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Human Polo-like kinase 3 (PIk3, previously termed Prk or Fnk) is involved in regulation of cell cycle
progression through the M phase (B. Ouyang, H. Pan, L. Lu, J. Li, P. Stambrook, B. Li, and W. Dai, J. Biol.
Chem. 272:28646-28651, 1997). Here we report that in most interphase cells endogenous Plk3 was predomi-
nantly localized around the nuclear membrane. Double labeling with PIk3 and +y-tubulin, the latter a major
component of pericentriole materials, revealed that PIk3 was closely associated with centrosomes and that its
localization to centrosomes was dependent on the integrity of microtubules. Throughout mitosis, P1k3 appeared
to be localized to mitotic apparatus such as spindle poles and mitotic spindles. During telophase, a significant
amount of PIk3 was also detected in the midbody. Ectopic expression of PIk3 mutants dramatically changed cell
morphology primarily due to their effects on microtubule dynamics. Expression of a constitutively active P1k3
(PIk3-A) resulted in rapid cell shrinkage, which led to formation of cells with an elongated, unsevered, and
taxol-sensitive midbody. In contrast, cells expressing a kinase-defective Plk3 (P1k3¥°*®) mutant exhibited
extended, deformed cytoplasmic structures, the phenotype of which was somewhat refractory to taxol treat-
ment. Expression of both P1k3-A and P1k3*5*® induced apparent G,/M arrest followed by apoptosis, although
the kinase-defective mutant was less effective. Taken together, our studies strongly suggest that P1k3 plays an
important role in the regulation of microtubule dynamics and centrosomal function in the cell and that

deregulated expression of PIk3 results in cell cycle arrest and apoptosis.

Members of the Polo family of protein kinases, conserved
through evolution, have been described in yeast (15), Caeno-
rhabditis elegans (25), Drosophila melanogaster (8), Xenopus
laevis (16) mouse (7, 27), and human (12, 18). The founding
member of this family, Polo, was originally identified in the
fruit fly and was shown to be a serine-threonine kinase that is
required for mitosis (8). Mutations in the Polo gene result in
abnormal mitotic and meiotic division (10). The kinase activity
of Polo peaks cyclically at anaphase-telophase, and the protein
also undergoes translocations during the cell cycle progression
(9). Whereas it is located predominantly in the cytoplasm dur-
ing interphase, at M phase it becomes associated with con-
densed chromosomes and other components of the mitotic
apparatus, including centrosomes, kinetochores, and the spin-
dle midzone (9). In addition to the conserved kinase domain,
Polo family proteins all share a short amino acid sequence
termed the Polo box (18). Mutations in the Polo box of the Plk
homologue in budding yeast (Cdc5) that do not affect kinase
activity abolish the ability of this protein to complement func-
tionally temperature-sensitive mutants of budding yeast (30),
suggesting that the Polo box is essential for its biological ac-
tivity.

Mammalian cells contain at least three Polo family proteins
(human Polo-like kinase 1 [Plk1], Plk2, and Plk3) that exhibit
marked sequence homology to Drosophila Polo (7, 13, 18, 27).

* Corresponding author. Mailing address: Department of Medicine,
New York Medical College, 4 Skyline Dr., Hawthorne, NY 10532.
Phone: (914) 347-7452. Fax: (914) 345-2860. E-mail: wei_dai@nymc
.edu.

3450

As cells progress through the cell cycle, Plk proteins undergo
substantial changes in abundance, kinase activity, or subcellu-
lar localization. In human cells, the levels of Plk1 protein and
its kinase activity peak at mitosis (13). During mitosis, Plkl
transiently associates with mitotic structures such as the spin-
dles, kinetochores, and centrosomes (1, 11). Recent studies
have shown that Plkl contributes to a variety of mitotic (or
meiotic) events, including activation of cyclin B-Cdc2 (CDK1),
breakdown of the nuclear membrane, centrosome maturation,
and formation of the bipolar spindle at the onset of mitosis (4,
22, 26).

