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Abstract The centrosome that functions as a microtubule
organizing center of a cell plays a key role in formation of
bipolar mitotic spindles. Cells normally have either one
(unduplicated) or two (duplicated) centrosomes. However,
loss of the mechanisms controlling the numeral integrity of
centrosomes leads to centrosome amplification (presence of
more than two centrosomes), primarily via overduplication
or fragmentation of centrosomes, resulting in defective
mitosis and consequentially chromosome instability. Cen-
trosome amplification frequently occurs in various cancers,
and is considered as a major cause of chromosome
instability. It has recently been found that ROCK2 kinase
plays a critical role in promotion of centrosome duplication
and amplification. Considering that ROCK2 is activated by
Rho protein, and Rho is the immediate downstream target
of many growth and hormone receptors, it is possible that
such receptors may rather directly affect centrosome
duplication and amplification. Indeed, constitutive activation
of the receptors known to signal to the Rho pathway leads to
promotion of centrosome amplification and chromosome
instability in the Rho-ROCK2 pathway-dependent manner.
These observations reveal an unexplored, yet important,
oncogenic activities of those receptors in carcinogenesis;
destabilizing chromosomes through promotion of centrosome
amplification via continual activation of the Rho-ROCK2
pathway.
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Introduction

For a normal cell to become a fully malignant cell, a
number of specific genes must be altered, and each genetic
alteration alone or in combination renders one or more
malignant phenotypes [1]. Destabilization of chromosomes,
which is equated to defective mitosis, profoundly affects
tumor progression, since loss or gain of even a single
chromosome can simultaneously introduce multiple genetic
alterations (i.e., loss of tumor suppressor genes, gain of
proto-oncogenes, etc.). The centrosome functions to orga-
nize microtubules, hence playing a critical role in the
formation of proper mitotic spindles [2—4]. The presence of
more than two centrosomes (centrosome amplification)
leads to formation of defective mitotic spindles and
consequentially chromosome segregation errors [2—4].
Many studies have shown the frequent occurrence of
centrosome amplification in various types of human cancers
[5, 6]. Because of a strong association between the
centrosome amplification and aneuploidy, centrosome
amplification is believed to be a major cause of chromo-
some instability in cancer cells [2—7].

Upon cytokinesis, each daughter cell receives only one
centrosome, and thus the centrosome, like DNA, must
duplicate once during the cell cycle. Aberrant activation of
the positive regulators and loss/inactivation of the negative
regulators of centrosome duplication lead to centrosome
overduplication (more than one duplication in a single cell
cycle). As expected from the close relationship between the
cell cycle and centrosome duplication, many cell cycle
regulators, oncogenic proteins and tumor suppressor pro-
teins have been shown to be involved in the regulation of
centrosome duplication either positively or negatively [4]. It
has recently been found that ROCK2 kinase (also known as
ROK«& or Rho-kinase) plays an essential role in the
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initiation of centrosome duplication, and aberrant activation
of ROCK2 results in centrosome amplification [8]. The
ROCK2 kinase activity in respect to centrosome duplica-
tion and centrosome amplification is regulated by two
upstream pathways; the Rho pathway and cyclin-dependent
kinase 2 (CDK2)-nucleophosmin (NPM/B23) pathway.
These two pathways converge to “superactivate” ROCK2,
which in turn rapidly triggers centrosome duplication, and
the uncontrolled activity of either pathway leads to
centrosome amplification. Although it had been recognized
that the oncogenic (constitutive) activation of certain
growth, cytokine, and hormone receptors leads to chromo-
some instability, the phenomenon had not received much
attention as it was generally assumed to be an indirect
consequence of aberrant growth, cytokine, or hormone
receptor activation. However, the finding of the involve-
ment of ROCK2 in the regulation of centrosome duplica-
tion and induction of centrosome amplification predicts a
critically important oncogenic activity of the Rho-activating
receptors, namely destabilizing chromosomes via induction
of centrosome amplification through activating ROCK2.
Here, such a possibility will be discussed in connection
with the induction of centrosome amplification by the other
cell cycle regulators, especially the CDK2-NPM/B23
pathway.

