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Abstract

Purpose: Visualization of the cell cycle in living subjects has long been a big challenge. The
present study aimed to noninvasively visualize mitotic arrest of the cell cycle with an optical
reporter in living subjects.

Procedures: An N-terminal cyclin B1-luciferase fusion construct (cyclin B-Luc) controlled by the
cyclin B promoter, as a mitosis reporter, was generated. HeLa or HCT116 cells stably
expressing cyclin B-Luc reporter were used to evaluate its cell cycle-dependent regulation and
ubiquitination-mediated degradation. We also evaluated its feasibility to monitor the mitotic
arrest caused by Taxotere both in vitro and in vivo.

Results: We showed that the cyclin B-Luc fusion protein was regulated in a cell cycle-dependent
manner and accumulated in the mitotic phase (M phase) in cellular assays. The regulation of
cyclin B-Luc reporter was mediated by proteasome ubiquitination. In the present study, in vitro
imaging showed that antimitotic reagents like Taxotere upregulated the reporter through cell
cycle arrest in the M phase. Noninvasive longitudinal bioluminescence imaging further
demonstrated an upregulation of the reporter consistent with mitotic arrest induced in tumor
xenograft models. Induction of this reporter was also observed with a kinesin spindle protein
inhibitor, which causes cell cycle blockage in the M phase.

Conclusions: Our results demonstrate that the cyclin B-Luc reporter can be used to image
whether compounds are capable, in vivo, of causing an M phase arrest and/or altering cyclin B
turnover. This reporter can also be potentially used in high-throughput screening efforts aimed at
discovering novel molecules that will cause cell cycle arrest at the M phase in cultivated cell
lines and animal models.
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Introduction [1]. In the mitotic phase (M phase) of the cell cycle, the cell
divides to produce two daughter cells, each inheriting a
copy of the entire genome [2]. Dysfunctional cell cycle
regulation, especially abnormal cell proliferation, leads to
the development and progression of cancer. Aberrant
mitosis, such as mitotic catastrophe, can lead to cell death,
- thus antimitotic drugs are being developed as novel targeted
Correspondence to: Guo-Jun Zhang; e-mail: guoj _zhang@yahoo.com therapeutics [3, 4].

C ell cycle progression is tightly controlled by cyclin and
cyclin-dependent kinase (Cdk) families, which interact
with, and are in turn activated by, the transcription factor E2F
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Antimitotic therapies that inhibit targets with specific
functions in mitosis have now been identified and show
promising antitumor activity in preclinical model systems
[3]. These targets include polo kinases, Akt, Chkl, and
kinesin spindle proteins (KSPs), and the pharmacodynamic
activities of new compounds affecting these new targets
have been demonstrated in cancer patients [3]. Cellular
response to these new mitotic inhibitors is quite varied,
depending on different cell lines and/or inhibitors, which
includes apoptosis, mitotic catastrophe, mitotic slippage,
senescence, and reversible mitotic arrest [3, 4]. At present,
no biomarkers have been identified to define the particular
responses of different tumor cells to mitotic injuries;
however, it will be helpful to identify patients who will
respond to the antimitotic therapy [5].

Anticancer drug discovery and development involves
many processes, including target identification and valida-
tion, high-throughput screening, lead optimization, preclin-
ical development/evaluation, and further clinical trials [6].
One of the key objectives of drug discovery is to evaluate
whether a compound is able to hit the target, if it alters
downstream molecular pathways in vitro (in cultured cells),
and if it can also do so in living animals. Traditionally, in
animal studies, target validation is performed by immuno-
histochemistry or molecular profiling after dissection of
targeted organs/tissues [7]. Those studies are invasive,
requiring termination of large numbers of animals [7]. A
noninvasive imaging reporter approach not only provides
a longitudinal and temporal pharmacodynamic readout in
the same group of animals but also measures real-time
dynamic changes in drug targets [8]. Thus, development
of a reporter to noninvasively monitor mitotic arrest
providing an optical readout for cell cycle distribution in
living animals would be useful to identify/validate any
agents for their potential in arresting the cell cycle in the
M phase.