PIk3, originally cloned and characterized in our laboratory,
appears to function differently from Plkl. The abundance of
PIk3 remains relatively constant during the cell cycle, and its
kinase activity peaks during late S and G, phases (24). Fur-
thermore, Plk3 phosphorylates Cdc25C on serine-216, result-
ing in inhibition of the activity of this protein (23), whereas
phosphorylation of cyclin B by Plk1 results in its translocation
from the cytosol to the nucleus, thus activating Cdc2 kinase
(31). In addition, the amount of PIk3 mRNA but not of Plkl
mRNA is rapidly and transiently increased in response to mi-
togenic stimulation (18). Plk2 (also known as Snk) was origi-
nally identified as the product of an immediate-early gene and
is less characterized than are Plkl and Plk3. Recent studies
have shown that both Snk and Fnk associate with CIB, a
calmodulin-related protein (14). Both Snk and Fnk have been
implicated in long-term synaptic plasticity and thus may per-
form postmitotic functions (14).

The present study was designed to reveal the subcellular
localization of P1k3 during the cell cycle, describe its potential
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role in regulating microtubule dynamics and the microtubule
organization center (MTOC), and evaluate its role in the main-
tenance of cell morphology, viability, and malignant transfor-
mation.

MATERIALS AND METHODS

Cell culture and treatment. The GM00637 cell line (human fibroblast) was
originally obtained from the Coriell Institute for Medical Research. A549 (lung
carcinoma), HeLa (cervical carcinoma), Daudi (lymphoblastic leukemia), HEL
(erythroleukemia), HL-60 (myelogenous leukemia), PC-3 (prostate carcinoma),
LNCaP (prostate carcinoma), and DU145 (prostate carcinoma) cell lines were
obtained from the American Type Culture Collection. Cells were cultured in
culture dishes or on Lab-Tek II chamber slides (Fisher Scientific) in appropriate
media supplemented with 10% fetal bovine serum and antibiotics (100 ug of
penicillin and 50 wg of streptomycin sulfate per ml) with 5% CO,. For some
experiments, A549 cells at about 80% confluence were treated with a low tem-
perature (4°C) for 5 min or taxol (5 wM) for 4 h before analysis (unless specified
otherwise).

Transfection. A549 cells were transfected, using the Lipofectamine method,
with pCR259-Plk3-A, pCR259-PIk3%°2R or the empty vector (GIBCO/Invitro-
gen). The constitutively active PIk3 cDNA was as described previously (18). The
PIk3%52R was obtained by replacing the conserved lysine-52 residue with argi-
nine; the resulting protein was kinase defective (23).

Immunoblotting and pull-down assays. Cultured cells were lysed as described
earlier (24). Equal amounts (50 pg) of protein lysates and purified Plk1 and PIk3
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis fol-
lowed by immunoblotting with antibodies to human PIk3 (Pharmingen [23]),
BUBRI, a-tubulin (Sigma), Plk1 (Zymed), or cyclin B (DAKO). Recombinant
Hisg-Plk3 expressed with the use of a baculoviral expression system as described
earlier (23) was affinity purified with and subsequently conjugated to Ni-nitrilo-
triacetic acid resin (Qiagen). Flag-tagged Plk1 was a gift from John Cogswell
(GlaxoSmithKline). Specific signals were detected with horseradish peroxidase-
conjugated goat secondary antibodies (Sigma) and enhanced chemiluminescence
reagents (Amersham Pharmacia Biotech).

Fluorescence microscopy. Localization of Plk3 was determined by double
immunofluorescence analysis of a centrosomal marker. Cells were quickly
washed with phosphate-buffered saline (PBS) and fixed in methanol for 5 min at
room temperature. Fixed cells were treated with 0.1% Triton X-100 in PBS for
5 min and were then washed three times with ice-cold PBS. After blocking with
2.0% bovine serum albumin (BSA) in PBS for 15 min on ice, cells were incubated
for 1 h with mouse monoclonal Plk3 immunoglobulin G (IgG, 4 pg/ml) and/or
rabbit anti-y-tubulin IgG (T3559, 1:250 dilution; Sigma) in 2% BSA solution,
washed with PBS, and then incubated with rhodamine red X-conjugated anti-
mouse IgGs and/or fluorescein isothiocyanate-conjugated anti-rabbit IgGs (Jack-
son ImmunoResearch) at 4°C for 1 h in the dark. Cells were finally stained with
4',6'-diamidino-2-phenylindole (DAPT) (1 wg/ml; Fluka) for 5 min. Fluorescence
microscopy was performed on a Nikon microscope, and images were captured
using a digital camera (Optronics) using Optronics MagFire and Image-Pro Plus
softwares.

