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Polo-like kinase 1 (Plk1) is widely established as one
of the most promising targets in oncology. Although
the protein kinase domain of Plkl is highly con-
served, the polo-box domain (PBD) of Plk1 provides a
much more compelling site to specifically inhibit the
localization and target binding of Plkl. We recently
identified, via fluorescence polarization assay, the
natural product derivative, Poloxin, as the first small-
molecule inhibitor specifically targeting the function
of the Plk1 PBD. In this study, we characterized its
mitotic phenotype and its function in vitro and in
vivo. Poloxin induces centrosome fragmentation and
abnormal spindle and chromosome misalignment,
which activate the spindle assembly checkpoint and
prolong mitosis. Notably, centrosomal fragmentation
induced by Poloxin is partially attributable to dys-
functional Kizuna, a key substrate of Plkl at centro-
somes. Moreover, Poloxin strongly inhibits prolifer-
ation of a panel of cancer cells by inducing mitotic
arrest, followed by a surge of apoptosis. More impor-
tant, we report, for the first time to our knowledge,
that the PBD inhibitor, Poloxin, significantly sup-
presses tumor growth of cancer cell lines in xenograft
mouse models by lowering the proliferation rate and
triggering apoptosis in treated tumor tissues. The data
highlight that targeting the PBD by Poloxin is a pow-
erful approach for selectively inhibiting Plk1 function
in vitro and in vivo. (Am J Pathol 2011, 179:2091-2099;
DOI: 10.1016/j.ajpath.2011.06.031)

Polo-like kinases (Plks) are a family of Ser-Thr kinases
regulating a variety of functions during the cell cycle and
proliferation, from yeast to mammals.™? In mammalian
cells, three closely related members (ie, Plk1, Plk2/Snk,
and Plk3/Prk) and one distantly related kinase (ie, Plk4/
Sak) have been identified, with apparently different ex-
pression patterns and physiological functions. Recently,
mouse Plk5 has also been identified and human PIk5 is
an interesting member lacking the protein kinase do-
main,® which is implicated in specific roles in neuron
differentiation and glioblastoma suppression.* Plk1, the
most thoroughly characterized member among the mam-
malian Plks, has multiple important functions during mi-
tosis.”® In line with this multitude of proposed functions
PlIk1 localizes to diverse mitotic structures, including cen-
trosomes, kinetochores, the central spindle, and the mid-
body."€~® Structurally, in addition to the conserved pro-
tein kinase domain, the members of the Plk family share,
at the C-terminus, a conserved region termed the polo-
box domain (PBD), which is essential for substrate tar-
geting and PIk1 localization. The PBD, comprising two
polo-box motifs, constitutes a binding region with maxi-
mal affinity to phosphopeptides containing a consensus
sequence S-pS/pT-P/X.21°

PIk1 is highly expressed in a broad spectrum of cancer
types, and its expression often correlates with poor prog-
nosis, suggesting its involvement in oncogenesis and its
potential as a therapeutic target.'” Overexpression of
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PIk1 in human tumor cells, but not in normal nondividing
cells, makes it an attractive and selective target for mo-
lecular intervention. Over the years, efforts have been
made to identify Plk1 inhibitors, yielding several potent
compounds that competitively inhibit the catalytic activity
of PIk1."" The protein kinase domain of Plk1 is closely
related to several members of the superfamily of protein
kinases, whereas the PBD is unique and a specific sig-
nature of the Plk kinase family. Moreover, although Plk1 is
strongly associated with oncogenic transformation, 12
PIk2 and PIk3 are critical for checkpoint-mediated cell
cycle arrest to ensure genetic stability and prevent on-
cogenic transformation.”®"'® Thus, the ideal inhibitor
should selectively target the PBD of Plk1 but not that of
Plk2 and PIk3.

Based on a fluorescence polarization assay, we
have recently identified the natural product thymoqui-
none (TQ) and its synthetic derivative Poloxin as the
first small-molecule inhibitors targeting the PBD of
Plk1."® We have shown that Poloxin exhibits a high
specificity toward the PBD of Plk1, reduces both cen-
trosomal and kinetochoral localization of PIk1, induces
chromosome congression defects, arrests cells in pro-
metaphase, and triggers further apoptosis in Hela
cells. The data demonstrate that inhibition of the PBD is
sufficient to interfere with some of the mitotic functions
of PIk1, including chromosome congression and mi-
totic progression. Herein, we analyzed the Poloxin-
induced phenotype in more detalil, its efficacy in vari-
ous cancer cell lines, and its effect on proliferation
using xenograft mouse models.