Cyclins are a family of proteins that bind to and activate
Cdks. Cyclins are produced at specific times during the cell
cycle, and their expression levels and locations are tightly
controlled. Cell cycle-dependent kinase p34cdc2 (cdkl)
activity is absent in G1 and increases through the S, G2,
and M phases in a manner that correlates with its association
to cyclin B1, the first human cyclin identified [1]. Cyclin B1
is synthesized during the late S and G2 phases and
complexes with cdkl [9]. As mitosis proceeds, cyclin Bl
is specifically degraded so that, once the cells have reentered
the G1 phase, very little cyclin B1 is present [9, 10]. The
activity of cdkl kinase has been shown to vary through the
cell cycle even though the level of the protein itself does not
change.

In the present study, we report a cyclin B—luciferase
fusion protein used as an indicator of mitotic arrest and
demonstrate that this indicator can serve as an optical
reporter to visualize cell cycle changes in vivo. Through
imaging cell proliferation as well as the change of cell
cycle distribution, one can noninvasively monitor the

tumorigenesis, development, and progression of cancer
and therapeutic responses to anticancer drugs.

Materials and Methods

Antibodies and Chemicals

Rabbit polyclonal anti-luciferase was purchased from Sigma,
and rabbit polyclonal anti-cdkl (C-19) was purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Rabbit
monoclonal anti-cyclin B1 [Y106] was purchased from Abcam
Inc. (Cambridge, MA, USA) and rabbit polyclonal anti-
phospho-histone H3 (Serl0) was purchased from Millipore
Corp. (Billerica, MA, USA). Nocodazole and mimosine were
purchased from Sigma-Aldrich (Atlanta, GA, USA). ALLN and
proteasome inhibitor I were purchased from EMD Bioscience/
Calbiochem (La Jolla, CA, USA). Small interfering RNAs
(siRNAs) were synthesized by Invitrogen (Carlsbad, CA, USA)
based on previously published sequences (sense strand), i.e.,
CDHI, UGAGAAGUCUCCCAGUCAG [11]; scramble as a
control, UUCCGUCGCGGGCAGGUUG. Antimitotic drugs
used in this study are Taxotere from Sanofi-Aventis (Bridgewater,
NJ, USA) and Taxol from Sigma. The KSP inhibitor (KSPi) was
synthesized as previously published [12].

Generation of Cyclin Bl Reporter, pGL3-cyclin
B-Luc

The following primers (forward primer: 5-GCGCAAGCTTGC-
CACCATGGCGCTCCGAGTCACCAGGAA, reverse primer: 5'-
GCGCCCATGGTCACATATTCACTACAAAGGTTTGG) were
used for polymerase chain reaction (PCR) amplification of cDNA
encoding the N terminus of cyclin B1 (173 amino acids). The PCR
product was digested with HindIIl/Ncol and ligated into the pGL3
control vector (Promega) already cut with the same restriction
enzymes. The resulting plasmid was named pGL3-NB-Luc. Then,
the cyclin B promoter was amplified with PCR and used to replace
the SV40 promoter in the pGL3-NB-Luc vector to make pGL3-
cyclin B-Luc.

