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Polo-like kinase 1 (PIk1) plays a critical role in proper M-phase progression and cell proliferation. Plk1 is
overexpressed in a broad spectrum of human cancers and is considered an attractive anticancer drug target. Although
a large number of inhibitors targeting the catalytic domain of Plk1 have been developed, these inhibitors commonly
exhibit a substantial level of cross-reactivity with other structurally related kinases, thus narrowing their applicable dose
for patient treatment. Plk1 contains a C-terminal polo-box domain (PBD) that is essentially required for interacting with
its binding targets. However, largely due to the lack of both specific and membrane-permeable inhibitors, whether PBD
serves as an alternative target for the development of anticancer therapeutics has not been rigorously examined. Here,
we used an intracellularly expressed 29-mer-long PBIP1-derived peptide (i.e., PBIPtide), which can be converted into a
“suicidal” PBD inhibitor via Plk1-dependent self-priming and binding. Using this highly specific and potent system, we
showed that Plk1 PBD inhibition alone is sufficient for inducing mitotic arrest and apoptotic cell death in cancer cells
but not in normal cells, and that cancer cell-selective killing can occur regardless of the presence or absence of
oncogenic RAS mutation. Intriguingly, PBD inhibition also effectively prevented anchorage-independent growth of
malignant cancer cells. Thus, targeting PBD represents an appealing strategy for anti-Plk1 inhibitor development.
Additionally, PBD inhibition-induced cancer cell-selective killing may not simply stem from activated RAS alone but,
rather, from multiple altered biochemical and physiological mechanisms, which may have collectively contributed to

PIk1 addiction in cancer cells.

Introduction

Polo-like kinase 1 (Plk1) is a Ser/Thr protein kinase that plays
pivotal roles in the regulation of the cell cycle and cell prolifera-
tion." Not surprisingly, Plk1 is highly overexpressed in a broad
spectrum of human cancers, and its overexpression is closely associ-
ated with the aggressiveness and poor prognosis of these cancers.
[reviewed in refs.>] Intriguingly, cancer cells are addicted to a
high level of Plk1.>° thus making them more vulnerable to Plkl
interrogation than normal cells. Consistent with this notion, inter-
ference with Plk1 function readily induces apoptotic cell death in
most tumor cells but not in normal cells, and it reduces tumor
growth in mouse xenograft models.® Thus, Plk1 appears to be an
attractive target for therapeutic intervention against human cancers.
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Over the years, efforts have been made to develop ATP-com-
petitive inhibitors that are designed to block the catalytic activity
of PIk1.>” Among these inhibitors are a dihydropteridinone
derivative, BI2536,% and its pharmacologically optimized analog,
BI6726,” and a thiophene inhibitor, GSK461364A,'>"" all of
which have been used successfully to antagonize Plk1 function in
vitro and in animal models. While all 3 inhibitors have been
tested in clinical trials, BI6726 appears to be the most clinically
advanced anti-Plkl inhibitor and is currently under phase III
development, with promising results in clinical studies. !> 1°
However, these inhibitors exhibit somewhat limited specificity
against Plk1, mainly because of a large number (> 500) of pro-
tein kinases in mammalian cells and the high degree of structural
conservation among the ATP-binding pockets within their
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catalytic domains. For instance, BI6727, by far the most promis-
ing anti-Plk1 inhibitor for clinical applications, exhibits only 6-
and 60-fold selectivity over the 2 closely related kinases, Plk2 and
Plk3, respectively.’

It is now well appreciated that the C-terminal, non-catalytic
polo-box domain (PBD) is critically required for various PlkI-
dependent biochemical and cellular processes.'®'” At the molec-
ular level, PBD forms a phosphoepitope-recognition module that
binds to a p-Ser/p-Thr-containing motif with high affinity.'®"?
Remarkably, the Plkl PBD- dependent interaction appears to be
highly specific, since the targets that interact with Plk1 PBD do
not significantly interact with Plk2 and Plk3 PBDs.'”***' Fur-
thermore, several studies suggested that Plk1 PBD inhibition by
either small-molecule compounds or peptide-derived inhibitors
leads to mitotic arrest and apoptotic cell death in cultured mam-
malian cells.>®?*?> These findings suggest that, distinctively
from the prevailing strategy of targeting the catalytic domain of
Plk1, blocking the PBD-dependent protein—protein interaction
may represent an alternative and highly specific means of inhibit-
ing Plk1 function. However, small-molecule inhibitors reported
to date exhibit only a sub-optimal level of PBD-binding affin-
ity,”® whereas all peptide-derived inhibitors suffer greatly from
poor membrane permeability, albeit their superb binding affinity
and specificity against Plk1 PBD.?>** As a result of these limita-
tions, an accurate assessment on the applicability of Plkl1 PBD
inhibition in various biological systems has been greatly thwarted.