Materials and Methods

Cell Culture and Synchronization

All cell lines were grown according to the supplier’'s sug-
gestions (DSMZ, Braunschweig, Germany). Hela 776-6
and Hela P25 cells were established as previously de-
scribed.’'° Briefly, Hela cells transfected with plas-
mids phH1/shRNA/cyclin B1 or Plk1 were selected with
medium containing G418 for 6 weeks. Cell clones with
various levels of cyclin B1 or Plk1 were obtained. Cell
synchronization to the G,-S boundary was performed by
double thymidine block, as previously described."”

Western Blot Analysis and Indirect
Immunofiuorescence Staining

These experiments were performed as previously de-
scribed.””'92° The following antibodies were used for
Western blot analysis: mouse monoclonal antibodies
against caspase-3, caspase-9, and Cdc25C (Santa Cruz
Biotechnology, Heidelberg, Germany); rabbit polyclonal an-
tibodies against poly(ADP)ribose polymerase (Cell Signal-
ing, Beverly, MA); mouse monoclonal antibodies against
B-actin (Sigma-Aldrich, Taufkirchen, Germany); and sec-
ondary anti-mouse or anti-rabbit antibodies (Santa Cruz
Biotechnology). The following primary antibodies were used
for staining: rat polyclonal anti-a-tubulin (Biozol, Eching,

Germany), rabbit polyclonal antibodies against pericentrin
(Cell Signaling), mouse monoclonal anti-phospho-histone
H3 (p-HH3, or Ser10; Millipore, Schwalbach, Germany),
mouse monoclonal anti-Plk1 (Santa Cruz Biotechnology),
rabbit polyclonal-anti-Plk1 (Millipore), mouse monoclonal
antibodies against BubR1 (BD Biosciences, Heidelberg),
human anti-centromere antibody (ImmunoVision, Spring-
dale, AR), and mouse anti-y-tubulin (Abcam, Cambridge,
PA). Fluorescein isothiocyanate—conjugated donkey anti-
mouse, Cy3-conjugated goat anti-rabbit, or anti-rat and
Cy5-conjugated goat anti-mouse (Jackson Immunore-
search, West Grove, PA) were used as secondary anti-
bodies.

The assays for cell cycle analysis, cell viability assay,
annexin staining, and activity of caspase-3/7 were per-
formed as previously described.'”1°

In Vivo Experiments, Western Blot Analysis, and
IHC with Tumor Tissue

Viable MDA-MB-231 or Hela cells (1 X 10°) were resus-
pended in 300 wL of 0.9% NaCl and s.c. injected into
both flanks of nude mice (MDA-MB-231: n = 8 mice in
each group, total N = 16; HeLa: n = 7 mice in each
group, total N = 14). Approximately 3 weeks after inoc-
ulation, mice were treated with Poloxin (40 mg/kg) or TQ
(20 mg/kg) by intratumoral injection on Mondays,
Wednesdays, and Fridays for 5 to 6 weeks. The tumor
area was calculated by multiplication of the greatest di-
ameter with the perpendicular diameter every 2 to 3 days.
Measurements of all tumors within the group were repre-
sented by the mean value. U-tests and Student’s t-tests
were performed for statistical evaluation among MDA-
MB-231 groups and between Hela groups, respectively.
All mice were properly treated in accordance with the
guidelines of the local animal committee.