Tissue Culture and Transfection

Cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; for HeLa cells) or McCoy’s SA (for HCT116 cells)
supplemented with 10 % fetal bovine serum (FBS). To make
stable cell lines, HeLLa or HCT116 cells were co-transfected with
5 pg of pGL3-cyclin B-Luc and 0.5 pg of empty pcDNA3
(Invitrogen). Twenty-four hours later, transfected cells were
selected and maintained by growth in media containing G418
(1 mg/ml). Monoclonal cell lines were established with single-
cell deposition into each well of the 96-well plate using the
fluorescence-activated cell sorting (FACS) sorter. RNA transfec-
tion was carried out using Oligofectamine (Invitrogen) according
to the manufacturer’s instructions. Forty-eight to 72 h after
transfection, cells were analyzed by in vitro imaging, flow
cytometry (FACS), or Western blot.
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Cell Cycle Analysis

Subconfluent HeLa-cyclin B-Luc cells were blocked in late G1 or
M phase by growth in media containing mimosine or nocodazole
for 18 h and then lysed for luciferase assay or fixed with ice-cold
70 % ethanol for FACS analysis. Fixed cells were incubated in
phosphate-buffered saline (PBS) containing 69 pM propidium
iodide and 20 pg/ml RNAse A for 30 min at 37 °C. DNA content
per nucleus was analyzed using a FACScan flow cytometer.

Luciferase Assay

Luciferase assay system (Promega) was used according to the
manufacturer’s instructions. Cells were lysed by rocking in passive
lysis buffer (Promega) for 15 min at room temperature. Ten
microliters of cell extract was assayed using a Lumat LB9507
luminometer (Berthold Technologies). Luciferase values for stable
cell lines were normalized to total protein concentration.

Hollow Fiber Assay and Tumor Xenograft

Cells were grown in hollow fibers, essentially as described previously.
Briefly, a semipermeable hollow fiber was filled with cells (5x10°
cells/ml), heat sealed at 1.5 cm intervals, and cut into pieces that were
sealed at both ends. For in vitro studies, hollow fibers were placed in
six-well culture dishes containing DMEM with 10 % FBS before
adding anticancer drugs. For in vivo studies, Crl:Nu/Nu mice (Charles
River, Wilmington, MA, USA) were anesthetized (ketamine 140 mg/kg
and xylazine 12 mg/kg given by intraperitoneal (i.p.) injection), and
hollow fibers were implanted subcutaneously using an 11-gauge trocar
inserted through a neck incision. For tumor xenograft studies, approx-
imately 1x10° cells in 100 pl PBS were injected subcutaneously per site
into the flanks of anesthetized Nu/Nu mice. All the animal experiments
described in this paper were approved by the Merck Institutional Animal
Care and Use Committee.

Bioluminescence Imaging

For in vitro studies, D-luciferin was added to the media bathing the
reporter cell lines (final concentration, 50 pug/ml). Five minutes
later, photons were counted using the IVIS™ Spectrum Imaging
System (Xenogen/Caliper) according to the manufacturer’s instruc-
tions. Data were analyzed using the Living Image software (version
3.0, Xenogen). For in vivo studies, mice were administered D-
luciferin (90 mg/kg) by i.p. injection [13]. Ten minutes later,
photons were counted and analyzed as previously described.

Immunohistochemistry

Tissues were fixed in 10 % neutral buffered formalin, processed to
paraffin blocks, and sectioned at 4 pm. Antigen retrieval was
performed using Dako Target Retrieval Solution (pH 6.0; Dako Corp.,
Carpinteria, CA, USA) in a pressure cooker (Biocare Medical,
Concord, CA, USA) for 30 min (cyclin B1) or in a microwave oven
for 10 min (phospho-histone H3). Endogenous peroxidase activity was
blocked by incubating sections with 3 % hydrogen peroxide. To

prevent nonspecific binding, sections were blocked with 5 % goat
serum containing 1 % bovine serum albumin, 0.1 % cold fish skin
gelatin, 0.1 % Triton X-100, 0.05 % Tween 20, and 0.05 % sodium
azide. Sections were incubated overnight at 4 °C with rabbit
monoclonal antibody (MoAb) anti-cyclin B1 [Y106] (1:100) or rabbit
polyclonal anti-phospho-histone H3 (1:3,000). Bound antibodies were
detected by sequential incubation with antirabbit Envision+™
horseradish peroxidase-conjugated polymer (Dako) followed by 3,3'-
diaminobenzidine tetrahydrochloride. Sections were counterstained
with hematoxylin. For quantitation of the positive signal, image
analysis was performed on each entire section using the Ariol SL-50
software (Genetix Corp., San Jose, CA, USA).