Flow cytometry. A549 cells transfected with or without PIk3 mutants for 14 h
were analyzed for cell cycle stage and apoptosis. Briefly, cells were fixed with
methanol, treated with Triton X-100 (0.25% in PBS) for 5 min, washed with PBS
with 1% BSA, and incubated for 1 h with (or without as a control) an antibody
to a caspase-cleaved poly(ADP-ribose) polymerase fragment (PARP p85) (Pro-
mega). Cells were rinsed with PBS and then incubated with a second antibody
conjugated with fluorescein isothiocyanate for 1 h, rinsed with PBS containing
1% BSA, and stained with DAPI (1 pg/ml). The fluorescence of cells processed
for flow cytometry was measured by the ELITE.ESP cytometer/cell sorter
(Coulter) as described previously (19). Each experiment was repeated at least
three times.

RESULTS

Although early experiments have shown that our PIk3 anti-
body does not cross-react with Plkl (32), we further deter-
mined the specificity of the Plk3 antibody via Western blotting.
Two sets of purified recombinant Plk1 and Plk3 samples, as
well as A549 cell lysates, were blotted with antibodies to Plk1
and PIk3, respectively. Figure 1 shows that neither Plk1 (Fig.
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FIG. 1. PIk3 antibody did not recognize Plk1. (A) Purified recom-
binant Hiss—Plk3-A (lanes 1 and 2) and Flag-Plk1 (lane 3), as well as
A549 cell lysates (lane 4), were blotted with the anti-Plk3 antibody.
Recombinant Plk3 migrated faster than the cellular form because of a
short deletion at the amino terminus (20). (B) A duplicate blot as
shown in panel A was blotted for Plkl. Recombinant Plk1 migrated
slightly more slowly than the cellular form because of an addition of
the Flag tag. (C and D) Protein lysates (50 pg/lane) from AS549,
DAMI, Daudi, DU145, GM00637, HEL, HeLa, LNCaP, and PC-3
were blotted with the Plk3 antibody (C) or BUBRI1 antibody (D).

1A) nor PIk3 (Fig. 1B) antibody cross-reacted with each other.
To further test the antibody, we examined expression of P1k3 in
various cell lines via Western blotting. Figure 1C showed that
the PIk3 antibody detected a single antigen that migrated at the
position predicted for full-length Plk3. No additional promi-
nent band(s) was detected by the antibody in these cell lines,
indicating that our P1k3 antibody did not cross-react with Plk1.
As a loading control, the same blot was stripped and reprobed
with an antibody to BUBR1 (Fig. 1D), a spindle checkpoint
gene product.

In an attempt to identify potential physiological targets of
P1k3, we examined the subcellular localization of P1k3 in cul-
tured cell lines via indirect immunofluorescence microscopy.
We detected (Fig. 2A) strong Plk3-specific staining as spots
around the nuclear membrane of A549 cells, although diffuse,
much weaker staining was also detected in the cytoplasm. Pe-
rinuclear, condensed spots were detected in over 90% of the
cells. When the spot was detected in cells, those cells usually
contained one spot (69%). This Plk3 subcellular localization
pattern was also observed in the other two cell lines (GM00637
and HeLa), indicating a common cellular function associated
with Plk3 subcellular localization. Double-labeling experi-
ments using an antibody to y-tubulin, a major component of
pericentriole materials, showed that P1k3 localized around cen-
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FIG. 2. PIk3 colocalized with centrosomes. (A) A549, GM00637, and HeLa cells cultured on chamber slides were incubated with an antibody
to PIk3, and DNA was stained with DAPI. PIk3 signals were detected by indirect immunofluorescence microscopy. (B) A549 and GM00637 cells
were double stained with antibodies to Plk3 (red) and y-tubulin (green), a centrosome-specific marker. (C) A549 cells were double stained with
antibodies to PIk3 (red) and a-tubulin (green). (D) A549 cells were triple stained with Plk3 (red), a-tubulin (green), and DAPI (blue). Specific
signals were detected by confocal microscopy. Arrowheads indicate the location of MTOC:s.