Centrosome Amplification, Chromosome Instability, and
Cancer The centrosome is a small non-membranous or-
ganelle (1-2 pm in diameter) normally found at the
periphery of a nucleus. The primary function of the
centrosome is to nucleate and anchor microtubules, and
thus the centrosome is often referred to as microtubule
organizing center. The centrosome consists of a pair of
centrioles and many different proteins surrounding the
centrioles (pericentriolar materials or PCM) (Fig. la).
During interphase, centrosomes organize the cytoplasmic
microtubule network (Fig. 1b), while during mitosis,
centrosomes form spindle poles and direct the formation
of mitotic spindles (Fig. 1c).

Duplication of centrosomes occurs in coordination with
DNA replication [9]. Centrosome duplication is initiated in
late Gl/early S phases by physical separation of the paired
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centrioles, followed by formation of a procentriole in the
proximity of each pre-existing centriole. During S and G2
phases, the procentrioles elongate and continue to mature
by progressively recruiting PCM, and by late G2, two
mature centrosomes are generated (Fig. 2). The coupling of
initiation of DNA and centrosome duplication is at least in
part achieved by the late G1-specific activation of CDK2-
cyclin E. CDK2-cyclin E, which is known for its activity to
trigger DNA synthesis [10], has been found to also trigger
centrosome duplication [11-14], providing the primary
ground for the coupling of these two events.

Recently, the mechanism of how amplified centrosomes
are generated has become clear, in which p53 plays a
critical role [3, 4]. Proliferating cells, even under an optimal
growth condition, often suffer physiological stress that
temporarily halts cell cycling irrespective of the p53 status
(e.g., imbalance/deprivation of critical molecules such as
dNTPs). Cells inflicted with DNA damage (e.g., irradiation,
exposure to genotoxic drugs, formation of chemical
adducts) also become arrested in S and late G2 phases in
a p53-dependent and p53-independent mannor [15]. The
cell cycle arrest provides time for the duplicated centro-
somes to reduplicate if active CDK2 is available. However,
in normal cells, p53 is upregulated in response to the
physiological stress from the prolonged arrest by the ARF-
mediated inhibition of Mdm2, a protein that promotes p53
degradation [16] as well as in response to DNA damage by
the ATM/ATR- and Chk1/Chk2-mediated phosphorylation
[17], leading to upregulation of p21™*™CiP! " which effec-
tively inhibits CDK2 [18]. Because initiation of centrosome
duplication requires the CDK2 activity, initiation of
centrosome duplication or reduplication of the duplicated
centrosomes is blocked in those arrested cells. In contrast,
in cells lacking functional p53, CDK2 activity is un-
checked, leading to fortuitous reduplication of centrosomes.
Once the stress causing problem is resolved, cells resume
cell cycling in the presence of amplified centrosomes, and
suffer defective mitoses and chromosome segregation
errors.

Cells with amplified centrosomes frequently form
multiple (>2) spindle poles. Tripolar spindles (Fig. 3a(a))
normally undergo cytokinesis, and some daughter cells are
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Fig. 1 Structure and function of centrosome. The centrosome consists of a pair of centrioles and surrounding protein aggregates (PCM) (a). During
interphase, centrosomes organize cytoplasmic microtubule networks (b), and during mitosis, centrosomes direct the formation of mitotic spindles
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Fig. 2 The centrosome (centriole) duplication cycle. CDK2/cyclin E
triggers initiation of both DNA replication and centrosome duplication in
late G1. Centrosome duplication begins with the physical splitting of
paired centrioles, followed by formation of procentrioles near each pre-