Statistical Analysis

For imaging data analysis, the intensity of the reporter protein
posttreatment was compared to the intensity of the protein pretreat-
ment by calculating a ratio. Statistical significance was assessed using
the Student’s # test, under the assumption of a normal distribution of
the normalized ratios with an estimate of variance; the Wilcoxon
signed rank test was also performed to provide an additional
distribution-free assessment. All statistical tests were two-tailed.

Results

Cyclin B-Luc Protein is Degraded in a Cell
Cycle-Dependent Manner

Cyclin B1, a tightly regulated cyclin that is expressed in the
late S phase and is subsequently degraded during mitotic
exit, was used as the basis for the generation of a cell cycle
bioluminescence reporter. A cDNA encoding a fusion
protein of the N terminus of cyclin Bl linked to firefly
luciferase was generated and placed under the control of the
cyclin B1 promoter. We hoped to harness the important
elements that are responsible for the cell cycle-dependent
mRNA expression, localization, and turnover of cyclin Bl
(see the scheme shown in Fig. 1a). In particular, the fusion
protein is expected to behave similarly to cyclin B1 with
respect to ubiquitination-dependent degradation.

To investigate whether cyclin B-Luc is regulated in a cell
cycle-dependent manner, HeLa cells stably expressing cyclin B-
Luc were blocked with the cell cycle-synchronizing reagents,
mimosine (arresting cell cycle in the late Gl phase) or
nocodazole (an M phase blocker). At 18 h after synchronization,
0.2 mM mimosine caused 90 % of HeLa-cyclin B-Luc cells in
the late G1 phase, while 500 nM nocodazole blocked 70 % of
cell cycle in the M phase (Fig. 1b). As expected, a luciferase
assay demonstrated that mimosine downregulated the cyclin B-
Luc reporter activity, while nocodazole upregulated its activity
in a dose-dependent manner (Fig. 2a), consistent with cell cycle
distribution. In addition to the reporter assay, Western blots were
also performed to detect cyclin B-Luc protein levels (Fig. 2b).
The results showed low cyclin B-Luc expression in mimosine-
treated cells and high cyclin B-Luc expression with dose
dependency in nocodazole-treated cells. That nocodazole-
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Fig. 1. The mechanism of the fusion protein of cyclin B-Luc, regulated by the cyclin B promoter. a A schematic drawing of the
mitotic reporter. A fusion protein of the N terminus of cyclin B fused to luciferase is driven by a cyclin B promoter. The N-
terminal domain of cyclin B1 contains a conserved nine-amino-acid motif (RTALGDIGN) called the D-box that is necessary for
cyclin B1 ubiquitination and subsequent degradation. The CRS region is responsible for nuclear/cytoplasmic shuttling of cyclin
B. In the G2/M phase of the cell cycle, the reporter is stabilized and is degraded during the GO/G1 phase. b Polyclonal HeLa
cells stably transfected with pGL3-cyclin B-Luc (HeLa-cyclin B-Luc) were synchronized by growth in media containing 0.2 mM
mimosine or 500 nM nocodazole for 18 h. Mimosine arrested 90 % of cells in the late G1 phase, while 500 nM nocodazole

arrested 70 % of cells in G2/M phase.

induced dose-dependent upregulation of cyclin B-Luc protein is
similar to the induction of endogenous cyclin B1.