Cellular extracts from tumor tissues were prepared by
using standard protocol. Briefly, tumor pieces were di-
gested in lysis buffer [50 mmol/L HEPES (pH 7.5), 150
mmol/L NaCl, 1 mmol/L EDTA, 2.5 mmol/L EGTA, 10%
glycerol, 0.1% Tween 20, 1 mmol/L dithiothreitol, 10
mmol/L B-glycerol-phosphate, 1 mmol/L NaF, and 0.1
mmol/L NazVO, with Complete Protease Inhibitor Cock-
tail; Roche, Mannheim, Germany] and then homoge-
nized. After a 30-minute incubation on ice, the lysates
were centrifuged with 10,000 X g at 4°C for 20 minutes.
Cellular extracts were obtained by a further 20-minute
incubation on ice and centrifugation. Sections of formalin-
fixed, paraffin-embedded tissues were used for immuno-
histochemical (IHC) analysis. Slides were pretreated in
a microwave oven in 10 mmol/L citrate buffer to im-
prove antigen retrieval. Monoclonal mouse anti-human
Ki-67 antibodies (Dako, Glostrup, Denmark), poly-
clonal rabbit anti-p-HH3 (Ser10) antibodies (Millipore),
and polyclonal rabbit anti-cleaved caspase-3 antibod-
ies (Cell Signaling) were used for staining. Sections
were stained using alkaline phosphatase anti-alkaline
phosphatase or avidin-biotin peroxidase complex
techniques.



Results

Poloxin Induces Defects in Centrosome Integrity
and Chromosome Alignment During Mitosis

Poloxin induces mitotic arrest and prolongs the mitotic
duration (see Supplemental Figure S1, A and B, at
http://ajp.amjpathol.org), accompanied by Plk1’s mislo-
calization at kinetochores and centrosomes with re-
duced y-tubulin (see Supplemental Figure S2, A and B,
at http://ajp.amjpathol.org), as previously reported,'® cor-
roborating that Poloxin specifically targets the PBD of
Plk1 in cells. To further explore the reasons for mitotic
arrest, we analyzed the mitotic phenotype in more detail
in Poloxin-treated Hel a cells by immunofluorescence mi-
croscopy. Hela cells, synchronized by double thymidine
block and released into medium with either 25 umol/L
Poloxin or dimethyl sulfoxide (DMSQO) for 10 hours, were
stained for a-tubulin, pericentrin, and DNA. Strikingly,
compared with DMSO-treated cells (Figure 1A), Poloxin-
treated mitotic cells exhibited frequently fragmented and
disassociated centrosomes (pericentrin in Figure 1A), as-
sociated with aberrant mitotic spindles (a-tubulin in Fig-
ure 1A), which could be induced either indirectly, by
perturbing microtubule nucleation due to fragmented
centrosomes, or directly, by interfering with tubulin-stabi-
lizing proteins, such as traditionally controlled tumor pro-
tein®"22 in Poloxin-treated cells. In addition, consistent
with our previous results, defects in chromosome align-
ment were easily observable (ie, unaligned chromo-
somes surrounding the metaphase plate; DAPI in Figure
1A). Further analysis revealed that almost 50% of the
25 umol/L Poloxin-treated cells displayed abnormal
mitotic spindles (Figure 1B), 37% showed defects in
chromosome alignment (Figure 1C), and almost 60%
exhibited centrosomal fragmentation (Figure 1D) during
mitosis. In addition, we performed the same experiment
in colon cancer HCT116 p53~/~ cells, which enter mitosis
despite cellular stress. Fragmented centrosomes in mi-
totic cells were 7% for DMSO-treated and 31% for 25
wmol/L Poloxin-treated HCT116 p53~/~ cells, respec-
tively (see Supplemental Figure S2, C and D, at http://
ajp.amjpathol.org). The data suggest that Poloxin-treated
cells face severe problems with proper spindle formation,
chromosome alignment, and centrosome integrity during
mitosis.

Fragmented Centrosomes Induced by Poloxin
Are Associated with Dysfunction of Kiz

Centrosomal fragmentation induced by Poloxin was
attracting our attention. Phosphorylation of Kizuna (Kiz)
at T379 is thought important for stabilizing mitotic cen-
trosomes.?® To answer whether Kiz was affected by
Poloxin, a rescue experiment was performed, as illus-
trated in Figure 2A: Hel.a cells were cotransfected with
human Myc-tagged wild-type Kiz, its nonphosphorylat-
able mutant Kiz T379A, or phosphomimetic Kiz T379E
and pBabe-puro constructs. After selection with puro-
mycin, cells were synchronized and released into fresh
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Figure 1. Poloxin induces defects in centrosome integrity, spindle forma-
tion, and chromosome alignment in mitosis. A: HeLa cells were synchronized
with double thymidine block and released into fresh medium with either
DMSO or 25 umol/L Poloxin for 10 hours. Cells were fixed and stained for
a-tubulin, pericentrin, and DNA. The morphological features of centrosomes,
spindles, and chromosomes were examined by fluorescence microscopy.
Examples are displayed for centrosome fragmentation with aberrant mitotic
spindles (second and third rows, pericentrin and a-tubulin) and for mis-
aligned chromosomes (third through fifth rows, DAPD). White arrows: Mis-
aligned chromosome. Cells treated with DMSO were taken as control (first
row). Scale bar = 5 um. Quantification of abnormal spindles (B), chromo-
some misalignment (C), and centrosomal fragmentation (D) in approxi-
mately 300 mitotic HeLa cells treated with DMSO or 25 umol/L Poloxin. The
results are presented as mean * SD.

