7
expressed in HEK293T cells was purified using anti-FLAG antibody and resolved by SDS-PAGE. ASB7-interacting proteins were analyzed by mass spec-
trometry. Identified peptides of DDA3 are shown. (B) Interaction between 3xHA-DDA3 and 3xFLAG-ASB7. HEK293T cells expressing 3xHA-DDA3 and
3xFLAG-ASB7 (as indicated) were cultured in the presence of the proteasome inhibitor MG132 (10 pyM for 6 h), immunoprecipitated (IP) with anti-HA or
anti-FLAG antibody, and immunoblotted (IB) with anti-HA or anti-FLAG antibody. (C) Interaction between endogenous DDA3 and 3xFLAG-ASB7. Hela
cells stably expressing 3xFLAG-ASB7 were cultured in the presence of MG132 (10 pM for 6 h), immunoprecipitated with anti-FLAG antibody, and im-
munoblotted with anti-DDA3 or anti-FLAG antibody. (D) Interaction between endogenous DDA3 and ASB7. Hela cells were cultured in the presence of
MG132 (10 pM for 6 h), immunoprecipitated with anti-DDA3 antibody, and immunoblotted with anti-DDA3 or anti-ASB7 antibody. (E) Accumulation of
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cell cycle phase in CHX chase experiments (Fig. 3, D and E).
In the G1 phase, knockdown of ASB7 slightly stabilized DDA3,
whereas silencing of ASB7 dramatically stabilized DDA3 in
the S phase. Moreover, phosphorylated DDA3 was degraded
in nocodazole-arrested (M phase) control cells, but not in
ASB7 knockdown cells. In contrast, when cells were arrested
in M phase using taxol, DDA3 was stable even in control cells
(Fig. 3, D and E). Together, these observations demonstrate that
DDA3 is degraded by ASB7 in a cell cycle—dependent manner.

MT-dependent regulation of DDA3
degradation by ASB7
DDA3 is phosphorylated on Ser225 during mitosis (Jang et
al., 2010). To investigate the effect of DDA3 phosphorylation
on ASB7 binding and the stability of DDA3, we generated
phospho-mimic (S225D) and nonphosphorylatable (S225A)
variants of DDA3 and examined their stability and ability to
interact with ASB7. Both mutants interacted with ASB7, and
their degradation rates were similar to that of DDA3 (wild
type [WT]; Fig. S1, A and B), indicating that the regulation
of DDA3 by ASB7 is independent of Ser225 phosphorylation.
MTs, the main constituents of the spindle, protect spindle as-
sembly factors against degradation by the anaphase-promoting
complex/cyclosome (APC/C; Song et al., 2014). Nocodazole is
an MT-depolymerizing agent, whereas taxol is an MT-polymer-
izing agent; therefore, our observation that DDA3 was stable in
cells treated with taxol but not with nocodazole (Fig. 3, D and E)
suggested that polymerized bundled MTs might inhibit degra-
dation of DDA3 by ASB7. To test this possibility, we compared
the interaction between DDA3 and ASB7 in nocodazole- and
taxol-treated conditions (Fig. 4 A). Although ASB7 interacted
with both unphosphorylated and phosphorylated DDA3, the
binding of ASB7 to phosphorylated DDA3 was much weaker
in taxol-treated cells than in nocodazole-treated cells (Fig. 4 A).
We then investigated whether MTs could negatively affect
the polyubiquitination of DDA3 by ASB7 in vitro. Addition of
MTs prevented polyubiquitination of DDA3 in a dose-depen-
dent manner (Fig. 4 B) but had no effect on polyubiquitination
of Cit2, a target of another ubiquitin ligase, UCC1 (Fig. 4 C;
Nakatsukasa et al., 2015). We next examined whether ASB7
could bind to MTs by cosedimentation assay using HeLa
whole-cell lysates and exogenously prepared taxol-stabilized
MTs (Fig. 4 D). In the absence of exogenous MTs, DDA3
was found in both the supernatant and pellet fractions, but the
amount of DDA3 in the pellet fraction was increased by the ad-
dition of MTs. In contrast, ASB7 and Cul5 were found only in
the supernatant fraction under both conditions, indicating that
ASB7 does not interact with MTs. These data support the idea

that MT-bound DDA3 evades recognition by ASB7, resulting
in its stabilization. Based on these findings, we conclude that
degradation of DDA3 by ASB7 is regulated by MTs.