To further investigate the cell cycle dependency of cyclin B-
Luc protein turnover, mimosine was washed out to release the
arrested HeLa-cyclin B-Luc from mimosine blocking. The cell
lysates from various time points after mimosine removal were
blotted with luciferase antibody. Cyclin B-Luc protein accu-
mulated at 9 h after release from mimosine, which is in the M
phase (Fig. 2c, d). In contrast, wild-type luciferase showed no
change during the cell cycle shift, and a p27 luciferase fusion
protein (p27-Luc), which we showed earlier accumulates in G1
[14], was increased at 20-24 h when the cells completed the
cell cycle and reentered G1. Thus, the cyclin B-Luc reporter
protein expression mimics the expression of endogenous cyclin
B1, consistent with its transcriptional accumulation in the M
phase and protein degradation in the G1 phase.

Cyclin B-Luc is Degraded Through Ubiquitination
and Accumulates upon Mitotic Arrest

Upon mitotic exit, cyclin Bl degradation is mediated by the
anaphase-promoting complex (APC), an E3 ligase complex.

Cdhl1-dependent APC activity targets mitotic cyclins from the end
of mitosis to the G1 phase for ubiquitination-dependent degrada-
tion. We further addressed whether cyclin B-Luc is degraded via
proteasome degradation. The protease inhibitor ALLN and
proteasome inhibitor I, a universal proteasome inhibitor, caused
a dose-dependent increase of cyclin B-Luc luciferase activity
(Fig. 3a). To investigate whether cyclin B-Luc turnover is
mediated by the APC complex, double-stranded siRNA specific
to cdhl was used to transiently transfect HCT116-cyclin B-Luc
cells. Specific knock down of Cdhl protein resulted in the
accumulation of this reporter protein (Fig. 3b, c). In contrast, a
control siRNA did not cause cyclin B-Luc accumulation. All
together, these data demonstrate that cyclin B-Luc degradation is
mediated by ubiquitination via the APC complex.

Bioluminescence Imaging of Mitotic Arrest In Vitro

To evaluate the effect of mitotic arrest compounds on this
reporter, HeLa-cyclin B-Luc cells were treated with Taxotere
or Taxol. Both Taxotere and Taxol interfere with microtu-
bule breakdown, preventing depolymerization of tubulin,
and compounds ultimately cause cell cycle arrest in the M
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Fig. 2.

Induction of cyclin B-Luc by nocodazole, an M phase blocking reagent. a Luciferase assay was performed using HelLa-

cyclin B-Luc cells treated with mimosine (0.2 mM) or nocodazole (at indicated concentrations). Normalized relative luciferase
units (RLU) are shown. b Whole cell extracts from ¢ were applied to Western blots for the assessment of luciferase, cyclin B1,
and cdk1. ¢ Hela cells stably transfected to express luciferase or p27Luc or cyclin B-Luc were blocked in the late G1 phase by
the treatment with mimosine. Cell cycle distribution was analyzed at various time points after release from mimosine treatment
(left panel), and luciferase activity was assessed. d Luciferase or luciferase fusion protein expression was detected by Western

blot after release from mimosine-synchronized cells.

phase. In vitro imaging showed that Taxotere and Taxol
increased reporter activity in a dose-dependent manner
(Fig. 4a, b). Next, hollow fibers were filled with HeLa-cyclin
B-Luc and HCT116-cyclin B-Luc cells, and multilayer, rather
than monolayer, cultivation was obtained. These hollow fibers
containing reporter cells were then treated with Taxotere. At
48 h after treatment, 40 % of the population of Taxotere-treated
cells was found to be in the M phase when retrieved and
analyzed based on nuclear DNA content (Fig. 4c). Consistent
with the cell cycle assay, in vitro imaging demonstrated
luciferase induction in Taxotere-treated cells (Fig. Sa).