medium containing either DMSO or Poloxin. Cells were
then stained for immunofluorescence microscopy. Ap-
proximately 40% of treated mitotic cells showed cen-
trosomal fragmentation with 15 wmol/L Poloxin treat-
ment (Figure 2, B and C). Interestingly, although the
phosphomimetic Kiz T379E was able to rescue approx-
imately 36% of the fragmentation (Figure 2, B and C),
wild-type Kiz and alanine-mutant Kiz T379A hardly af-
fected the phenotype (Figure 2, B and C). The expres-
sion levels of Myc-tagged wild-type Kiz and its variants
in HelLa cells were comparable using a Western blot
analysis (Figure 2D). Hela cells, treated as described
in Figure 2A but without Poloxin, were also stained for
control (see Supplemental Figure S3, A, B, and C, at
http.//ajp.amjpathol.org).
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Figure 2. Centrosomal fragmentation induced by Poloxin is partially
rescued by Kiz T379E. A: Working schedule. To obtain sufficient mitotic
cells for analysis, Hela cells, transfected, selected, and synchronized,
were treated for 10 hours with a lower concentration of 15 umol/L
Poloxin, because 25 umol/L Poloxin detaches Hela cells, treated with
transfection, selection, and synchronization, from the cell culture slides,
along with increasing the mitotic cell population. B: HeLa cells were
treated as described in A and stained for Plk1, pericentrin, a-tubulin, and
DNA. Cells treated with DMSO were taken as control (top row). Scale
bar = 5 um. C: Evaluation of centrosomal fragmentation in approximately
300 mitotic cells from each group in B. The results are presented as
mean * SD. con, control. D: Expression levels of Myc-tagged wild-type
Kiz and its variants in HeLa cells.

Poloxin Activates the Spindle Assembly
Checkpoint

Inactivation of Plk1 causes a prometaphase arrest by
activating the spindle assembly checkpoint.?*2° To ex-
plore whether Poloxin is capable of activating the check-
point, Poloxin-treated Hel.a cells were stained for a-tubu-