trosomes in both A549 and GMO00637 cells (Fig. 2B). However,
the distribution of P1k3 staining was slightly more diffuse than
that of y-tubulin. The same colocalization of Plk3 with centro-
somes was observed in several other cell lines, including HeLa
cells (data not shown). Double staining using an antibody to
a-tubulin confirmed that Plk3 was tightly associated with
MTOC (Fig. 2C and D, arrowheads).

Interestingly, the expression of P1k3 in some cells was more
extended and diffuse than were the discrete spots as described
above (Fig. 3A). A close examination revealed that these cells
contained duplicated centrosomes as shown by y-tubulin stain-
ing (Fig. 3A, arrowheads). P1k3 thus appeared to migrate with
the duplicated centrosomes. During prophase, a significant
amount of Plk3 was detected around spindle pole regions (Fig.
3B). As mitosis progressed, Plk3 colocalized with mitotic spin-
dles during metaphase. By telophase, concentrated Plk3 was
found at the midbody region as well as at spindle poles (Fig.
3B). It should be noted that low levels of Plk3 were also
detected in the other regions of the cell during telophase.

Subcellular localization patterns suggest that Plk3 may be

involved in regulating the activity of MOTC and/or microtu-
bule dynamics. To determine whether disruption of P1k3 func-
tion would affect microtubule integrity and cell viability, we
transfected A549 cells with a plasmid construct expressing con-
stitutively active Plk3 (Plk3-A) (23). As a control, a kinase-
defective P1k3 mutant (PIk3%°*R) expression construct was also
transfected. Twenty hours posttransfection, cells were first an-
alyzed for expression of transfected Plk3 mutants. Figure 4A
shows that both PIk3%5*® and PIk3-A were expressed at similar
levels (Fig. 4A, lanes 3 and 4, arrowhead Plk3-Mutant). The
transfected Plk3 mutant proteins were highly expressed com-
pared with the endogenous Plk3 (arrow P1k3). The faster mo-
bility of transfected Plk3 mutant proteins was due to a short
deletion at the amino terminus (18). Fluorescence microscopy
revealed (Fig. 4B) that a significant fraction (about 20%) of the
transfected cells expressed high levels of PIk3-A or PIk3%>?R,
Cells expressing Plk3-A appeared shrunken and spherical (Fig.
4B and Table 1). On the other hand, most cells expressing
PIk3%5?R remained attached, exhibiting a variety of extended,
irregular shapes. Endogenous PIk3 signals were usually over-
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FIG. 3. PIk3’s association with centrosomes/spindle poles was dependent on cell cycle status. (A) A549 cells were stained with antibodies to P1k3
(red) and vy-tubulin (r-tubulin) (green). Various cell cycle stages were determined by DNA staining, as well as the number and position of
centrosomes (arrowheads) in the cells. G, phase with unduplicated centrosome; S phase with duplicated centrosomes; G, phase with duplicated
and physically separated centrosomes and with intact nuclear membrane. (B) A549 cells were stained with antibodies to PIk3 (red) or a-tubulin
(a-Tub) (green). Cells of various mitotic stages as shown by the DNA staining were presented.

whelmed by the strong signals of ectopically expressed Plk3 Frequently, two cells that expressed Plk3-A were found to-
mutant proteins, although sometimes bright dots of endoge- gether often attached to each other (Fig. 5A). In fact, over
nous Plk3 at MTOC could also be recorded along with ectopi- 80% of the cells expressing Plk3-A either formed doublets or
cally expressed Plk3-A during imaging (Fig. 4C). were near each other (Table 2). Occasionally, four Plk3-A-
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FIG. 4. Ectopic expression of Plk3 mutants. (A) Protein lysates from the cells transfected for 20 h with PIk3-A (lane 3) and P1k3*°?® (lane 4)
expression constructs, as well as the vector (lane 2), were blotted for PIk3. Protein lysates from untransfected cells were also used as a control (lane
1). The endogenous (arrowhead P1k3) protein and transfected (arrowhead Plk3-Mutant) P1k3 mutant protein are shown. (B) A549 cells transfected