viable yet suffer severe aneuploidy, while some may
undergo cell death due to detrimental karyotypic changes.
Cells with the spindles with >3 poles (Fig. 3a(b)) usually
fail to undergo cytokinesis, and either become binucleated/
large mononucleated cells with doubling of genome or die
due to mitotic catastrophe. Since the presence of polyploid
chromosomes is known to destabilize chromosomes, those
cells that have escaped the mitotic catastrophe will suffer
chromosome segregation errors due to polyploidy as well as
the presence of amplified centrosomes. Cells with amplified
centrosomes also frequently form “pseudo-bipolar” spindles
(Fig. 3a(c))—all amplified centrosomes position on a
bipolar axis, which is known as “centrosome clustering,”
forming spindles that structurally resemble the “true”
bipolar spindles organized by two centrosomes. Although
the cells with pseudo-bipolar spindles usually undergo
normal cytokinesis without chromosome segregation errors,
some cells with the pseudo-bipolar spindles suffer chromo-
some segregation errors (Fig. 3a(d), b) [7]: one or a few
amplified centrosomes fail to cluster and position on the
bipolar axis, yet they are functionally intact, nucleating
microtubules which capture chromosomes. Depending on
which daughter cell receives these chromosomes, aneuploid
cells can be generated.

A

existing centriole. During S—-G2, procentrioles elongate, and centrosomes
progressively recruit PCM. In late G2, two mature centrosomes are
generated

Numerous studies have shown the frequent occurrence
of centrosome amplification in various types of cancers,
including breast, lung, head and neck, prostate, colon,
brain, liver, pancreas, to name a few [19-25]. Moreover,
aberrant mitotic spindles organized by abnormally ampli-
fied centrosomes are frequently observed in those tumors,
and the occurrence of centrosome amplification is strongly
associated with aneuploidy [3, 6]. Through the examination
of bladder carcinoma tissue specimens [19], we found a
strong association between tumor stages and the degrees of
centrosome amplification; the higher the tumor stage, the
higher the frequency of centrosome amplification that is
observed in the tumors (representative immunostaining
images of centrosomes in the bladder cancer tissues are
shown as an example in Fig. 4).

CDK2 and Its Downstream Events in the Regulation of
Centrosome Duplication and Promotion of Centrosome
Amplification As a key initiator of centrosome duplication,
CDK?2 also plays a critical role in generation of abnormally
amplified centrosomes in cancer cells. For instance, when
CDK2 is overactivated by ectopic expression of cyclin E,
centrosome amplification occurs at a high frequency,
especially in cells with p53 mutation [19, 26]. Several
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Fig. 3 Abnormal mitosis caused by amplified centrosomes. a p53-
null cells were immunostained for y-tubulin (centrosome) and micro-
tubules; (a) tripolar spindles, (b) multi (>3)-polar spindles, (c¢) pseudo-
bipolar spindles, (d) Pseudo-bipolar spindles with a malpositioned
spindle pole (indicated by an arrow). b Risk of chromosome
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destabilization by pseudo-bipolar spindles. One or a few centrosomes
fail to position on the bipolar axis, which nucleate microtubules that
capture chromosomes. Depending on whether those chromosomes are
segregated into one or the other daughter cell, aneuploid cells may be
generated
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Fig. 4 Centrosome amplifica-
tion in human bladder cancer
tissues. The touch preparations
of bladder cancer specimens and
adjacent normal epithelium
samples were immunostained
with anti-y-tubulin antibody
(centrosome), and counter-
stained with DAPI (DNA).
Original magnification, x600

Cancer tissues

potential targets of CDK2 in the initiation of centrosome
duplication have been identified, including nucleophosmin
(NPM/B23), Mpsl kinase and CP110 [27-29]. NPM/B23 is
a multifunctional protein, often recognized as a molecular
chaperoning protein [30] and implicated in diverse cellular
functions, including pre-rRNA and pre-mRNA processing,
DNA replication, nucleocytoplasmic protein trafficking,
and centrosome duplication [31-38]. CDK2-cyclin E
phosphorylates NPM/B23 on Thr199, and this phosphory-
lation is essential for centrosomes to initiate duplication
[37]. Through the analysis of the proteins that localize to
centrosomes, ROCK2 kinase was found to form a complex
with NPM/B23, especially with a high affinity to NPM/B23
phosphorylated on Thr199 [8]. ROCK2 is a member of the
ROCK Ser/Thr kinase family and the major effector of
small GTPase Rho. ROCK?2 is primed for activation by
binding of the GTP-bound Rho (Rho-GTP) to the C-terminal
region, which disrupts the interaction between the kinase
domain and autoinhibitory domain of ROCK2, resulting in 1.5
to twofold increase in the kinase activity [39—41]. However,
the binding of NPM/B23 results in further activation of
ROCK2 (five to tenfold) [8]. Although ROCK2 forms a
complex with unphosphorylated NPM/B23 in vitro, the
CDK2-mediated phosphorylation of NPM/B23 (NPM/
B23’s acquisition of a high binding affinity to ROCK2)
appears to be essential for the ROCK2-NPM/B23 interaction
in vivo, likely because of the limited concentration of the
proteins, especially of the Rho-bound ROCK2.