Bioluminescence Imaging of Mitotic Arrest In Vivo

Next, we attempted to determine if this reporter can monitor
mitotic arrest in vivo. First, as a rapid and accurate in vivo
approach, the hollow fiber model was used to evaluate the
reporter. Mice implanted with hollow fibers filled with

HCT116-cyclin B-Luc reporter cells were treated with
Taxotere by i.p. injection. As shown in Fig. 5b, c, at 24—
48 h after Taxotere administration, bioluminescence emitted
from hollow fibers increased more than twofold. To confirm
that the reporter induction is indeed caused by cell cycle
change, cells were retrieved from these hollow fibers and
were assessed with the cell cycle (FACS) assay. At 48 h
after Taxotere treatment, 30 % of cells were arrested in the
M phase (Fig. 5d), suggesting that the reporter induction is
caused by mitotic arrest.

Next, xenograft tumor models were established by
subcutaneous injection of HCT116-cyclin B-Luc cells. As
shown in Fig. 6a, more than twofold induction in biolumi-
nescence was detected at 24 h after Taxotere administration
with in vivo imaging, with maximum induction (about
threefold) at 48 h (Fig. 6b). After in vivo bioluminescence
imaging, the tumors were removed for immunohistochemi-
cal staining to detect endogenous cyclin Bl. The rabbit
MoADb used in this study reacts with an epitope in the C
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Fig. 3. Stabilization of cyclin B-Luc by CDH1 siRNA. a HCT116 human colon carcinoma cells stably transfected with
pGL3-cyclin B-Luc vector (HCT116-cyclin B-Luc) cells were treated with the proteasome inhibitors ALLN (AL) or
proteasome inhibitor | (P/) at a concentration of 1 or 10 uM, as indicated for 6 h, and the luciferase activity was
measured. b HCT116-cyclin B-Luc cells were transfected with either scrambled (siControl) or CDH1 siRNA. Luciferase
assays were performed 48 h later. ¢ Whole cell extracts from b were applied to Western blots for the assessment of
CDH1, luciferase, and cdk.
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Fig. 4. Cyclin B-Luc can be induced by antimitotic anticancer drugs in a dose-dependent manner. a HelLa-cyclin B-Luc cells
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Induction of cyclin B-Luc by Taxotere in hollow fibers. a Bioluminescence images of hollow fibers containing HCT116-

cyclin B-Luc cells after vehicle or Taxotere treatment. b—d Nude mice bearing hollow fibers filled with HCT116-cyclin B-Luc
cells were either vehicle-treated or treated with Taxotere (i.p., 20 mg/kg). Bioluminescence images (b) were acquired before and
at 48 h after treatment, and fold induction is expressed as a ratio of posttreatment versus pretreatment bioluminescence (c)
data from five mice with ten fibers; error bars standard error. Cell cycle distribution was determined by flow cytometry with cells

retrieved from hollow fibers at 48 h after Taxotere treatment (d).

terminus of cyclin B1 and, thus, is able to specifically detect
endogenous cyclin Bl. Tumor samples from Taxotere-
treated mice confirmed robust induction of cyclin Bl
compared to vehicle-treated mice (Fig. 6c, d).

Induction of Cyclin B-Luc Reporter by KSP
Inhibitor

KSP is a kinesin motor protein required to establish mitotic
spindle bipolarity, and KSPi have been reported to cause
mitotic arrest with a monopolar spindle. A KSP1i, identified
with a high-throughput screen, has been shown to activate
spindle assembly checkpoint and mitotic slippage and,
ultimately, to induce apoptosis [15]. To determine whether
this reporter can predict mitotic arrest caused by a KSPi, the
HCT116-cyclin B-Luc tumor xenograft model was used to
evaluate this KSPi. At 18 h, mice treated with KSPi showed
approximately fourfold brighter bioluminescence in compar-
ison to vehicle-treated mice (Fig. 7a, b). After the removal of
HCT116-cyclin B-Luc tumors, immunohistochemical stain-
ing was performed to detect phosphorylation of histone H3
specific to mitosis. As shown in Fig. 7c, d, significant levels
of phospho-histone H3 was detected in tumors treated with
KSPi. In contrast, in mice treated with 5-FU, an antitumor
drug to block DNA replication in the S phase, no

bioluminescence induction was observed. All together, these
data demonstrate that this cyclin B-Luc reporter can
specifically indicate the ability of a compound to arrest the
cell cycle in the M phase.