with Plk3-A or Plk3

2R were stained with the PIk3 antibody (red) and DAPI (blue). (C) A549 cells transfected with PIk3-A were stained with

antibodies to P1k3 (red) and a-tubulin (green). DNA was stained with DAPI (blue). Besides six cells expressing high levels of transfected Plk3-A,
the endogenous PIk3 concentrated at the centrosomal regions was also seen.

expressing cells were stuck together (Fig. 5B). These cells were
spherical and loosely attached to the culture plates and resem-
bled mitotic cells. Double-labeling experiments with an anti-
body to a-tubulin revealed that these cells were connected by
an elongated and unsevered midbody (Fig. SA, arrowheads),
suggesting that they were incapable of completion of cytoki-
nesis. The apparent defect in cytokinesis of those Plk3-A-
expressing cells eventually resulted in apoptosis, as evidenced
by chromatin condensation and nuclear fragmentation (Fig.
5C, arrowheads).

In contrast, cells expressing PIk3%°?R typically formed ex-
tended cytoplasmic protrusions or branches (Fig. 5D, 12 h),
which in turn formed cytoplasmic bodies (arrowheads). These
protrusions/bodies also contained microtubule (a-tubulin
staining) structures. As PIk3¥°*R continued to exert its effect,
most cells contained granules that were brightly stained with

the PIk3 antibody. Eventually, some PIk3¥°*R-expressing cells
appeared to fragment their cytoplasmic extensions and under-
went apoptosis as shown by highly condensed, hyperchromatic
chromatin and fragmented nuclei (Fig. 5D, 36 h, arrowheads).

TABLE 1. Percentage of round cells expressing Plk3-A or
PIk3¥52R at various times after transfection”

% At different times

Treatment

14 h 24 h 36 h
PIk3-A 90 90 97
PIK3K52R 34 26 27

“ Transfected A549 cells were labeled with the antibody to Plk3 and examined
by fluorescence microscopy. At least 200 cells expressing transfected Plk3 mutant
proteins were counted for each time point, and data were summarized from two
independent experiments.
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FIG. 5. Expression of Plk3 mutants resulted in a dramatic change in cell shape. (A) A549 cells transfected with Plk3-A for 20 h were stained
with antibodies to Plk3 (red) and a-tubulin (green). Arrowheads indicate the position of midbodies. (B) An example of four cells stuck together
that were transfected with Plk3-A for 20 h. (C) A549 cells transfected with Plk3-A expression construct for 36 h were stained with antibodies to
PIk3 (red) and a-tubulin (green). Arrowheads indicate Plk3-A-expressing cells undergoing apoptosis. (D) A549 cells transfected with PIk3%2R
expression construct for various times were stained with antibodies to P1k3 (red) and a-tubulin (green). Green arrowheads indicate the cytoplasmic
bodies. White arrowheads indicate the apoptotic cells, and red arrowheads show the deformed nuclei.

The cytoplasmic distortion in the PIk3%%*R-overexpressing

cells also exerted apparent stress on nuclei, resulting in their
elongated or deformed shape (DAPI staining, red arrow-
heads).

To further link P1k3 to microtubule dynamics, we next tested
whether centrosomal localization of endogenous Plk3 was af-

fected by microtubule depolymerization. Compared with the
untreated controls, exposure of A549 cells to a low tempera-
ture (4°C) resulted in diffusion of PIk3 (Fig 6A). PIk3 spread
throughout the cell, whereas centrosome integrity (-y-tubulin
staining) was largely unaffected. A subsequent analysis of cells
treated with nocodazole confirmed that, when microtubule in-
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TABLE 2. Percentage of doublets with midbody that express
Plk3-A at various times after transfection in presence
or absence of taxol”

% Found at different times with and without taxol

14 h 24 h 36 h 14 h 24 h 36 h
(no taxol) (no taxol) (no taxol) (taxol) (taxol) (taxol)
83 79 64 3.8 2.8 *