In this study, we took advantage of the unique ability of Plk1
to phosphorylate and generate its own docking site on the T78
residue of a kinetochore protein, PBIP1 (also known as MLF11IP,
KLIP1, CENP-50 or CENP-U),* " and to bind to the resulting
p-T78 motif.>”*>?> This mechanism, termed self-priming and
binding, allowed us to develop a conserved, 29-mer-long PBIP1
T78 motif—containing peptide (referred to hereafter as PBIP-
tide), which, when phosphorylated by Plk1’s catalytic activity,
induces a suicidal inhibition of its own PBD. This PBIPtide-
based suicidal inhibition is highly specific because the Plk1 PBD
inhibition can occur only after Plkl-dependent specific phos-
phorylation onto its target, PBIPtide, and ensuing PBD-depen-
dent interaction with the resulting phosphoepitope (i.e., p-T78
PBIPtide). With this highly specific and potent suicidal system,
here, we demonstrated that Plkl PBD inhibition is sufficient for
effectively imposing mitotic arrest and apoptotic cell death on
cancer cells but not their isogenic normal cells, and for inhibiting
anchorage-independent growth of malignant cancer cells. Thus,
we propose that targeting PBD represents an attractive alternative
anti-Plk1 therapeutic approach for cancer therapy.

Results

PBIPtide-based suicidal inhibition of Plk1 PBD induces
mitotic block and apoptotic cell death

It has been shown that Plk1 phosphorylates the T78 motif of a
kinetochore component, PBIP1, and binds to the resulting p-
T78 motif with a high affinity and specificity.””*> To examine
whether we can take advantage of this unique self-priming and
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binding mechanism to induce suicidal inhibition of Plk1, we uti-
lized PBIPtide, which, when phosphorylated by endogeneous
Plk1, can lead to the production of PBD-binding p-T78 PBIP-
tide (Fig. 1A).

To explore the suitability of PBIPtide-based Plk1 inhibition,
we first examined whether PBIPtide (Fig. 1A and S1A) is effec-
tively phosphorylated by intracellular Plk1 activity and whether
it also binds to Plkl1. To this end, HeLa cells were infected with
lentiviruses expressing control green fluorescent protein (GFP),
GFP-PBIPtide, or GFP-PBIPtide (T78A), and subjected to
immunoprecipitation analysis. As expected, cells expressing
GFP-PBIPtide exhibited the p-T78 epitope, whereas cells
expressing the GFP-PBIPtide (T78A) mutant did not (Fig. 1B,
input). Consistent with this result, immunoprecipitation of
GFP-PBIPtide, but not the GFP-PBIPtide (T78A) mutant,
coprecipitated endogenous Plk1 to a level that is easily detectable
by Coomassie brilliant blue (CBB) staining (Fig. 1B, panel 4).
Judging from the levels of Coomassie-stained protein bands, the
binding of endogenous Plkl to the exogenous GFP-PBIPtide
appeared to be highly efficient (Fig. 1B, compare the 2 CBB-
labeled gels). In line with the p-T78 motif requirement for the
PBIPtide-Plk1 interaction,” the p-T78 epitope was detected in
the PBIPtide ligand, but not in the PBIPtide (T78A) mutant
(Fig. 1B, panel 5). These findings suggest that endogenous Plk1
activity is sufficient for converting a PBD-binding-incompetent
PBIPtide (i.e., preinhibitor) into a PBD-binding-competent p-
T78 PBIPtide (i.e., active inhibitor), which can then interact
with the PBD of Plkl in a suicidal fashion. A shorter, 18-mer
T78-containing  fragment (YETFDPPLHST,4AIYADEE;
Fig. S1A) failed to bind to Plkl significantly, suggesting that a
longer PBIPtide is needed for proper Plk1-dependent T78 phos-
phorylation and subsequent PBD binding,.

To estimate the amount of PBIPtide needed to effectively
bind to and inhibit endogenous Plk1, we carried out an enzyme-
linked immunosorbent assay (ELISA)-based analysis,® using
250 ng of purified recombinant GST-PBIPtide and various
amounts of Plk1. As expected, the level of the p-T78 epitope gen-
erated on immobilized GST-PBIPtide was proportional to the
amount of Plk1 provided, and the increase in the level of bound
Plkl (half maximal binding at 13.8 ng of Plk1) closely mirrored
that in the level of produced p-T78 epitope (half maximal p-T78
production at 4.4 ng of Plkl) (Fig. S1B). Providing that all
PBIPtides immobilized on ELISA wells were functional, approxi-
mately 18-fold (13.8 ng/250 ng) overexpression of PBIPtide
appeared to be sufficient to bind to and incapacitate a half of
intracellular Plk1 molecules.

We then investigated whether the expression of the 29-mer
PBIPtide can inhibit the function of Plkl and induce mitotic
abnormalities, using Hela cells generated in Figure 1B. The
expression of GFP-fused forms of PBIPtide allowed us to conve-
niently assess their expression levels, thus minimizing the concern
of imposing varying degrees of Plkl inhibition among different
experimental groups. We observed that the expression of GFP-
PBIPtide efficiently induced a large fraction of cells with a
rounded-up morphology, whereas the expression of either the
control GFP or the Pkl PBD-binding-defective GFP-PBIPtide
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(T78A) mutant did not (Fig. 1C).
Among the rounded-up cells, a
large fraction exhibited either
unusually small or hardly detect-
able GFP signals (indicated by yel-
low or red arrows, respectively, in
Fig. 1C), which are suggestive of
dying or already dead cells. Consis-
tent with this view, flow cytometry
analysis showed that the expression
of GFP-PBIPtide, but not GFP-
PBIPtide (T78A), induced a large
fraction of cells in either G2/M or
sub-G1 DNA content (Fig. 1D).
Given that Plkl is critical for
proper M-phase progression,"**
these findings suggest that inhibit-
ing PBD sufficiently interferes
with  Plkl-dependent  mitotic
processes.