Regulation of MT polymerization by

ASB7 and DDA3

Because DDA3 facilitates Kif2a-mediated depolymerization of
MTs (Jang et al., 2008), we speculated that MT polymerization
might be regulated by ASB7-mediated DDA3 degradation. To
test this hypothesis, we performed MT regrowth assays. On ice
in the presence of nocodazole, MTs in HeLa cells were com-
pletely depolymerized, as reported previously (Sankaran et al.,
2005). We then quantitated newly nucleated MTs by monitor-
ing the fluorescence intensity of -tubulin around centrosomes
(Fig. 5, A—C; Sankaran et al., 2005). As reported previously,
knockdown of DDA3 increased MT regrowth from centro-
somes (Jang et al., 2008). In contrast, ASB7 knockdown clearly
down-regulated MT regrowth, which reverted to the level in
the DDA3 single knockdown when cells were also deprived of
DDA3. We next questioned whether ASB7 complementation is
able to rescue the phenotypes observed by ASB7 knockdown.
We established cell lines stably expressing siRNA-resistant
ASB7 (WT or ASOCS box; Fig. 5 D). As expected, accumu-
lation of DDA3 by knockdown of ASB7 was rescued by com-
plementation with ASB7(WT) but not ASB7(ASOCS box).
Functionally, overexpression of ASB7(WT) in control cells in-
creased MT regrowth possibly by down-regulating DDA3. In
contrast, overexpression of ASB7(ASOCS box) reduced MT
regrowth possibly by dominant-negatively stabilizing DDA3
(Fig. 2, H and I). Most importantly, reduced regrowth of MT
by ASB7 knockdown (Fig. 5, B and C) was rescued by com-
plementation with ASB7(WT) but not with ASB7(ASOCS box)
(Fig. 5, E and F). These results indicate that ASB7 regulates MT
polymerization through down-regulation of DDA3.

Regulation of genome integrity by

ASB7 and DDA3

Knockdown of DDA3 also results in a high frequency of un-
aligned chromosomes (Jang et al., 2008). To elucidate the bio-
logical role of ASB7-mediated DDA3 degradation, we analyzed
the effect of ASB7 and DDA3 on chromosome alignment at
metaphase (Fig. 6, A and B). We followed the method previ-
ously established (Woo Seo et al., 2015). We determined the
metaphase plate width by measuring the axis distance between
the two lines at the edges of the DNA (Fig. 6 A, white lines with
double-headed arrow). We considered chromosome misalign-
ment to be when the distance was longer than 7 um. As reported
previously, when DDA3 was silenced, >50% of mitotic cells