“ Transfected A549 cells were labeled with the antibody to Plk3 and examined
by fluorescence microscopy. At least 200 cells expressing transfected P1k3-A were
counted for each time point, and data were summarized from two independent
experiments. *, cells became apoptotic.

tegrity was disrupted, PIk3 was no longer localized around
centrosomes as the discrete spots (data not shown). Interest-
ingly, taxol, which causes stabilization of the microtubule, did
not significantly affect the localization of endogenous Plk3 to

P1k3
(untreated)

Plk3
(4°0C)

a-Tubulin

Taxol

MoL. CELL. BIOL.

MTOC. Whereas control cells formed microtubule bundles
upon taxol treatment, cells expressing transfected PIk3¥52R
were capable of forming protrusions (spikes) (Fig. 6B, arrow-
heads), although they were not as extended as in the non-taxol-
treated ones (Fig. 5D). In contrast, cells expressing Plk3-A
formed thick microtubule bundles. Midbody-like structures
were observed rarely, if at all, in Plk3-A-expressing cells
treated with taxol (Fig. 6B and Table 2). The mechanism by
which taxol induces disappearance of the midbody by taxol is
unclear at present.

To examine the effect of PIk3 mutant expression on cell cycle
status, A549 cells transfected with PIk3%?R PIk3-A, or vector
alone for 12 h were stained with DAPI and their DNA content
was analyzed by flow cytometry. Figure 7 shows that transfec-
tion of A549 cells with the vector alone did not alter the cell
cycle distribution compared with that of parental cells. How-

Plk3
(4°¢)

a-Tubulin r-Tubulin

K52R
Taxol+P1lk3 Taxol+Plk3-A

P1k3

, a-Tubulin
‘2

FIG. 6. PIk3’s localization to centrosomes is sensitive to cold but not to taxol. (A) A549 cells treated with or without cold were stained with
antibodies to P1k3 (red) and a-tubulin (a-Tubulin) (green) or y-tubulin (r-Tubulin) (green). (B) Parental A549 cells or cells transfected with PIk3-A
or PIk3%°R in the presence of taxol (5 uM, 16 h) were stained with Plk3 (red) and a-tubulin (green). Arrowheads indicate the cytoplasmic
protrusions in a cell expressing high levels of PIk3*°2R,
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FIG. 7. Mitotic arrest induced by PIk3-A and PIk3%°?R, (A) A549
cells transfected with vector (pCR259), PIk3*°?R, or PIk3-A expression
constructs for 12 h were treated with or without taxol (25 pM) for an
additional 4 h. The parental and transfected A549 cells were stained
with DAPI, and their cell cycle status was analyzed by flow cytometry.
(B) A549 cells transfected with vector (lane 2), PIk3*°?R (lanes 3, 5,
and 7), or P1k3-A (lanes 4, 6, and 8) for various times as indicated were
lysed, and equal amounts of proteins were blotted for cyclin B expres-
sion. A549 cells treated with (lane 9) or without (lane 1) nocodazole
were used as controls.

ever, expression of Plk3-A for 12 h significantly elevated the
proportion of G,/M cells. Expression of PIk3¥°*® also in-
creased the frequency of G,/M cells, albeit to a lesser degree
than that of P1k3-A (Fig. 7A and Table 3). Taxol treatment also
resulted in a mitotic arrest (Fig. 7A and Table 3). Compared
with that of taxol alone, a significant reduction in the G,
population coupled with an increase in the S and G,/M pop-
ulations was observed in cells transfected with Plk3-A or
PIk3™>2R in the presence of taxol (Table 3), indicating that the
effect of taxol and P1k3 on cell cycle arrest was additive.