PBIPtide efficiently delocalizes
Plk1 from mitotic centrosomes
and kinetochores, and induces a
potent pre-anaphase arrest with
misaligned chromosomal
morphologies

To further investigate whether
the phenotype associated with the
expression of GFP-PBIPtide is the
consequence of inhibiting the
function of Plk1 PBD iz vive, we
closely examined whether PBD-
dependent subcellular localization
of Plkl is compromised by PBIP-
tide expression. Studies have
shown that Plk1 is hardly detect-
able at the early stage of the cell
cycle but becomes manifest at late-
interphase centrosomes and preki-
netochores, and reaches its highest
abundance at prometaphase cen-
trosomes and kinetochores.*>””
Similarly, Plkl activity progres-
sively increases as cells go through
the cell cycle, sharply peaking in
carly mitosis.*®*® Therefore, we
chose to examine the effect of
PBIPtide expression on Plk1 locali-
zation using late interphase (which
can be defined by clear, nuclear-
localized Plk1 signals) and prome-
taphase cells.

We observed that the expression
of GFP-PBIPtide, but not the
GFP-PBIPtide (T78A) mutant, in
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Figure 1. PBIPtide, but not the PBIPtide (T78A) mutant, efficiently induces mitotic block and apoptotic cell
death in Hela cells. (A) The schematic diagram illustrates that, upon being activated, the catalytic domain
(C.D.) of PIk1 phosphorylates the T78 residue of PBIPtide and permits its PBD to bind to the resulting p-T78
motif through a self-priming and binding mechanism. As a consequence of p-T78 binding, the PBD of Plk1
becomes disabled. (B) HeLa cells infected with lentiviruses expressing the indicated constructs were treated
with nocodazole for 20 h and subjected to immunoprecipitation and immunoblotting analyses. The result-
ing membranes were stained with Coomassie brilliant blue (CBB). (C) Representative images of Hela cells
expressing the indicated lentiviral constructs are shown. Phase-contrast and widefield green fluorescent
protein (GFP) fluorescent images were taken 3.5 days after virus infection. Dying and already dead cells
with unusually small (yellow) and hardly detectable (red) GFP signals, respectively, are indicated. Bars,
100 pwm. (D) Flow cytometry analyses were carried out using Hela cells infected with lentiviruses expressing
the indicated constructs, and the cells were harvested at 2.5 or 3.5 days after infection. Apoptotic cells with
less than G1 (2N) DNA content (slanted arrows) and cells arrested in G2/M with 4N DNA content (vertical
arrows) are indicated.
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Figure 2. PBIPtide expression delocalizes Plk1 and induces potent prometaphase arrest in Hela cells. (A) Con-

mitotic arrest, we closely exam-

focal microscopic analysis was carried out for Hela cells expressing GFP control, GFP-PBIPtide, or GFP-PBIPtide ined the level of phosphoryla-
(T78A), and stained with anti-Plk1 (red) and anti-tubulin (magenta) antibodies. The second and third panels tions on multiple mitotic

show cells with misaligned chromosomes (arrows), while the fourth and fifth panels show cells with lagging

regulators, including several pro-

chromosomes (arrows) and multipolar spindles, respectively. Asterisks, centrosomes; brackets, punctate kinet- .
¢ ) P P P Y p teins (BubR1, Bubl, Cdc25C

ochores. Bars, 10 um. (B-E) Quantifications of mitotic populations (B), mitotic cells with aberrant chromosome
morphologies (C), and Plk1 fluorescence signals at centrosomes (D) and kinetochores (E) were carried out with

and WeelA), all of which are

the samples obtained in (A). For each of 3 independent experiments, n > 500 for (B), n > 200 for (C), and n > known to be regulated by PBD-

70 for (D and E). G2 cells in (D and E) were identified by accumulated PIk1 signals in the nucleus, whereas dependent Plkl1 function.