DDA3 upon exposure to MG132. Hela cells were cultured in the presence or absence of 10 pM MG 132 for 6 h and then Western blotted with antibodies
against DDA3. (F) Down-regulation of DDA3 by overexpression of ASB7. Hela cells stably expressing 3xFLAG-ASB7 were lysed and immunoblotted with
anti-DDA3, anti-FLAG, or anti-Hsp?0 antibody. (G) Accumulation of endogenous DDA3 by knockdown of ASB7. Two independent siRNAs (#3 and #5) tar-
geting ASB7 were transfected into Hela or HEK293T cells, which were cultured for 2 d and then Western blotted with anti-DDAS3, anti-FLAG, or anti-Hsp90
antibody. (E-G) Hsp90 is shown as a loading control. (H) ASB7-dependent polyubiquitination of exogenous DDA3 in vivo. HEK293T cells were transfected
with plasmids encoding 3xFLAG-ASB7, 3xHA-DDAS3, and/or Hisgstagged ubiquitin. MG132 (10 pM for 6 h) was used to detect polyubiquitination. Cell
lysates were subjected to nickel-nitrilotriacetic acid (Ni-NTA) pulldown to purify proteins modified by His.-ubiquitin, followed by IB analysis with anti-HA,
FLAG, or His, antibody. Asterisks denote nonspecific bands. (I) ASB7-dependent polyubiquitination of endogenous DDAS in vivo. Hela cells stably express-
ing 3xFLAG-ASB7 were examined as in H. (J) Reduced polyubiquitination of endogenous DDA3 by knockdown of ASB7. siRNAs (#3 and #5) targeting
ASB7 were transfected into HEK293T cells and examined as in I. (K) ASB7-dependent polyubiquitination of DDAS in vitro. Recombinant ubiquitin-activating
enzyme (E1), ubiquitin-conjugating enzyme (UbcH5a), ASB7 complex (ASB7, Cul5, Elongin B, Elongin C, and Rbx2), His,ubiquitin, and immunopurified
3xHA-DDA3 were mixed in vitro in various combinations in the presence of ATP, incubated at 28°C for 1 h, and subjected to Western blotting with anti-HA
antibody. (L) Quantification of polyubiquitinated DDAS3. The signals of polyubiquitinated DDA3 shown in J were quantified. Control sample with or without
His¢-ubiquitin expression was set as 100 and 0, respectively. *, P < 0.02. Data represent the mean = SD of three independent experiments.
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Figure 2. Destabilization of DDA3 by ASB7. (A) HEK293T cells expressing 3xHA-DDA3 with or without 3xFLAG-ASB7 were exposed to 50 pg/ml CHX
for 40, 80, or 120 min. The lysates were subjected to Western blotting with antibodies against HA, FLAG, or Hsp90. (B) The intensities of HA-DDA3
bands in A were normalized to those of the corresponding Hsp90 bands and plotted as a ratio of the normalized value without ASB7 expression at O h.
(C) Stabilization of endogenous DDA3 by knockdown of ASB7. Two independent siRNAs (#3 and #5) targeting ASB7 were transfected into Hela cells
and cultured for 2 d, followed by CHX treatment as in A. The lysates were subjected to Western blotting with antibodies against DDA3, ASB7, or Hsp90.
(D) The intensities of DDA3 bands in C were normalized to those of the corresponding Hsp?0 bands and plotted as a ratio of the normalized value of
control cells at O h. (E) ASB7 interacts with Cul5 but not Cul2. HEK293T cells expressing 3xFLAG-ASB7 or 3xFLAG-pVHL (Cul2-type ubiquitin ligase as a
control) were cultured in the presence of MG 132 (10 pM for 6 h), immunoprecipitated (IP) with anti-FLAG antibody, and immunoblotted (IB) with anti-Cul2,
anti-Cul5, or anti-FLAG antibody. (F) Schematic representation of ASB7 mutants used in this study. (G) Interaction between the SOCS box of ASB7 and
Cul5. Hela cells stably expressing 3xFLAG-ASB7(WT or ASOCS box) were lysed, immunoprecipitated with anti-FLAG antibody, and immunoblotted with
anti-Cul2, anti-Cul5, or anti-FLAG antibody. (E and G) Asterisk denotes a nonspecific band. (H) Inactivation of ASB7 by deletion of the SOCS box. Hela
cells stably expressing 3xFLAG-ASB7(WT or ASOCS box) were exposed to CHX as in A. The lysates were subjected to Western blotting with antibodies
against DDA3, FLAG, or Hsp90. (I) The intensities of DDA3 bands in H were normalized to those of the corresponding Hsp?0 bands and plotted as a
ratio of the normalized value of control cells at O h. (J) Endogenous DDA3 was stabilized by knockdown of Cul5, but not Cul2. Two independent siRNAs
(#1 and #2) targeting Cul2 or Cul5 were transfected into Hela cells and cultured for 2 d, followed by CHX treatment as in A. The lysates were subjected
to Western blotting with antibodies against DDA3, Cul2, Cul5, or Hsp90. (A, C, H, and J)_Hsp90 is shown as a loading control. (K) The intensities of
DDAS3 bands in J were normalized fo those of the corresponding Hsp90 bands and plotted as a ratio of the normalized value of control cells at O h. For all
graphs, *, P < 0.05; **, P < 0.01. Data represent the mean = SD of three independent experiments (B, D, and |) and four independent experiments (K).
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Figure 3. Cell cycle-dependent regulation of DDA3 by ASB7. (A) Stabilization of DDA3 in S phase by knockdown of ASB7. Two independent siRNAs (#3
and #5) targeting ASB7 were transfected into Hela cells and synchronized in S phase. The cells were released and harvested at the indicated times. The
lysates were subjected to Western blotting with antibodies against DDA3, ASB7, Aurora A, cyclin E, or Hsp90. (B) The intensities of DDA3 bands in A were
normalized to those of the corresponding Hsp90 bands and plotted as a ratio of the normalized value of control cells at O h. (C) Knockdown of ASB7 had
no effect on the stability of DDA3 in M phase. Two independent siRNAs (#3 and #5) targeting ASB7 were transfected into Hela cells and synchronized
in M phase. The cells were released and harvested at the indicated times. The lysates were subjected to Western blotting with antibodies against DDAS3,
ASB7, Aurora A, p27, or Hsp90. (D) ASB7-dependent destabilization of DDA3 in S phase. Two independent siRNAs (#3 and #5) targeting ASB7 were
transfected into Hela cells and synchronized in the G1, S, or M phase. Nocodazole or taxol was used to synchronize cells in M phase. The cells were then
exposed to 50 pg/ml CHX for 1 or 2 h. The lysates were subjected to Western blotting with antibodies against DDA3 or Hsp90. (A, C, and D) Hsp90 is
shown as a loading control. (E) The intensities of DDA3 bands in D were normalized to those of the corresponding Hsp90 bands and plotted as a ratio of
the normalized value of control cells at O h. For all graphs, *, P < 0.05; **, P < 0.01. Data represent the mean = SD of three independent experiments.