lin, DNA, and BubR1, an important regulator of the
spindle assembly checkpoint. Plk1 phosphorylates
BubR1, which regulates the stability of kinetochore-mi-
crotubule interaction.?” Yet, PIk1 is not required for
BubR1’s localization at kinetochores in HelLa cells,?”2°
although PIx1 is responsible for the loading of xBubR1
onto kinetochores in Xenopus laevis.?® In DMSO-treated
cells, BubR1 localized at kinetochores before chromo-
some alignment in prometaphase, and it disappeared
when chromosomes properly aligned at the equatorial
plate in metaphase (Figure 3A). On the other hand, most
of the Poloxin-treated cells were retained during prometa-
phase, with strong BubR1 staining at kinetochores of not
yet aligned chromosomes (Figure 3A). However, strong
signals of BubR1 were still bound to kinetochores in those
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Figure 3. Poloxin activates the mitotic checkpoint. A: HeLa cells were
synchronized by thymidine treatment and released into medium contain-
ing DMSO or 25 pumol/L Poloxin for 10 hours. Cells were stained for
BubR1, a-tubulin, and DNA. Scale bar = 5 um. B: Hela cells were
synchronized by thymidine treatment and released into medium contain-
ing 25 pwmol/L Poloxin or 20 nmol/L BI 2536. Twelve hours later, the
shake-off cells were further incubated with Poloxin alone, Poloxin plus 2
pmol/L ZM 447439, BI 2536 alone, or BI 2536 plus ZM 447439 for a further
2 hours, as indicated. Cellular extracts were then prepared for Western
blot analyses with antibodies against Plk1, cyclin B1, and p-HH3. Non-
treated (con) or nocodazole-treated (Noc) cells were taken as mitotic-
negative and mitotic-positive controls, respectively. B-Actin served as the
loading control.
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Figure 4. Poloxin induces apoptosis. A: The sub-G, population is increased in Poloxin-treated HelLa cells. Cells were treated with Poloxin with indicated
concentrations for 24 hours and analyzed by fluorescence-activated cell sorting. B: Cells were treated with increasing concentrations of Poloxin for 24 hours and
stained for annexin (Ann) and propidium iodide (PD. Cells treated with DMSO or camptothecin (Camp, 10 wmol/L) were taken as negative and positive controls,
respectively. C: HeLa cells were treated as indicated for 24 hours. Cellular extracts were prepared for Western blot analyses with corresponding antibodies. B-Actin
served as the loading control. Cellular extracts from nontreated cells (con) or cells treated with DMSO, nocodazole (Noc), or thymidine (Thy) were taken as
controls. Two lanes (the same amounts of DMSO as that in 10 and 25 wmol/L of Poloxin) between Thy and DMSO were omitted, and the equal amount of DMSO
in 50 umol/L of Poloxin remained as the DMSO control. PARP, poly(ADP)ribose polymerase. D: Hela cells were treated as in B, and cellular extracts were
prepared for active caspase-3/7 assays using the Caspase-Glo Assay (Promega, Mannheim, Germany). Cellular extracts from control (con) and DMSO- or
Camp-treated cells were taken as negative and positive controls, respectively. The results are presented as the mean = SD (n = 3) and analyzed by the Student’s

rtest. *P < 0.05, *P < 0.01, and **P < 0.001. n.s., no significance.

Poloxin-treated cells, which managed to reach meta-
phase regardless of aberrant spindles (Figure 3A).
BubR1 possibly senses misattachments or reduced
tensions and thereby activates the spindle assembly
checkpoint in Poloxin-treated cells. To corroborate
these results, Hel.a cells were synchronized by thymi-
dine treatment and released into fresh medium with 25
pmol/L of Poloxin for 12 hours. The shake-off cells were
then incubated with medium containing Poloxin or in
combination with 2 umol/L of the Aurora A/B inhibitor
ZM 447439 (Tocris Bioscience, Ellisville, MO) for a
further 2 hours. Poloxin-treated cells were still kept in
mitosis, as evidenced by high levels of mitotic protein
Plk1, cyclin B1, and p-HH3 (Figure 3B). However, in the
presence of ZM 447439, the Plk1 and cyclin B1 levels
were strongly reduced and the p-HH3 signal almost
disappeared (Figure 3B), implying that cells escaped
the prometaphase arrest and exit from mitosis after
inactivating the spindle assembly checkpoint with ZM
447439. Bl 2536, an inhibitor of the protein kinase
domain of Plk1, was used as a positive control (Figure
3B) because it also activates the spindle assembly
checkpoint and arrests cells in prometaphase, and
cells exit from mitosis on treatment with the Aurora A/B
inhibitor hesperidin.?® The data suggest that the pro-
metaphase delay induced by Poloxin is ascribed to
activation of the spindle assembly checkpoint.

Massive Apoptosis Caused by Poloxin

Cancer cells with depletion/inhibition of Plk1 undergo
apoptosis, mostly caused by catastrophic mitotic de-
fects.®°~3% To corroborate that inhibiting Plk1 by Poloxin
triggers cancer cells to apoptosis, asynchronous Hela
cells were treated with increasing amounts of Poloxin for
24 hours and cell cycle profiles were analyzed by fluo-
rescence-activated cell sorting. As shown in Figure 4A,
Poloxin arrested cells in the G,/M phase with a distinctive
sub-G, peak in a concentration-dependent manner, in-
dicative of apoptosis induction after prolonged mitosis.
Apoptosis induction by Poloxin was further underlined by
annexin staining (Figure 4B). In addition to HelLa cells, we
also measured the sub-G, peak and performed annexin
staining in MDA-MB-231, SW 480, MCF7, and A549 cells
treated with Poloxin, and comparable results were ob-
tained (data not shown). The induction of apoptosis was
further confirmed by using Western blot analyses by
showing cleaved poly(ADP)ribose polymerase and re-
duced procaspase-3 and procaspase-9 (Figure 4C),
consistent with the observation that the activities of
caspase-3/7 were increased in the treated cellular ex-
tracts (Figure 4D). Furthermore, Poloxin induced the
cleavage of poly(ADP)ribose polymerase in connection
with increased Emi1 and decreased p-Cdc25C (see Sup-
plemental Figure S3D at http.//ajp.amjpathol.org), two
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Figure 5. Poloxin inhibits proliferation. A:
MDA-MB-231 cells were treated with increasing
concentrations of Poloxin and harvested at indi-
cated time points. Cell viability assays were per-
formed by using a CellTiter-Blue assay (Pro-
mega). Cells treated with DMSO served as the
control. B: Cell viability assays were also per-
formed with human normal retinal epithelial
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specific targets of Plk1, implying that apoptosis induction
is associated with the function of Poloxin by targeting
Plk1 within cells.