42-46

prometaphase cells were recognized by typical prometaphase DNA morphologies. Statistics in (B-E): ***, p < To this end, HelLa cells express-

0.001 (unpaired 2-tailed t-test). Bars, standard deviation.

ing either control GFP alone,

HeLa cells induced an almost complete delocalization of Plkl
from centrosomes and prekinetochores/kinetochores (Fig. 2A),
and potent mitotic arrest (Fig. 2B). Notably, a large fraction of
the arrested cells showed aberrant bipolar spindles with mis-
aligned chromosomal morphologies, although a low degree of
cells with monopolar or multipolar spindles, and cells with

GFP-PBIPtide, or GFP-PBIPtide

(T78A) were arrested at the G1/S
boundary by double thymidine treatment and then released into
medium containing nocodazole to trap the cells in the following
mitosis (Fig. 3). The results showed that the expression of GFP-
PBIPtide, but not GFP alone or the GFP-PBIPtide (T78A)
mutant, significantly diminished the level of BubR1 phosphory-
lation, while mildly altering Bubl phosphorylation (Fig. 3).
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Under the same conditions, the
expression of GFP-PBIPtide did
not detectably influence the level
of phosphorylations on various
other mitotically phosphorylated
proteins (Cdc25C, WeelA, and
Mpsl) (Fig. 3). In all 3 sets of
experiments, the level of phospho-
histone H3 increased significantly
12 h  after double thymidine
release (Fig. 3, bottom panels),
suggesting that the expression of
PBIPtide did not cause any unex-
pected cell cycle delay during the
early stages of the cell cycle where
Plk1 is abundantly
expressed.*®*” Since Plk1-depen-
dent BubRl  phosphorylation
appears to be critical for establish-
ing stable kinetochore-microtu-
bule (KT-MT) attachment,***
the PBIPtide-induced  mitotic
arrest observed in Fig. 1C-D could

not

be in part attributed to spindle
checkpoint activation caused by
improper Plkl-dependent BubR1
phosphorylation. The absence of
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Figure 3. PBIPtide inhibits proper BubR1 phosphorylation in HeLa cells. Inmunoblotting analyses were per-
formed using Hela cells released synchronously from a double thymidine block (G1/S) into nocodazole
(Noc)-containing medium. Samples were harvested at the indicated time points and analyzed. Asterisk,

any detectable effect of the Plkl

cross-reacting protein; p-HH3, phospho-histone H3.

PBD-binding-defective GFP-

PBIPtide (T78A) mutant (Fig. 3)

suggests that the effect of PBIPtide on BubR1 is specific. Since
GFP has been shown to dimerize at high concentrations, 4’
which could induce an unanticipated consequence, we also exam-
ined the effect of expressing a Flag epitope—fused.”® PBIPtide or
PBIPtide (T78A) form. Consistent with the results in Figure. 3,
that Flag-PBIPtide, but not the Flag-PBIPtide (T78A) mutant,
induced drastic dephosphorylation of BubR1, while dephosphor-
ylating Bub1 at a somewhat reduced level (Fig. S2). These results
suggest that among various Plkl substrates that we tested
(BubR1, Bubl, Cdc25C, and Weel),***® BubR1 is the most
sensitive to PBD-mediated phosphorylation by Plkl. Impor-
tantly, Mps1 is thought to be a major kinase that phosphorylates
BubR1 in vive’' However, expression of PBIPtide did not
appear to significantly alter the level of Mpsl autophosphoryla-
tion (Fig. 3 and S2).

Normal cells are less susceptible to PBIPtide-mediated
mitotic arrest and apoptotic cell death than cancer cells

Having observed that cervical cancer—derived Hela cells were
highly susceptible to PBIPtide-based Plkl PBD inhibition
(Fig. 1), we then further investigated the effect of PBIPtide
expression in other independently derived cancer or normal cell
lines. The results showed that, similar to the findings in HeLa
cells (Fig. 1C-D), the expression of PBIPtide induced a drastic
mitotic block and apoptotic cell death in osteosarcoma-derived
U20S cells (Fig. 4A). In contrast to this observation, PBIPtide
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expression in near-diploid human mammary epithelial MCF-
10A cells or normal diploid human fetal lung MRC-5 fibroblasts
failed to induce any noticeable cell cycle defect under the condi-
tions where GFP fluorescence of PBIPtide in these cells was at a
level similar to that in U20S cells (Fig. 4B-C). Under similar
conditions, both control GFP and the GFP-PBIPtide (T78A)
mutant lacking the self-priming and binding site failed to exhibit
any significant level of cell cycle arrest and apoptotic cell death in
all the cell lines examined (Fig. 4). Comparable to the effect of
PBIPtide expression shown in Figure. 4, treatment of cells with a
small molecule-based Plk1 catalytic activity inhibitor, BI6727,>*
showed that cancer-derived U20S cells were substantially more
susceptible to Plkl1 inhibition than MCF-10A and MRC-5 cells
(Fig. S3A) (note a drastic sub-G1 accumulation in U20S cells; a
slanted arrow). However, BI6727 treatment also induced a sub-
stantial level of mitotic arrest in MCF-10A and MRC-5 cells
(Fig. S3A; vertical arrows). It is possible that inhibiting the cata-
lytic activity of Plkl is less selective between normal and cancer
cells than inhibiting a wide array of Plk1 PBD-dependent inter-
actions, as discussed recently.’