contained unaligned chromosomes. Unexpectedly, knockdown between siDDA3#1 and siASB7#5/siDDA3#1. Because par-
of ASB7 also significantly increased the proportion of cells with ticular ubiquitin ligases can target several substrates for pro-
misaligned chromosomes (by 25-30%) relative to that in control teasomal degradation (Zheng et al., 2016), it is possible that
cells. Importantly, DDA3 overexpression phenocopied the effect ASB7 targets another unidentified substrate for proteasomal
of ASB7 silencing, and, when DDA3 was cosilenced along with degradation, and it might regulate chromosome alignment. In
ASB7, the proportion of cells with misaligned chromosomes contrast, the increase of cells with chromosome misalignment
was elevated further. It also should be noted that there was a by knockdown of ASB7 was partially rescued by complementa-
significant difference regarding chromosomal misalignment tion with ASB7(WT) but not with ASB7(ASOCS box) (Fig. 6,
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Figure 4. Prevention of polyubiquitination of DDA3 by MTs. (A) Interaction between ASB7 and nonphosphorylated or phosphorylated DDA3. Hela cells
stably expressing 3xFLAG-ASB7 or control cells were treated with 0.1 pg/ml nocodazole or 1 pM taxol for 16 h. Cells were further incubated in the
presence of 10 yM MG 132 for 4 h, and suspended cells in the culture medium were lysed, immunoprecipitated (IP) with anti-FLAG antibody, and immuno-
blotted (IB) with anti-DDA3 or anti-FLAG antibody. As, asynchronized. (B) Prevention of polyubiquitination of DDA3 by MTs in a dose-dependent manner.
Different amounts of MTs were added fo the in vitro polyubiquitination reactions. (C) MTs had no effect on polyubiquitination of Cit2. Different amounts of
MTs were added fo the in vitro polyubiquitination reactions. (D) ASB7 does not interact with MTs. Whole-cell lysates (input) of Hela cells were prepared and
incubated with or without taxol-stabilized MTs. Samples were centrifuged, and supernatant (S) and pellet (P) fractions were analyzed by immunoblotting
with antibodies against DDA3, ASB7, Cul5, a-tubulin, or Hsp?0. Hsp?0 does not bind to MTs and was used as a negative control.