We tested the role of ROCK2 in the induction of
centrosome amplification by the centrosome reduplication
assay, a commonly used assay system for testing the protein
of interest for its activity to affect centrosome amplification
(Fig. 5). In this assay, cells are arrested at the centrosome
duplication permissive stage by exposure to DNA synthesis
inhibitors such as aphidicolin (Aph) or hydroxyurea (HU).

Normal tissue

DNA

Centrosome

In these cells, centrosomes continue to duplicate without
DNA synthesis, resulting in centrosome amplification.
However, this phenomenon occurs preferentially in cells
with impaired p53 function as described earlier: in the
presence of functional p53, p21 is upregulated in response
to the stress associated with exposure to DNA synthesis
inhibitors, which inhibits CDK2-cyclin E, and thus centro-
some duplication/reduplication cannot be effectively initi-
ated. Thus, the use of the cells compromised for p53
function is important for this assay. In this assay system,
either the protein of interest (protein-X) or the siRNA
sequence specific for protein-X will be transfected into the
cells pre-arrested with Aph or HU. The use of the pre-
arresting cells is often critical for circumventing the
possibility of the cell cycle arrest at the stage where
centrosome duplication is not permissive by overexpres-
sion/knockdown of protein-X and for alleviating the
potential toxicity associated with overexpression/knock-
down of protein-X (arrested cells are known to be more
resistant to such toxicity). The transfected cell is further
exposed to Aph or HU and the frequency of centrosome
amplification is determined. If protein-X promotes centro-
some amplification, the protein-X-transfected cells should
show a higher frequency of centrosome amplification than
the control cells, and the cells silenced for protein-X
expression should show a lower frequency of centrosome
amplification than the control cells. In contrast, if protein-X
suppresses centrosome amplification, the protein-X-
transfected cells should show a lower frequency of
centrosome amplification than the control cells, and the
cells silenced for protein-X expression should show a
higher frequency of centrosome amplification than the
control cells. It is important to note here that in this assay
system, the control cells must be permissive for centrosome
amplification, and thus they show the basal level of
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Fig. 5 Centrosome reduplication

A. Overexpression of protein-X

(amplification) assay. Cells with
impaired 53 function are first pre-
arrested at centrosome duplica-
tion permissive phases of the cell
cycle by exposure to either Aph or
HU for 24 h. Cells are then
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centrosome amplification frequency (10-40% depending on
the cell types). However, the time required for duplicated
centrosomes to re-initiate centrosome duplication is consis-
tent in each particular cell line, and thus there is little
deviation in the frequency of centrosome amplification
from experiment to experiment as long as the same cell line
is used.

Using the centrosome reduplication assay, the constitutive-
ly active ROCK2 mutant lacking the autoinhibitory region
(CAT mutant), the kinase-dead CAT (CAT-KD), NPM/B23-
binding mutant CAT (CATANPM), and centrosome localiza-
tion mutant CAT (CATAcen) (Fig. 6a) were tested for their
activities to promote centrosome amplification (Fig. 6b).
When compared with the control cells (~45%), >80% of the
CAT-transfected cells underwent centrosome reduplication,
demonstrating that ROCK2 possesses the activity to promote
centrosome amplification. However, cells transfected with
CAT-KD, CATANPM, or CATAcen all showed similar
frequencies of centrosome amplification with the control
cells, indicating that promotion of centrosome amplification
by ROCK2 depends on its kinase activity, NPM/B23
binding, and centrosome localization. We next transfected
the pre-arrested cells with either ROCK2 or control siRNA
sequence, and the transfected cells were subjected to the
centrosome reduplication assay (Fig. 6¢). The ROCK2
knockdown cells show a significant reduction in the
frequency of centrosome amplification compared with the
control cells, indicating that ROCK2 is essential for induction
of centrosome amplification.