To investigate whether a faster cell proliferation rate could
account for the PBIPtide-induced phenotype observed in U20S
cells, we comparatively analyzed doubling times for U20S,
MCE-10A, and MRC-5 cells. Interestingly, U20S cells (a dou-
bling time of 18.2 h) proliferated much slower than MCF-10A
cells (a doubling time of 13.7 h), while they did much faster
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Figure 4. PBIPtide induces mitotic arrest and apoptotic cell death in U20S cells but not in near-diploid MCF-10A and normal MRC-5 cells. (A-C) The indi-
cated cells were infected with lentiviruses expressing control GFP, GFP-PBIPtide, or GFP-PBIPtide (T78A). Representative images of phase-contrast and
widefield GFP fluorescence were taken 3.5 days after lentivirus infection. Flow cytometry analyses were performed with cells harvested at the indicated
time points after infection. Bars, 100 wm. Arrows in (A) indicate apoptotic cell populations with less than G1 (2N) DNA content (slanted) and cells arrested

in G2/M with 4N DNA content (vertical).

than MRC-5 cells (a doubling time of 27.4 h) (Fig. S3B). These
findings suggest that the susceptibility of U20S cells to PBIP-
tide-induced inhibition may likely stem from uncharacterized
Plk1-dependent biochemical processes rewired in these cancer
cells, rather than simply from an altered rate of cell cycle

progression. In line with this view, an ELISA-based Plk1 kinase
activity assay.”” revealed that cancer-derived HeLa and U208$
cells contained several-fold higher levels of overall Plk1 activities
per given amount of total cellular lysates than MCF-10A and
MRC-5 cells (Fig. S3C). Thus, a drastic Plkl inhibition
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phenotype observed in cancer-derived Hela and U20S cells is
likely due to several-fold increased intracellular Plk1 activities in
these cells.
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PBIPtide selectively inhibits the cell division and growth of
activated HRAS-transformed premalignant or malignant cells

We next investigated the effect of PBIPtide expression during
different stages in the carcinogenic process, using a set of human
breast—derived cell lines from a single cell lineage: i.e., normal
epithelial (MCF-10A; M-I), premalignant epithelial (M-1I), low-
grade carcinoma (M-III), and high-grade metastatic carcinoma
(M-1V) lines.’® To do this, cells were first infected with lentivi-
ruses expressing control GFP, GFP-PBIPtide, or GFP-PBIPtide
(T78A), then selected with puromycin to eliminate uninfected
cells, and then analyzed after arresting the cells with nocodazole
for 20 h. Results showed that both GFP-PBIPtide and GFP-
PBIPtide (T78A) were expressed at similar levels in all M-I, M-
I, M-1II, and M-IV cells, whereas control GFP was expressed at
levels several fold higher than GFP-PBIPtides (Fig. 5A). Under
these conditions, the expression of PBIPtide, but not the PBIP-
tide (T78A) mutant, completely abrogated the slow-migrating,
phosphorylated BubR1 form in all 4 cell lines (Fig. 5A). This
observation suggests that, in all of these cells, Plkl-mediated
BubR1 phosphorylation is equally sensitive to PBD inhibition.

Next, to investigate whether PBIPtide expression alters cell
cycle progression, we performed flow cytometry analysis using the
cells obtained in Figure. 5A. Since intracellular PBIPtide can be
visualized using a GFP fusion form, a GFP-PBIPtde-based
method provides us with an advantage to assess the differental
effect of Plk1 PBD inhibition among different cell types with sim-
ilar levels of GFP-PBIPtide expression. The results showed that
GFP-PBIPtide expression induced a large fraction of cells with
G2/M and sub-G1 DNA contents in both activated HRAS-trans-
formed premalignant (M-II) and malignant (M-III and M-IV)
cells. Consistent with the results in Figure. 4B, GFP-PBIPtide
failed to induce any detectable level of cell cycle defect in normal
epithelial M-I cells (Fig. 5B). Under these conditions, neither the
control GFP vector nor the PBD-binding-defective GFP-PBIPtide
(T78A) mutant appeared to alter cell cycle progression (Fig. 5B),
thus corroborating the results shown in Figs. 1 and 4. Notably,
the level of the sub-G1 population in M-1I, M-III, and M-IV cells
was higher at 3.5 days post-infection than at 2.5 days post-infec-
tion, whereas the level of the G2/M-arrested population remained
largely unchanged (Fig. 5B). These observations suggest that
PBIPtide-dependent PBD inhibition efficiently induces mitotic
arrest and apoptotic cell death in these cells, as observed in Hela
and U20S cells (Figs. 1 and 4A), and that apoptotic cell death

likely occurs as a consequence of prolonged mitotic arrest.