C and D). However, the complementation of ASB7(WT) did
not completely rescue chromosome misalignment as in control
cells, possibly because ASB7 was overexpressed and DDA3
was slightly more down-regulated than in control cells. Over-
expression of ASB7 (WT or ASOCS box) in control cells in-
creased cells with chromosome misalignment possibly by
down-regulating and stabilizing DDA3, respectively (Fig. 2 F
and Fig. 6, C and D). Collectively, these data indicate that the
fine-tuned expression of DDA3 is crucial for normal chromo-
some alignment in the M phase.

Discussion

The ASB family is composed of 18 members, ASB1-18. Sev-
eral of these proteins interact with Cul5 and Rbx2 and act as
components of ubiquitin ligase complexes (Kohroki et al.,
2005). In this study, we demonstrated that ASB7 polyubiquiti-
nates DDA3, resulting in its degradation by the proteasome.
We propose that ASB7 is a novel regulator of cell division,
as illustrated in Fig. 7. In this model, ASB7 interacts with and
polyubiquitinates DDA3 and promotes proteasomal degrada-
tion to regulate the expression of DDA3 appropriately. In con-
trast, MTs prevent the interaction between ASB7 and DDA3.
ASB7 destabilizes DDA3, which results in the stabilization
of MTs. Then, it prevents the interaction between ASB7 and
DDAZ3. Thus, there seems to be a feedback loop to appropriately

regulate MT polymerization. Absence or inactivation of ASB7
increases DDA3 expression and depolymerization of MTs, in
collaboration with Kif2a. The abnormal poleward MT flux in
the M phase deranges the tension and orientation of spindle
MTs, thereby preventing normal chromosome alignment.

DDA3 was up-regulated and stabilized in the M phase, and
the presence of MTs prevented ASB7-mediated polyubiquitina-
tion of DDA3 in vitro (Figs. 3 and 4). Therefore, MTs might
regulate either the ubiquitin ligase activity of ASB7 or the inter-
action between DDA3 and ASB7. Because the MT-stabilizing
agent taxol, but not the MT-depolymerizing agent nocodazole,
stabilized DDA3 and prevented the interaction between DDA3
and ASB7 (Fig. 3, D and E; and Fig. 4 A), we conclude that
MTs inhibit the interaction between DDA3 and ASB7.