As an alternative method to confirm mitotic arrest after
expression of PIk3-A and PIk3%°*R we measured cyclin B
levels. Western blotting analysis showed (Fig. 7B) that signif-
icantly more cyclin B was detected in cells expressing Plk3-A
and PIk3%°2® than in control cells 12 h posttransfection. Inter-
estingly, by 16 h (or longer) posttransfection, cyclin B was
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rapidly decreased in cells transfected with P1k3-A (Fig. 7B). On
the other hand, no significant cyclin B degradation was ob-
served in cells expressing P1k3%°2® until at least 16 h posttrans-
fection. The disappearance of cyclin B suggested that cells
either exited from mitosis or underwent apoptosis. Further
analysis revealed (Fig. 8) that, whereas few parental A549 or
vector-transfected cells contained cleaved PARP p85 frag-
ment, an early apoptotic marker, a significant fraction of Plk3-
A-transfected cells were PARP p85 positive (Fig. 8, arrow-
head), indicating that enforced expression of Plk3-A initiated
programmed cell death following mitotic arrest. Consistent
with cell cycle arrest and cyclin B levels (Fig. 7), expression of
PIk3%>2R also resulted in a significant increase in the number
of cells expressing PARP p85 (Fig. 8).

DISCUSSION

Polo-like kinases play important roles in the regulation of
the G,/M transition, mitotic progression, and DNA damage
checkpoint response (22, 28, 32). To date, much effort has been
focused on the role of Plk1 during cell cycle control in verte-
brates. We have been studying the biological role of human
PIk3, and our early studies have indicated that P1k3 functions
differently from PIk1 (23, 32). Here we report that PIk3 colo-
calizes with centrosomes or the spindle poles. Several previous
studies show that Plk1 also localizes to centrosomes (11) and
the kinetochore/centromere (1). Thus, P1k3 shares a subcellu-
lar localization pattern (Fig. 2 and 3) similar to that of Plkl
during interphase and mitotic prophase (11). However, Plk3
colocalizes with the mitotic spindle (Fig. 3), whereas PIkl1 is
confined to the spindle poles during metaphase (11). P1k3 also
differed from PIk1 (1, 11) in that no significant PIk3 signals
were detected on kinetochores. In all stages of the cell cycle,
PIk3 is apparently associated with the centrosome(s) or the
spindle poles, strongly suggesting a role for Plk3 in the regu-
lation of MTOC as well as mitosis. PIk3 is not a core compo-
nent of centrioles, because its subcellular localization is much
more diffuse than that of y-tubulin (Fig. 2). In addition, its
association with MTOC is microtubule dependent, as depoly-
merization of microtubules with cold treatment significantly
compromised the localization of Plk3 to the centrosomal re-
gions (Fig. 6).

TABLE 3. Cell cycle distribution (%) of A549 transfected with or
without various expression constructs®

% Found at different phases

Treatment
G, S GyM
A549 43 38 19
Vector 47 36 18
PIk3-A 33 36 32
PIk3K52R 38 35 28
A549 + taxol 35 39 26
Vector + taxol 34 35 30
PIk3-A + taxol 26 40 33
PIk3%?R + taxol 29 38 33

@ Parental A549 cells or A549 cells transfected with Plk3-A, PIk3%52R  or the
vector alone for 12 h were treated with or without taxol for an additional 4 h. The
cells were then processed and stained with propidium iodide. Cell cycle distri-
butions were analyzed by flow cytometry. Data were summarized from three
independent experiments.
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FIG. 8. Apoptosis induced by Plk3-A and PIk3*°2R. A549 cells
transfected with vector (pCR259), PIk3¥5?R, or PIk3-A expression con-
structs for 16 h were stained with antibodies to PIk3 and to caspase-
cleaved PARP p85 fragment, an early apoptotic marker. The fluores-
cence of the cells was then analyzed by flow cytometry. Parental A549
cells were processed and analyzed in the same manner as a control.