Figure 5. PBIPtide induces mitotic block and apoptotic cell death, and
effectively inhibits anchorage-independent cell growth in HRAS-trans-
formed premalignant M-Il and malignant M-Il and M-IV cells. (A) Immu-
noblotting was carried out in M-I, M-I, M-Ill, and M-IV cells expressing
the indicated construct using a lentiviral system. CBB, Coomassie brilliant
blue stain. (B-D) Cells in (A) were subjected to flow cytometry analysis
(B) and soft agar growth assay (C and D). Arrows in (B) indicate apoptotic
cell populations with sub-G1 DNA content (slanted) and cells arrested in
G2/M with 4N DNA content (vertical). Bars in (C), 100 wm. (D) Colony size
is arbitrarily classified into 3 different groups based on the image area
calculated by Zeiss ZEN software. Statistics: ***, p < 0.001 (unpaired 2-
tailed t-test). Bars, standard deviation.
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Since the ability of anchorage-independent growth has been
shown to closely correlate with tumorigenicity in animal mod-
els,”>*® we employed a soft agar growth assay to determine
potential antitumorigenic activity of PBIPtide. To this end, we
examined whether the expression of PBIPtide alters the M-I, M-
II, M-III, and M-IV cells’ ability to proliferate in the absence of
adhesion to extracellular matrix proteins. As expected, normal
epithelial M-I cells failed to form noticeable-sized colonies in soft
agar (Fig. 5C). Under these conditions, HRAS-transformed pre-
malignant (M-II) and malignant (M-III and M-IV) cells formed
sizable colonies several days after plating the cells (Fig. 5C). The
high-grade metastatic carcinoma line (M-IV) formed colonies
most efficiently, while premalignant epithelial M-I cells formed
colonies significantly less efficiently (Fig. 5C-D). These results
are consistent with the previous finding that the 7z vitro anchor-
age-independent growth ability of tumor cells correlates with
their 77z vivo metastatic potential.56 Under these conditions, the
expression of PBIPtide, but not the PBIPtide (T78A) mutant,
almost completely annihilated the M-II, M-III, and M-IV cells’
ability to form colonies (Fig. 5C-D). These findings suggest that
inhibition of Plk1 PBD function is sufficient for interfering with
the ability of oncogenic HRAS-transformed malignant cancer
cells to grow in an anchorage-independent fashion and to metas-
tasize to other tissues 77z vivo.

Discussion

PBIPtide-dependent suicidal inhibition of Plk1 PBD:
a novel method for targeting Plk1

Plk1 is considered one of the most attractive targets for anti-
cancer therapies. Although some of the inhibitors targeting the
ATP-binding motif of Plk1 yielded various degrees of success in
preclinical and clinical studies,*"" they commonly exhibit an
unintended toxicity largely because of their limited specificity in
the presence of many other structurally related kinases. Plkl
offers, within one molecule, 2 functionally distinct but intercon-
nected drug targets—the N-terminal catalytic domain and the C-
terminal noncatalytic PBD essential for mediating interactions
with various Plkl binding targets. Therefore, given the unique
nature of protein—protein interactions, targeting the PBD could
be a viable approach for the development of highly specific anti-
Plk1 inhibitors. Although substantial progress has been made in
developing PBD inhibitors, this class of inhibitors has suffered
greatly from poor binding affinity, stability, and/or membrane
permeability. Therefore, whether targeting the PBD of Plk1 may
constitute an alternative strategy to interrogate Plk1 function in
cancer cells has not been closely evaluated.

Here, our results demonstrated that an intracellularly
expressed PBIP1-derived PBIPtide can efficiently induce suicidal
inhibition of PBD via a Plkl-mediated self-priming and binding
mechanism (Fig. 1A).273233 Using this unique system, we
addressed 2 major questions: 1) whether PBD inhibition is suffi-
cient for interfering with Plk1 function and, if so, 2) whether it
can induce a cancer cell-selective killing effect, as suggested pre-
viously with the depletion or inhibition of Plk1.>*%”°® Using a
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PBIPtide-based highly specific suicidal system, we unequivocally
demonstrated that the interrogation of Plk1 PBD function is an
appealing strategy for effectively antagonizing Plkl-mediated
mitotic progression in cancer cells. Furthermore, under the con-
ditions where an equal level of PBIPtide is expressed, we showed
that the inhibition of Plk1 PBD function is sufficient for impos-
ing cancer cell-selective mitotic arrest and killing.

Unlike Plk1 PBD inhibition by currently available small-mol-
ecule compounds or peptide-derived inhibitors, PBIPtide-medi-
ated suicidal inhibiton confers multiple advantages. First,
PBIPtide-based inhibition is highly specific because it requires
not only Plkl-dependent phosphorylation at the T78 residue of
PBIPtide (i.e., preinhibitor), but also PBD-dependent interaction
with the resulting p-T78 PBIPtide (i.e., active inhibitor). Second,
since the suicidal p-T78 PBIPtide inhibitor is generated by cata-
lytically active Plkl1, the intracellular level of p-T78 PBIPtide
would be proportional to that of Plkl activity, therefore impos-
ing more potent PBD inhibition on actively dividing cells with
higher Plk1 activity, such as most cancer cells. Third, since the
inhibitory p-T78 PBIPtide can be generated only if an active
form of Plk1 is present, and its level would gradually diminish as
Plk1 is being inhibited, this suicidal mechanism is autoregulated.
By nature, this autoregulatory system could provide a biochemi-
cal safeguard, under which cells are prevented from being
completely deprived of Plk1 activity, thus allowing a submaximal
inhibition of Plk1 PBD function. In contrast to many cancer cells
addicted to non-oncogenic Plkl, their isogenic normal cells
exhibited much less dependency on Plk1.>*%” In fact, a low level
(~20%) of Plk1 was shown to be sufficient for maintaining cellu-
lar proliferation in various normal organs of adult mice.’® These
findings suggest that PBIPtide-based submaximal inhibition of
Plkl may help minimize any detrimental effect on normal cells
and tissues, while also imposing mitotic arrest and apoptotic cell
death on cancer cells. On the contrary, since an ATP analog
inhibitor would inhibit Plkl in a dose-dependent manner, cata-
strophic killing of both normal and cancer cells may not be
avoidable when intracellular Plk1 is completely inhibited.