The APC/C induces degradation of proteins that stabilize
the mitotic spindle, and loss or accumulation of such spindle
assembly factors can result in aneuploidy and cancer (Peters,
2006). Some of these factors, such as HURP, NuSAP, or Tpx2,
which associate with and stabilize MTs (Wittmann et al., 2000;
Gruss et al., 2001; Koffa et al., 2006; Ribbeck et al., 2006;
Silljé et al., 2006; Wong and Fang, 2006), are protected from
APC/C-dependent degradation by the presence of MTs (Song
et al., 2014). Thus, temporal and spatial regulation of spin-
dle assembly factors by the APC/C is important for accurate
cell division (Song et al., 2014). Together, these observations
demonstrate that MT-dependent stabilization or degradation of
cell cycle-related proteins is critical for accurate cell division.
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Figure 5. Regulation of MT polymerization by ASB7 and DDAS3. (A) Knockdown of ASB7 and/or DDA3. Two independent siRNAs (#1 and #2) targeting DDA3
or siRNA targeting ASB7 were transfected info Hela cells. The lysates were subjected to Western blotting with antibodies against DDA3, ASB7, or Hsp90. Hsp90
is shown as a loading control. Asterisk denotes a nonspecific band. (B) MT regrowth assay using ASB7 and/or DDA3 knockdown Hela cells. After incubation for
5 min to allow MT regrowth, cells were fixed and immunostained with anti—-tubulin or anti—y-tubulin. (C) Box plots of ptubulin intensities after MT regrowth. About
20 cells from five randomly selected loci were examined in each experiment. The experiment was repeated three times independently, and a fotal of 40 cells were
examined. The mean of normalized fluorescence intensity, expressed in arbitrary units (AU) of fluorescence, was calculated. The box plot shows the normalized
expression values: bottom line outside the box, 10th percentile; bottom border of the box, 25th percentile; middle line within the box, median; upper border of the
box, 75th percentile; top line outside the box, 90th percentile. Each dot indicates the intensity of an individual cell. (D) Complementation of ASB7 in ASB7 knock-
down cells prevents DDA3 accumulation. siRNA targeting ASB7 or control was transfected into Hela cells with stably expressing siRNA-resistant ASB7-3xFLAG (WT
or ASOCS box). The lysates were subjected to Western blotting with antibodies against FLAG, ASB7, or DDA3. Ponceau S staining is shown as a loading control.
Endogenous ASB7 is indicated by an arrow. (E) MT regrowth assay using ASB7 knockdown or ASB7-complemented Hela cells performed as in B. Bars, 5 pm.
(F) Box plots of Bubulin intensities after MT regrowth calculated as in C. For all graphs, *, P < 0.05; **, P < 0.01.
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Figure 6. Regulation of chromosome alignment by ASB7 and DDA3. (A) Maximum projections from deconvolved z stacks of representative ASB7, DDA3,
and/or Kif2a knockdown Hela cells or Hela cells stably overexpressing 3xHA-DDA3, as well as control cells, immunostained for - or y-tubulin. DNA
was stained with Hoechst 33258. (B) Proportion of mitotic cells with unaligned chromosomes. More than 150 mitotic Hela cells were counted, and per-
cenfages of cells with unaligned chromosomes are shown. (C) Proportion of mitotic cells with unaligned chromosomes. More than 150 mitotic Hela cells
were counted, and percentages of cells with unaligned chromosomes are shown. *, P < 0.05; **, P < 0.01. Data represent means = SD. (D) Maximum
projections from deconvolved z stacks of representative ASB7 knockdown or ASB7-complemented Hela cells, immunostained for B- or y-tubulin. DNA was
stained with Hoechst 33258. Bars, 5 pm.
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in accumulation of DDA3, which influences MT flux in collaboration with
Kif2a. The abnormal poleward MT flux impedes normal chromosome
alignment in mefaphase.

MT-dependent stabilization of DDA3 recruits Kif2a to the mi-
totic spindle and spindle poles, decreasing the steady-state lev-
els of spindle MTs by increasing the rates of mitotic spindle
turnover and MT depolymerization (Jang et al., 2008). Thus,
temporal and spatial evasion of ASB7-dependent degradation
by DDA3 is crucial for normal cell division.

Knockdown of DDA3 increased the proportion of cells
with unaligned chromosomes, as reported previously (Fig. 6;
Jang et al., 2008; Jang and Fang, 2011), as did either knock-
down of ASB7 or overexpression of DDA3 (Fig. 6). Thus, tight
regulation of the DDA3 level is essential for accurate chromo-
some alignment. A candidate partner of DDA3, centromere-
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associated protein E (CENP-E), accumulates at kinetochores
in unaligned chromosomes in mitotic cells depleted of DDA3,
suggesting that DDA3 modulates the function of CENP-E
during chromosome alignment (Jang and Fang, 2011). CENP-E
is a dimeric kinesin of the kinesin-7 family and a plus end-
directed kinetochore motor; depletion of CENP-E results in
chromosome misalignment with a few unattached chromo-
somes around the spindle pole (Putkey et al., 2002). Further-
more, CENP-E is responsible for alignment of chromosomes
at the metaphase plate (Cai et al., 2009) and is also involved in
the gliding of mono-oriented kinetochores alongside adjacent K
fibers to their proper metaphase positions (Kapoor et al., 2006).

Our observation that ASB7 influences genome integrity
through degradation of DDA3 suggests that the ASB7-DDA3
axis is dysregulated in tumors. A search of an integrated cancer
microarray database provided by Oncomine revealed that DDA3
expression is significantly up-regulated in human colorectal
cancers, as confirmed by two independent statistical analyses
(TCGA database, https://tcga-data.nci.nih.gov/tcga/; Gaedcke
et al., 2010). In contrast, ASB7 expression is down-regulated in
these tumors (TCGA database; Kaiser et al., 2007). Thus, ASB7
may prevent colorectal cancer by regulating the expression of
DDA3. These observations suggest that drugs preventing the
activity or down-regulating the expression of DDA3 represent a
novel strategy for cancer therapy.