The Role of the Upstream Proteins of ROCK2 in the
Induction of Centrosome Amplification The activity of
ROCK?2 is controlled by Rho GTPases. Rho is active when
bound to GTP, while it is inactive when bound to GDP
[42]. Rho binds to ROCK2 for activation by disrupting the
negative regulatory interaction between the C-terminal
autoinhibitory and the N-terminal kinase domains [43].
There are three major Rho isoforms, RhoA, B, and C,
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which share 85% sequence identity. Because all isoforms
are known to activate ROCK2 in vitro [44], we tested
which Rho isoform(s) are important for promotion of
centrosome amplification in cells [45]. When cells trans-
fected with the siRNA sequence specific for each Rho
isoform were tested by the centrosome reduplication assay,
we found that silencing of RhoA alone and RhoC alone
both resulted in suppression of centrosome reduplication,
while depletion of RhoB alone had no effect [45],
indicating that both RhoA and RhoC, but not RhoB, are
essential for centrosome duplication. This finding raises a
question of whether there are any functional differences
between RhoA and RhoC to control centrosome duplica-
tion. When the constitutively active RhoA and RhoC
mutants are overexpressed in cells, both promoted centro-
some amplification effectively [45]. However, the constitu-
tively active RhoA and RhoC mutants harboring a point
mutation that disrupts the ability of ROCK2 recognition
[46, 47] failed to promote centrosome amplification [45],
indicating that ROCK2 is a primary target of both RhoA
and RhoC to promote centrosome amplification. It is
possible that both RhoA and C contribute to the total pool
of cellular Rho activity that induces and promotes centro-
some amplification, and that depletion of either one reduces
the total Rho levels to such an extent that the overall level
becomes limiting to drive centrosome amplification. How-
ever, it remains possible that, although ROCK2 is the
primary target of RhoA and RhoC, they may also possess
their own unique functions and targets for induction and/or
promotion of centrosome amplification. Considering that
overactivation of RhoA as well as RhoC is commonly
found in human cancers [48], centrosome amplification
may be one of the important factors contributing to
carcinogenesis associated with overexpression or over-
activation of RhoA and RhoC.

The activity of Rho is controlled by three classes of proteins:
guanine nucleotide exchange factors (GEFs), which facilitate
the exchange of GDP to GTP, GTPase-activating proteins,
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Fig. 6 Role of ROCK2 in centrosome amplification. a Diagram of the
CAT and various ROCK2 mutants. CATANPM lacks the NPM/B23-
interaction domain (a.a. 373-420). CATAcen lacks the centrosome
localization domain (a.a. 457-553). (b) For the centrosome redupli-
cation assay, we used NIH3T3 cells that are partially defective in the
p53-dependent checkpoint function. Cells pre-arrested with Aph for
24 h were transfected with CAT, CAT-KD, CATANPM or CATAcen,

which increase the rate of GTP hydrolysis to GDP, and GDP
dissociating inhibitors, which inhibit spontaneous GDP-GTP
exchange [42]. Many growth, cytokine, and hormone recep-
tors signal to GEFs, which leads to Rho activation [49]. The
finding of the involvement of the Rho—-ROCK2 pathway in
centrosome amplification leads to an unexplored, yet impor-
tant aspect of the oncogenic activities of those receptors. It has
been known that oncogenic activation of many receptors leads
to destabilization of chromosomes. However, such a phenom-
enon has been belittled as an indirect consequence of the
continuous firing of a particular biological pathway. Because
Rho is one of the immediate effectors of many receptors,
activating mutation of those receptors may be more directly
involved in destabilization of chromosomes through genera-
tion of amplified centrosomes through continual activation of
the Rho-ROCK?2 pathway. Indeed, it has been shown that
activation of epidermal growth factor, which is known to
activate the Rho—ROCK2 pathway, promotes centrosome
duplication as well as centrosome amplification [50, 51]. We
here tested the Met hepatocyte growth factor (HGF) receptor,
which is also known to activate the Rho—ROCK2 pathway