Poloxin Inhibits Proliferation of Various Cell
Types

To study its inhibitory effect on proliferation, cancer cells
from various origins were treated with increasing doses of
Poloxin for different time periods. Poloxin inhibited prolif-
eration of metastatic breast cancer MDA-MB-231 cells in
a dose-dependent manner through 72 hours (Figure 5A).
However, a similar inhibitory effect was also observable
in human normal retinal epithelial cells (NTERT-RPE1 in
Figure 5B). These dose and time kinetics were also per-
formed in various cancer and normal cell lines, and ECg
values of all cell lines tested were illustrated in Table 1.
We could not find a distinctively different response to
Poloxin between cancer and normal cell lines, at least in
the cell culture system, suggesting that Plk1 is required
for all proliferating cells.

Poloxin Inhibits Tumor Growth in Vivo

We next investigated the ability of Poloxin to inhibit tumor
growth in nude mice xenografted with MDA-MB-231 or

Table 1. Inhibitory Effect of Poloxin on Proliferation in Various

Cell Lines
Cells/cell lines Tissue type ECso (uwmol/L)
Tumor
MCF7 Breast 35
MDA-MB-231 Breast 15
Detroit 562  Pharynx 15
T47D Breast 25
A549 Lung 20
SW 480 Colon 22
HCT 116 Colon 25
Hela Cervix 25
Hela P25* Cervix 22
Hela 776-6" Cervix 22
PC-3 Prostate 20
Normal
hTERT-RPE1 Retinal epithelial 20
MTSV-1 Mammary epithelial 20
Fibroblasts Foreskin fibroblastic 25
HUVECs Umbilical vein endothelial 20

*Stably Plk1-depleted Hela.
TStably cyclin B1-depleted Hela.
HUVEC, human umbilical vein endothelial cell.

0.001.

Hela cells. We could observe a significant reduction of
tumor volume after approximately 6 weeks of treatment
with Poloxin or TQ in MDA-MB-231 xenograft mice com-
pared with vehicle DMSO treatment (Figure 6A). Sup-
pression of tumor growth by TQ was previously re-
ported.®* Moreover, tumor regression was also observed
in HelLa xenograft mice treated with Poloxin (Figure 6B).
Poloxin treatment was well tolerated, as judged by body
weight (see Supplemental Figure S4A at http://ajp.
amjpathol.org). Furthermore, by using Western blot anal-
ysis and IHC staining, we showed that tumor regression
of MDA-MB-231 cells after Poloxin or TQ treatment was
accompanied by a decrease in proliferation rate, as ev-
idenced by Plk1 levels (see Supplemental Figure S4, B
and C, at http.//ajp.amjpathol.org), Ki-67 and p-HHS3 stain-
ing, and an increase in apoptosis, demonstrated by ac-
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Figure 6. Poloxin suppresses tumor growth. A and B: Nude mice bearing
established xenografts of MDA-MB-231 (A, 7 = 8 mice in each group, N= 16
mice per group) or HeLa cells (B, 7 = 7 mice in each group, N = 14 mice per
group) were intratumorally treated with DMSO, Poloxin (40 mg/kg), or TQ
(20 mg/kg) on Mondays, Wednesdays, and Fridays. Tumor size is displayed.
Data are presented as the mean = SD and statistically analyzed by the [-test
(A) and the Student’s rtest (B), respectively, because of different numbers of
mice in each trial. *P < 0.05, *P < 0.001. C: IHC staining. MDA-MB-231
tumor tissues from xenograft mice treated with DMSO, Poloxin, or TQ for 6
weeks were stained for proliferation marker Ki-67 (left), mitotic marker
p-HH3 (middle), or apoptosis marker active caspase-3 (right). Scale bars: 20
pm (Ki-67); 10 um (p-HH3 and active caspase-3).
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tive caspase-3 staining, compared with DMSO-treated
tumor tissues (Figure 6C).