Materials and methods

Plasmid construction

cDNAs encoding human DDA3/PRSC1 (GenBank/EBI accession
no. NM_032636), ASB7 (GenBank/EBI accession no. NM_198243),
and Kif2a (GenBank/EBI accession no. NM_001098511) were
amplified by RT-PCR from HEK293T cells and introduced into
pcDNA3, pCl-neo, or pMX-puro.

Antibodies

Antibodies against FLAG (1 pg/ml; M2, F1804; Sigma-Aldrich), HA
(1 pg/ml; 12CAS; Sigma-Aldrich), Hisg (1 pg/L; MABO050; R&D Sys-
tems), DDA3 (0.1 pg/ml; goat, sc-160272; Santa Cruz Biotechnology,
Inc.), DDA3 for IP (rabbit, BS7598; bioWORLD), Cul5 (1 pg/ml;
mouse, sc-373822; Santa Cruz Biotechnology, Inc.), Cul2 (1 pg/ml;
mouse, sc-166506; Santa Cruz Biotechnology, Inc.), Aurora A (0.4 pg/
ml; mouse, 610939; BD), cyclin E (1 ug/ml; rabbit, sc-198; Santa Cruz
Biotechnology, Inc.), p27 (0.5 pg/ml; mouse, 610242; BD), cyclin B1
(1 pg/ml; mouse, sc-245; Santa Cruz Biotechnology, Inc.), and Kif2a
(1:15,000; rabbit, NB500-180; Novus Biologicals) were obtained from
the indicated suppliers and used at the indicated dilutions. Rabbit anti-
ASB7 antibody was generated using recombinant ASB7 purified from
Escherichia coli on nickel-nitrilotriacetic acid agarose (Invitrogen).
Anti-ASB7 antibody was further purified by ASB7 affinity column.

Reagents

CHX was purchased from Sigma-Aldrich, protein A—Sepharose was
purchased from GE Healthcare, and MG132 was purchased from Pep-
tide Institute Inc. Thymidine and taxol were purchased from Wako Pure
Chemical Industries. Nocodazole was purchased from EMD Millipore.
Hydroxyurea was purchased from Tokyo Chemical Industry.

Cell culture and transfection
HEK293T and HeLa cells were cultured as described previously
(Okumura et al., 2007); HEK293T cells were transfected using poly-
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ethyleneimine. Retrovirus infection was performed as described previ-
ously (Okumura et al., 2007).

IP and IB analyses
IP and IB analyses were performed as described previously
(Okumura et al., 2007).

Immunofluorescence staining

HeLa cells were fixed in methanol for 5 min at —20°C and permeabi-
lized in 0.5% Triton X-100. The cells were then incubated overnight
at 4°C with antibody against p-tubulin (1 pg/ml; mouse, E1C601-2;
Eno Gene) or y-tubulin (1:2,000; rabbit, T5192; Sigma-Aldrich) in
PBS containing 0.1% BSA and 0.1% Triton X-100. Cells were washed
three times with PBS, followed by incubation for 1 h at room tempera-
ture in the dark with Alexa Fluor 594 goat anti—rabbit and Alexa Fluor
488 goat anti—-mouse antibodies (both at a 1:3,000 dilution; Invitrogen)
in PBS containing 0.1% BSA and 0.1% Triton X-100. The cells were
further incubated with 0.1 pg/ml Hoechst 33258 in PBS for 1 min, fol-
lowed by extensive washing with PBS, and then photographed with a
charge-coupled device camera (Axio Observer Z1; ZEISS).

Isolation and identification of ASB7-interacting proteins
The substrates of ASB7 ubiquitin ligase were identified as described
previously (Kamura et al., 2004).