Mechanism underlying PBIPtide-induced cancer
cell-selective killing

Earlier studies have suggested that cancer cells are addicted not
only to oncogenes, but also to many non-oncogenes for their via-
bility.®>®" A genome-wide study revealed that Plkl1 is the only
non-oncogenic kinase critically required for the viability of acti-
vated RAS-containing cells, but not for otherwise isogenic WT
cells.®! This finding suggests that biochemical pathways in onco-
genic RAS-containing cancer cells are likely rewired in such a way
that they are addicted to a high level of Plk1 for proper prolifera-
tion. Consistent with this view, we demonstrated that oncogenic
HRAS-transformed  premalignant (M-1I) and malignant carci-
noma (M-III and M-IV) lines are sensitive to Plkl1 PBD inhibi-
tion for proper cell cycle progression and proliferation, whereas
their isogenic normal epithelial (M-I) cells are not (Fig. 5B). Fur-
thermore, all 3 cell lines (M-II, M-III, and M-IV) failed to grow
in an anchorage-independent manner under the conditions

where Plkl PBD was inhibited by PBIPtide expression (Fig. 5C).
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These results provide the proof of principle that the inhibition of
PBD function is sufficient for interfering with the proliferation
of oncogenic RAS-containing premalignant and malignant cells.
They also raise the possibility that PBIPtide serves as a tool for
effectively inhibiting the function of Plk1 PBD in various biolog-
ical systems. In this regard, it will be interesting to explore a new
avenue of developing PBIPtide-based inhibitors that can be
applied to clinically relevant experimental systems.

At present, the mechanism of how PBIPtide-dependent Plk1
PBD inhibition selectively induces differential killing of both
premalignant epithelial (M-II) and malignant (M-III and M-IV)
carcinoma lines (Fig. 5) remains unknown. Notably, we found
that PBIPtide expression selectively interfered with proper
BubR1 phosphorylation (Fig. 3 and S2). Since Plk1-dependent
BubR1 phosphorylation is important for establishing stable KT-
MT attachment,*>*® improper BubRI phosphorylation may
have contributed to PBIPtide-induced mitotic arrest and apopto-
tic cell death, as observed in Figure. 5. However, PBIPtide abro-
gated proper BubR1 phosphorylation in all M-I, M-II, M-III,
and M-IV cells. This finding suggests that, although impaired
BubR1 phosphorylation could impose more mitotic stress on the
oncogenic HRAS-containing M-1I, M-III, and M-IV cells than
on M-I cells, it is not likely the primary reason for the preferential
killing of these cells. Interestingly, PBIPtide can efficiently induce
mitotic arrest and apoptotic cell death in other independently
derived cancer lines, such as Hela and U20S cells (Figs. 1 and
4), which are reported as not having oncogenic RAS mutations.
Therefore, an oncogenic RAS mutation is not likely the single
driver for cancer cells’ sensitivity to PBIPtide-dependent Plkl
PBD inhibition. Rather, altered biochemical and physiological
mechanisms may collectively contribute to Plkl addiction and
PBIPtide-dependent cancer cell-selective killing. In line with this
view, the detrimental effect of Plk1 interrogation can also be syn-
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ergized by the loss of p53 in cancer cells.
addiction to Plkl is likely the consequence of an amplified Plk1-
dependent process(es). Therefore, identifying and characterizing
a cancer cell-enriched PBD-binding protein will be a key step in
better understanding the underlying mechanism of how PBIP-
tide-dependent Plkl PBD inhibition can induce cancer cell-

selective killing.

Materials and Methods

Plasmid construction

Lentiviral constructs expressing Flag-GFP alone (pKM2203),
Flag-GFP-PBIPtide (pKM2051), or Flag-GFP-PBIPtide (T78A)
(pKM2081) were constructed by inserting an Agel-Bg/ll (both
end-filled) fragment containing Flag-GFP alone, Flag-GFP-
PBIPtide WT, or its respective (T78A) mutant into a pHR'-
CMV-SV-puro vector.”” digested with EcoRI and end-filled. The
lentiviral constructs expressing Flag alone (pKM4067), Flag-
PBIPtide (pKM2050), or Flag-PBIPtde (T78A) (pKM2079)
were generated similarly as above, except that an Agel-Kpnl (both
end-filled) fragment containing Flag alone, Flag-PBIPtide WT,
or its respective (T78A) mutant was inserted into a pHR'-CMV-
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SV-puro vector digested with EcoRI and end-filled. PBIPtide
contains 4 tandem repeats of the 29-mer-long T78 peptide
shown in Figure 1A.