Discussion

Anti-mitotic agents targeting tubulin are widely used, with
effectiveness in treating cancer, but they affect both di-
viding and nondividing cells, inducing unwanted adverse
effects.®® Therefore, the development of a new genera-
tion of anti-mitotic therapy that targets proteins with spe-
cific functions in mitosis is much desired. Plk1, the key
regulator of mitosis, has been established as one of such
promising candidates. In fact, several interesting Plk1
inhibitors, most of them against the protein kinase domain
of Plk1, are being tested in clinical trials, as recently
summarized.®*¢3® |n a more selective manner to the
widely conserved kinase domain, the PBD of Plk1 poses
a compelling site to block the Plk1 function. The first
identified small-molecule compound, Poloxin, shows its
high specificity by aiming at the PBD of Plk1,'® which is
directly followed by another inspiring report that purpu-
rogallin (PPG), a benzotropolone-containing natural com-
pound derived from nutgalls, also blocks the PBD of Plk1
with selectivity.®® The data demonstrate that inhibition of
the PBD is sufficient to specifically interfere with the mul-
tiple functions of PIk1.

Herein, we further characterize the phenotype and ef-
fect induced by Poloxin. Poloxin-treated cells display
centrosome fragmentation, an aberrant mitotic spindle,
and chromosome misalignment (Figure 1), which activate
the mitotic checkpoint (Figure 3), further leading to pro-
longed mitosis (see Supplemental Figure S1 at http.//
ajp.amjpathol.org), followed by strong induction of apop-
tosis (Figure 4). Moreover, centrosome fragmentation
induced by Poloxin can be attributed, at least in part, to
dysfunction of a centrosomal protein, Kiz (Figure 2). More
important, Poloxin strongly inhibits proliferation of a panel
of proliferating cells (Figure 5, Table 1). More interest-
ingly, Poloxin significantly suppresses tumor growth in
xenograft mice (Figure 6, A and B). We found a low
proliferation rate and an increased induction of apoptosis
in tumor tissues after 5 to 6 weeks of treatment with
Poloxin (Figure 6C; see also Supplemental Figure S4, B
and C, at http.//ajp.amjpathol.org). The data highlight that
Poloxin works in vitro and in vivo by specifically interfering
with the functions of Plk1, leading to mitotic prolongation
and apoptosis induction.

Itis well established that the function of PIk1 is required
for centrosome maturation, separation, and spindle pole
integrity.?*4%4" We have observed a distinctive centro-
somal fragmentation with aberrant mitotic spindles in
cells treated with Poloxin (Figure 1, A and D, and Figure
2, B and C). Notably, centrosomes were unfocused and
distanced in cells treated with another PBD inhibitor,
PPG.3° Moreover, cells treated with a pan-PBD inhibitor,
poloxipan, also displayed fragmented centrosomes.*?
However, enforced PBD expression did not impair cen-
trosome maturation/separation.**** It will be interesting
to clarify whether overexpression of the PBD also induces
centrosome fragmentation.
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We have closely looked into possible mechanisms for
centrosomal fragmentation induced by Poloxin. It has
been convincingly reported that PIk1 associates with Kiz,
an important centrosomal substrate for Plk1, in a PBD-
dependent manner and regulates its function for centro-
some integrity by phosphorylating its residue, T379.%°
Blocking this regulation or depletion of Kiz causes frag-
mentation and dissociation of the pericentriolar material
from centrioles at prometaphase, which will be not able to
endure the forces that converge on centrosomes during
spindle formation.?® Based on these data, we reasoned
that Kiz could be one of the centrosomal key molecules
affected by Poloxin. This notion is underlined by the re-
sults that Kiz T379E, the phosphomimetic form of Kiz, is
capable of partially rescuing the Poloxin-induced centro-
somal fragmentation (Figure 2), indicating that Plk1-me-
diated Kiz function is disrupted by Poloxin. Because Plk1
is involved in centrosome stability and centriole cohesion
during mitosis,*® it will be important to clarify the molec-
ular mechanisms of centrosome fragmentation and to
explore further critical molecules, such as aster-associ-
ated protein (ASAP),*® that are responsible for spindle
pole integrity and could be affected by Poloxin. Never-
theless, the data suggest that Poloxin is specifically tar-
geting the PIk1 function at centrosomes in cells.