Cell culture synchronization

Synchronization of HeLa cells was performed as described pre-
viously (Uehara et al., 2013). In brief, siRNA was transfected into
HeLa cells, which were cultured for 1 d. For synchronization in S
phase, cells were incubated in the presence of 2.5 uM thymidine
for 20 h, washed three times with DMEM, released for 8 h, and
treated with 2.5 pM thymidine again for 14 h. For synchronization
of siRNA-transfected cells in the M phase, cells were incubated in
the presence of 2.5 uM thymidine for 20 h, washed three times with
DMEM, released for 3 h, and treated with 0.1 pg/ml nocodazole or
1 uM taxol for 16 h. For synchronization of siRNA-transfected cells
in the G1 phase, M phase—arrested cells were released for 4 h. For
CHX chase experiments, siRNA-transfected cells were cultured for 2
d and synchronized in S phase by incubation in the presence of 1 mM
hydroxyurea for 18 h. Mitotically arrested cells were shaken off the
culture dishes and harvested.

In vitro ubiquitination

In vitro ubiquitination was performed as described previously with
slight modifications (Kamura et al., 2004). Recombinant ASB7 com-
plex was purified as described previously (Kamura et al., 1999). Re-
combinant Hisg-3xHA-DDA3 was immunopurified from the lysates
of transiently transduced HEK293T cells using anti-HA antibody and
protein A—Sepharose. In vitro ubiquitination assays in the presence of
MTs were performed as reported previously (Song et al., 2014).

MT cosedimentation assay

MT cosedimentation assay was performed as described previously with
modifications (Hergovich et al., 2003). Cell lysates were prepared by
centrifugation for 30 min at 20,000 g at 4°C. 2 mg/ml tubulin (Sig-
ma-Aldrich) was diluted in buffer A (40 mM Tris-HCI, 1 mM EGTA,
0.1 mM EDTA, 0.5 mM magnesium chloride, 100 pg/ml sucrose,
1 mM DTT, and 0.1 mM GTP, pH 6.8) and polymerized with 50 pM
taxol in the presence of 2.5 mM GTP for 30 min at 37°C. 10 ug of re-
polymerized MTs per assay was pelleted by centrifugation for 20 min
at 20,000 g at 25°C. The MTs were resuspended in 20 pl of precleared
cell supernatant containing 50 uM taxol and incubated for 30 min at

37°C. Samples were then centrifuged for 20 min at 20,000 g at 25°C,
and supernatants and pellets were analyzed by Western blotting.

MT regrowth assay

MT regrowth assay was performed as described previously (Sankaran
et al., 2005). In brief, cells were treated with 25 uM nocodazole for 40
min on ice, washed with cold PBS, and incubated at 37°C for 5 min.
Cells were fixed in cold methanol for immunostaining.

Knockdown

Knockdown of Cul2 and Cul5 was performed as described previously
(Kamura et al., 2004). siRNAs targeting ASB7, DDA3, and Kif2a were
transfected into HeLa cells using Lipofectamine RNAIMAX (Thermo
Fisher Scientific). The target sequences for ASB7#3 and ASB7#5 were
5'-GAGGCTTCACGGCTCTTCACT-3" and 5-GAGAGAGGTCAA
GCTGTGTGA-3', respectively; those for DDA3#1 and DDA3#2 were
5'-AAGCAAGACTTCAGTAGCATT-3" and 5-CCACCGAAGTGA
CCCAAATTT-3’, respectively; and those for Kif2a#1 and Kif2a#2
were 5-GGCAAAGAGATTGACCTGG-3" and 5'-CCCTCCTTC
AAGAGATAATTT-3', respectively. siRNA-resistant ASB7 was con-
structed by introducing silent mutation in the siRNA target sequence
for ASB7#5; 5'-TCA-3’ was substituted for 5'-AGC-3'.

Statistical analysis

Student’s two-tailed 7 test was used to determine the statistical signifi-
cance of differences. All data are expressed as means + SD. A p-value
of <0.05 was considered statistically significant. The variance was sim-
ilar between the groups compared.

Online supplemental material
Fig. S1 shows that phosphorylation of DDA3 has no effect on the inter-
action with ASB7 or the stabilization of DDA3.
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