Cell culture and transfection

HEK293T, HelLa, U20S, MCEF-10A, and MRC-5 cells were
cultured as recommended by American Type Culture Collection
(Manassas, VA). MCF-10A (M-I)-derived premalignant epithelial
(M-II), low-grade carcinoma (M-III), and high-grade metastatic
carcinoma (M-IV) lines were cultured as previously described.”*

To carry out the G1/S-release experiment in Figure 4, Hela
cells were first infected with either control GFP, GFP-PBIPtide,
or GFP-PBIPtide (T78A) for one day. The cells were then treated
with 2 mM thymidine (Sigma-Aldrich, St. Louis, MO) for 18 h,
released for 9 h, and treated with another 2 mM thymidine for
16 h. The resulting cells were released into medium containing
660 nM of nocodazole, and samples were harvested at the indi-
cated time points. To enrich the mitotic cell population, single
nocodazole treatment was carried out for 20 h.

For the experiment shown in Figure. S2, Hela cells were
treated essentially the same way except that they were infected
with lentiviruses expressing the control Flag vector, Flag-PBIP-
tide, or Flag-PBIPtide (T78A).

Lentivirus generation and infection

For the production of lentiviruses, transfection was performed
by a calcium phosphate coprecipitation method.®* Lentiviruses
were generated by cotransfecting HEK293T cells with pHR'-
CMVARS.2Avpr-, pHR'-CMV-VSV-G- (protein G of vesicular
stomatitis virus), and pHR'-CMV-SV-puro-based constructs
containing a target gene.

Cells infected with lentiviruses expressing the control vector,
PBIPtide, or PBIPtide (T78A) were selected with 2 pg/ml of
puromycin (Sigma-Aldrich) for 1 day, continuously cultured for
the indicated length of time, and then analyzed.

Immunoprecipitation and immunoblotting

Cells were lysed in TBSN buffer [50 mM Tris-Cl (pH 8.0),
120 mM NaCl, 0.5% NP-40, 5 mM EGTA, 1.5 mM EDTA,
1% p-nitrophenyl phosphate + protease inhibitors]. After centri-
fugation (14,000 x g, 15 min), the resulting supernatant was
subjected to immunoprecipitation, which was performed in a
similar manner as was previously described.””

For immunoblotting analysis, samples were electrophoresed
on a 10% SDS-PAGE (15% to detect phospho-histone H3),
transferred to a PVDF membrane, and then detected with the
indicated antibodies using the enhanced chemiluminescence
detection system (Pierce, Rockford, IL).

Confocal and widefield fluorescence microscopy

For confocal microscopic analysis, cells were immunostained
essentially as previously described,*® using the indicated primary
and appropriate secondary antibodies. Confocal images were
obtained using the Zeiss LSM 780 system mounted on a Zeiss
Observer Z1 microscope. To capture phase-contrast and fluores-
cence images of Flag-GFP-PBIPtide-expressing cells, widefield
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fluorescence microscopy was performed using a Zeiss Axiovert
S100.

Confocal images were acquired at 512 x 512 pixels and 12-
bit resolution using a Zeiss LSM 710 system mounted on a Zeiss
Axiovert 100M microscope. For the quantification of fluores-
cence signal intensities, images of unsaturated fluorescence signals
were used. The fluorescence intensity for a particular signal was
determined after subtracting the background signal intensity
using Zeiss AIM confocal software.

Flow cytometry analysis

Cultured cells were harvested, washed 1X with PBS + 1%
fetal bovine serum (FBS), 1X with PBS + 0.1% glucose, and
then finally resuspended in 200 pl of PBS + 0.1% glucose. The
resulting samples were added with 5 ml of 70% ethanol
(—20°C) dropwise, and kept at —20°C for more than 30 min.
Samples were then harvested, washed 2X with PBS + 0.1% glu-
cose + 1% FBS, then resuspended in 0.5 ml of 40 mM sodium
citrate buffer (pH 7.4) containing 70 uM propidium iodide.
After the addition of RNase to the final concentration of 50 pg/
ml, samples were incubated at 37°C for 30 min and analyzed by
a FACScan cell sorter (Becton Dickinson, San Jose, CA).
Obtained data were analyzed by the FlowJo program (Tree Star,
San Carlos, CA).

Soft agar growth assay
M-I, M-I, M-III, and M-IV cells infected with lentiviruses
expressing the indicated constructs were selected with puromycin.

The resulting cells were subjected to a 2-layer soft agar assay in 6-
well plates. After solidifying a bottom layer of 2 ml of 1%
Sepharose in its respective 1X culture medium,*® the resulting
cells (1.5 x 10% were mixed with 2 ml of 1X culture medium
with 10% FBS and 0.33% agarose, cooled to 42°C, and plated
on top of the bottom layer. Every 2 days, 1 ml of growth
medium was added into the wells. One week later, bright-field
images were taken using a Zeiss Axiovert S100. The number of
colonies grown in soft agar was quantified, and the colony size
(i.e., image area) was calculated using Zeiss ZEN software. Colo-
nies were arbitrarily categorized into 3 groups based on their sizes.
The colony-forming efficiency was determined by dividing the
number of colonies in each class with the total number of cells.
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