In addition to Hela cells, Poloxin strongly inhibits the
proliferation of a panel of human cancer cell lines from
diverse organ derivations (Table 1). The ECg, ranges
from 15 to 35 wmol/L. The proliferation of exponentially
normal growing cells, such as human retinal primary ep-
ithelial cells, human umbilical vein endothelial cells,
mammary epithelial (MTSV-1) cells, and fibroblasts, is
also suppressed by Poloxin; EC, values range from 20
to 30 wmol/L, implying a comparable sensitivity of non-
transformed cycling cells to PIk1 inhibition. This phenom-
enon has already been observed with Bl 2536 treat-
ment.*” Furthermore, apoptosis was strongly induced in
normal rat kidney cells and NIH/3T3 cells on treatment
with the PBD inhibitor, PPG.2° Therefore, we suppose that
PIk1 is required for the proliferation of both normal/non-
transformed cells and tumor cells. Thus, the Plk1 inhibi-
tors, targeting either the protein kinase domain, such as
Bl 2536, or the PBD domain of Plk1, such as Poloxin and
PPG, affect both cancer cells and nontransformed but
proliferating cells with a comparable efficacy, at least in
cell culture system. Yet, this does not necessarily repre-
sent situations in vivo because these nontransformed
cells are artificially kept in cycling by additionally supple-
menting various growth factors. In addition, we are aware
that these results from the small-molecule compounds
are not consistent with previous data®'“® that knockdown
of PIk1 by small-interfering RNA inhibits proliferation more
dramatically in cancer cells than in normal cells. Different
time courses could possibly result in this discrepancy:
small-molecule compounds, such as Bl 2536 or Poloxin,
work immediately within cells on addition, whereas small-
interfering RNA requires some time to deplete Plk1. Dur-
ing this period, normal cells with intact checkpoints could
have enough time to respond to the challenges induced
by depleting Plk1 by activating corresponding rescue
pathways, such as halting the cell cycle, and to survive
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the challenges. This is not the case for tumor cells. Alter-
natively, depletion of Plk1 by small-interfering RNA is not
able to totally knock out Plk1 and the remaining Plk1 may
not be sufficient for survival of Plk1-addicted cancer
cells, but for normal cells. This is in accordance with a
recent report*® that sensitivity of normal cells to Plk1
depletion is dependent on the depletion level. However,
an interesting review by Lens et al®® suggests that it is
unlikely to have Plk1-addicted cells, and the contribution
of PIk1 to tumor formation might be largely due to the
induction of chromosome instability. Thus, the efficacy of
PIk1 inhibitors most probably primarily depends on their
antimitotic effect in tumor cells, whereas depleting Plk1
generates a form of cellular stress in primary cells and
causes cells to arrest during G,. Yet, it still cannot explain
why the small-molecule compounds, such as Bl 2536
and Poloxin, exert comparable efficacy in both normal
proliferating cells and tumor cells. Further studies (in
particular, evidence from primary cells and tumor tissues
in vivo) are required to precisely answer this question.
Moreover, although Poloxin shows a higher specificity
toward the PBD of Plk1 than that of PIk2 and PIk3 in vitro,
it is important to define whether it interferes with the
functions of Plk2 and PIk3 in vivo. It will also be critical to
delineate the relationship between Poloxin and Plk5, the
only PBD protein. All these data will shed light on the
application strategy of small-molecule compounds tar-
geting Plk1.

Taken together, in this study, we have further charac-
terized the PBD inhibitor Poloxin and demonstrated, for
the first time to our knowledge, its effectiveness in xeno-
graft models. We believe that inhibitors specifically tar-
geting the PBD, such as Poloxin and PPG, hold much
promise for developing a new generation of molecular
anti-mitotic agents, although many challenges are posed
by their clinical development.
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