Discussion

Cell cycle distribution is typically detected by flow cytom-
etry to determine nuclear DNA contents or is visualized
under microscope to look at mitotic characteristics, such as
chromatin condensation and spindle separation. Visualiza-
tion of the cell cycle in living subjects has long been a big
challenge. Green fluorescent protein (GFP) fusion protein
has been used to generate a reporter to monitor cell cycle
change previously. For example, Hadjantonakis et al. fused
histone 2B into GFP to localize chromatin and track
embryonic cells in transgenic mice [16]. Although this
approach has been proved to be useful in embryos and
isolated organs with fluorescence imaging, it is hard to
conduct whole-body imaging, in particular, for quantitative
purpose.

The bioengineered luciferase reporter has been widely
used for in vivo imaging of various proteins, such as p27-
luciferase, p53-luciferase, and ubiquitin—luciferase [14, 17,
18]. In our attempt to generate a mitotic reporter, the N-
terminal region of cyclin Bl was used to make a reporter
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construct fused to luciferase. During the cell cycle progres-
sion, a large protein complex called the “anaphase-promot-
ing complex (APC)” initiates chromosome segregation and
exit from mitosis by degrading anaphase inhibitors and
mitotic cyclin B [19]. The N terminus of cyclin B1 contains
a conserved nine-amino-acid motif (RTALGDIGN) called
the destruction box (D-box) that is necessary for cyclin Bl
ubiquitination and subsequent degradation [20]. Thus, we
hypothesized that if the cyclin B D-box is grafted onto
otherwise stable proteins, those proteins become unstable in
mitosis (i.e., the D-box is portable).

During the S and G2 phases, cyclin B1 shuttles between
the nucleus and the cytoplasm because constitutive nuclear
import is counteracted by rapid nuclear export during these
phases. At the M phase, cyclin Bl is phosphorylated in the
cytoplasmic retention signal (CRS) sequence [21]. The
nuclear export sequence (a region of the CRS) is then
inactivated and the protein moves rapidly to the nucleus.
Phosphorylation of the CRS is required for nuclear traffick-
ing of cyclin B1 [21]. Lukas et al. has reported a fusion
reporter of N terminus 119 amino acids of cyclin B1 linked
to luciferase to measure Cdhl ligase activity [22]. In the
present study, the N terminus of cyclin B1 includes the CRS,
different from that reported by Lukas et al. [22], so the

fusion protein is able to be transported into the cytoplasm for
ubiquitination-dependent degradation. Furthermore, the
cyclin B-Luc protein is controlled by the cyclin B promoter
which assures that this protein is transcriptionally regulated
similar to endogenous cyclin Bl. In addition to the
previously mentioned features, the cdk1 binding site located
at the C terminus of cyclin B1 was excluded from our fusion
protein so that the reporter molecule would not bind or
activate cdkl and, therefore, would not affect the cell cycle
(data not shown).

The reporter, as expected, is tightly regulated in a cell
cycle-dependent manner, evidenced by downregulation in
the late G1 phase, and upregulation in the G2/M phase after
synchronization of tumor cells expressing cyclin B-Luc. The
trend of the protein change is extremely similar to that of
endogenous cyclin B1 [20]. Furthermore, cyclin B-Luc
accumulates after the blockade of the proteasomal degrada-
tion pathway by proteasome inhibitors, suggesting that the
turnover of this reporter is ubiquitination-dependent. More-
over, siRNA targeting the APC complex significantly
upregulated cyclin B-Luc, while control siRNA did not,
suggesting that cyclin B-Luc is degraded via APC E3 ligase.
By testing a few inhibitors of mitosis, cyclin B-Luc was
shown to report the cell cycle arrest in the M phase in vitro.
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Induction of cyclin B-Luc in subcutaneous tumors treated with KSPi correlates with phospho-histone H3. Nude mice