ROCK2
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N
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Control siRNA ROCK2 siRNA

and were subjected to the centrosome reduplication assay, and the
frequencies of centrosome amplification were determined. ¢ Cells pre-
arrested with Aph for 24 h were transfected with either ROCK2
siRNA or control siRNA sequence. The inset in the top right shows
the immunoblot analysis of ROCK2. The transfected cells were
subjected to the centrosome reduplication assay, and the frequencies of
centrosome amplification were shown in the graph

[49], for its ability to promote centrosome amplification.
NIH3T3 do not express Met receptor, but express HGF. Thus,
when Met is introduced into NIH3T3 cells, Met is activated in
an autocrine fashion [52]. When we stably overexpressed Met
in NIH3T3 cells and continuously boosted the Met activity by
providing additional HGFs into the media (the autocrine
system is not strong enough to ensure the continuous firing of
the receptor), an increased frequency of centrosome amplifi-
cation was observed (Fig. 7). Moreover, when either ROCK2
or RhoA expression was partially silenced in the Met-
transfected cells, centrosome amplification was markedly
suppressed (Fig. 7). Thus, the oncogenic/constitutive activa-
tion of certain receptors promotes centrosome amplification in
the Rho-ROCK?2 pathway-dependent manner.

Conclusion

The findings described here depict that the two pathways—
the receptor-Rho and CDK2-NPM/B23 pathways—con-
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Fig. 7 Constitutive activation of Met receptor leads to centrosome
amplification in the Rho and ROCK2-dependent manner. NIH3T3
cells were stably transfected with Met receptor. In addition, NIH3T3
cells stably expressing Met receptor were transfected with either
ROCK2 or RhoA siRNA sequences. The transfected cells were then

verge to ROCK2 to control centrosome duplication and to
induce centrosome amplification if these pathways are
aberrantly activated (Fig. 8). All the proteins involved in
these pathways (CDK2, cyclin E, receptors, NPM/B23, and
Rho) are known to be frequently mutated, overexpressed or
upregulated in human cancers [5]. Considering that centro-
some amplification is one of the major causes of chromo-
some instability in cancers, and chromosome instability
drives tumor progression and acquisition of malignant
phenotype, induction of centrosome amplification is an
important aspect of their overall oncogenic activities.

Fig. 8 Model of the regulation of
centrosome duplication by the

cultured for 10 days in the media supplemented with HGF, and the
frequencies of centrosome amplification were determined. As refer-
ences, the control cells and Met-expressing cells without added HGF
are included in the graph

Further understanding of this unique oncogenic activity of
these oncogenic proteins will be informative for designing
effective cancer intervention protocols targeting centrosome
duplication and centrosome amplification. Such an ap-
proach may prove effective, since centrosome duplication,
like DNA duplication, occurs only in actively proliferating
cells. Many chemotherapeutic agents target DNA synthesis
and thus selectively kill proliferating cells, yet increase the
rate of secondary mutations by interfering with DNA
metabolisms, leading to frequent generation of drug-
resistant cells and secondary tumors. In contrast, a protocol
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and the CDK2-NPM/B23-
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E expression in late G1 phase of
the cell cycle phosphorylates
NPM/B23 on Thr199. NPM/B23
acquires a high binding affinity to
ROCK2 when Thr199 is phos-
phorylated and binds to ROCK2.
NPM/B23-binding superactivates
ROCK2, which in turn rapidly
triggers centrosome duplication
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designed to target centrosome duplication not only is
specific to proliferating cells, but also inhibits cell division
(and potentially induces cell death) and suppresses chro-
mosome instability.
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