implanted with subcutaneous HCT116-cyclin B-Luc tumor xenografts were either vehicle-treated or treated with KSPi. a
Bioluminescence images were acquired at 18 h after KSPi treatment. b Relative fold induction was calculated using normalized
bioluminescence in the control group (data represent five mice implanted with ten tumors; error bars standard error). ¢ At 18 h
after KSPi treatment, subcutaneous tumors were removed and paraffin-embedded sections were stained with anti-phospho-
histone H3 antibody. d Quantitative analysis for phospho-histone H3. Fold induction is expressed by normalization of KSPi-

treated tumors versus control tumors.

All together, these results indicate that the cyclin B-Luc
reporter mimics the protein change of endogenous cyclin
B1, showing accumulation upon mitotic arrest.

Lack of a noninvasive mitotic reporter has necessitated
the use of large numbers of small animals when determining
the fraction of tumor cells in the M phase after treatment
with anticancer agents [23]. The purpose of this study was to
develop an optical reporter able to detect the in vivo
pharmacodynamics of novel anticancer drugs that are able
to block mitosis. To take advantage of bioluminescence
imaging with its low background and high signal-to-noise
ratio, cell lines stably expressing cyclin B-Luc were used to
generate tumor xenograft or hollow fiber models in vivo.
Administration of antimitotic anticancer drugs increased the
bioluminescence emitted from the treated tumors, consistent
with the M phase arrest caused by the same compounds.
Thus, the development of the mitotic reporter enables
noninvasive monitoring of mitotic arrest in the whole body.
Sakaue-Sawano et al. used Cdtl-RFP (G1 phase) or
Gemenin-GFP (S/G2/M phase) fusion protein to determine
the spatiotemporal dynamics of the cell cycle change and
showed the cell cycle distribution during the development of
neural tissue in transgenic mice [24]. However, the fusion
reporter applied in their study was not affected by
transcriptional regulation and exhibited a limitation in
showing quantitative analysis. Especially, Gemenin-GFP

can be accumulated in either S, G2, or M phase, showing
degradation only in the G1 phase. In contrast, cyclin B-Luc
is specifically accumulated to mitotic arrest and upregulated
by blocking mitosis.

One use of a stable cell line expressing the cyclin B-Luc
construct is to screen for antimitotic or antiproliferative
compounds that would be expected to arrest a proportion of
cells in a certain phase of the cell cycle. A KSPi, known to
arrest the cell cycle in the M phase, was used to validate this
reporter [12, 15]. KSPi caused arrest in the M phase,
evidenced by the increase in phospho-histone H3, a
biomarker of mitotic arrest [15], and correlated with the
induction of bioluminescence. In further support of new
mitotic targets, it will be helpful to visualize the therapeutic
window, in order to verify target inhibition in the tumor and
optimize dose and schedule and to determine the potential
role for these agents in the treatment for cancers. Thus, this
imaging reporter would be useful in target validation, dose
optimization, and clinical development. However, the cyclin
B-Luc reporter has its limitation of translation to clinical
studies and may be mainly used in animal experiments.

In conclusion, this reporter is an indicator of cyclin B
turnover. It can be used to monitor the mitotic arrest with
noninvasive bioluminescence imaging and, therefore, has a
number of potential applications for drug discovery and
research in cell signaling. For instance, this cyclin B-Luc
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reporter can be used to screen for antiproliferative com-
pounds that may arrest cell cycle in the M phase and then
trigger apoptosis, as well as in secondary screening and lead
optimization studies to detect undesirable toxic side effects
of lead compounds. Finally, this novel and unique cyclin B-
Luc reporter system stably expressed in tumor cells could be
used in in vitro and in vivo assays to investigate basic
processes of cell cycle and their dependence and modulation
by intracellular pathways and receptor signaling.
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