Antibody injection studies suggest that Plk1 may be involved
in centrosome separation and maturation (17). However, Plk1l
is rapidly degraded upon exit from mitosis by the antigen-
presenting-cell-mediated proteolytic pathway (21). As a result,
the Plk1 protein level remains low during interphase. Its level
increases rapidly at the onset of mitosis, indicating that Plk1
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functions primarily during mitosis (6, 22). It appears that no
rigorous tests were performed in these studies to assure that
the antibodies used did not cross-react with P1k3; it is possible
that the proposed Plk1 functions in centrosome separation and
that maturation may be partly the result of Plk3 activity. This
notion is consistent with the observations that Plk3 protein
levels remain rather constant during the cell cycle and that
PIk3 shares extensive structural homology with Plk1 (24).
Therefore, during interphase, Plk3, rather than Plk1, may play
a major role in the regulation of MTOC, including its struc-
tural integrity and maturation of duplicated centrosomes. The
present studies suggest that PIk3 may also have a role during
mitosis because it is associated with the mitotic apparatus (Fig.
3). In addition, cells expressing PIk3-A are unable to complete
cytokinesis, indicating its role in regulating mitotic exit. These
observations are also consistent with early reports that Polo
and CDCS are required for completion of cytokinesis as well as
for mitotic progression (29). However, compared to CDCS
(29), the interference of cytokinesis by Plk3-A does not appear
to rely on the Polo domain, because Plk3-A lacks only a short
sequence at the amino terminus (24). Clearly, it is necessary to
study the subcellular localization of Plk1 and PIk3 in the same
cell system in order to understand the respective roles of these
two homologues in cell cycle regulation.

Disruption of Plk3 function by enforced expression of
PIk3%>2R apparently causes disorganization of microtubule
structures. This is manifested by the formation of long cyto-
plasmic extensions or branches (Fig. 5D), reminiscent of neu-
ronal cell differentiation. In fact, an early study has shown that
PIk3 expression level is high in brain tissues and that it is
involved in the maintenance of long-term synaptic plasticity
(14). We propose that PIk3 may regulate microtubule dynam-
ics by upregulation of the minus end activity, resulting in ac-
celerated shortening of microtubules because of its close asso-
ciation with MTOC. Disruption (inhibition) of PIk3 activity
upon PIk3¥°2R expression would thus lead to stabilization of
microtubules. This notion is supported by the observation that
expression of Plk3-A results in rapid cell shrinkage (Fig. 4 and
5) accompanied by cell cycle arrest (Fig. 7). Moreover,
PIk3%°?R_expressing cells continue to form cell surface protru-
sions and granules even in the presence of taxol (Fig. 6B).

Although less pronouced than that of Plk3-A, PIk3¥°*R also
induces apparent G, and/or mitotic arrest followed by apopto-
sis (Fig. 7 and 8). One explanation is that PIk3*°*® retains a
weak kinase activity (24). Alternatively, the cell cycle arrest
and apoptosis induced by PIk3*°?R and PIk3-A may be medi-
ated by different mechanisms. The latter scenario is supported
by the observations that P1k3-A arrests cells at the M/G1 junc-
tion, whereas PIk3*°*R primarily induces cytoplasmic mem-
brane extensions followed by membrane shedding or fragmen-
tation. Moreover, whereas PIk3¥5*R expression induced a
persistent increase in cyclin B levels (Fig. 7B, lanes 3, 5, and 7),
PIk3-A-induced increase in cyclin B expression was short lived
(Fig. 7B, lanes 6 and 8), consistent with the notion that cells
expressing Plk3-A are G,-like before undergoing apoptosis.
Further studies are needed to determine the underlying mech-
anisms of these mutants on cell cycle status.

Recent studies have indicated that the phosphorylation of
microtubule-associated proteins plays a critical role in the reg-
ulation of microtubule stability (2, 5). Several Drosophila pro-
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teins, such as DMAP-85 (Drosophila 85-kDa microtubule-as-
sociated protein) and Asp (abnormal spindle), interact with
microtubules and are phosphorylated in vitro by Polo (2, 5).
Given that both Asp and DMAP-85 associate also with cen-
trosomes or microtubules and that their interactions are reg-
ulated by phosphorylation (2, 5) it is tempting to speculate that
these human homologues are potential in vivo targets of P1k3.

Centrosome abnormalities are implicated in chromosomal
instability and in the development of cancer, and in fact, many
cancer cells display multiple centrosomes or enhanced centro-
somal activity (20). We have previously shown that PIk3 phos-
phorylates the oncogene product Cde25C on serine-216 (23), a
site phosphorylation of which should result in downregulation
of its activity. Recently, we have also demonstrated that Plk3
phosphorylates p53 on serine-20, an activating phosphorylation
site of the tumor suppressor protein (32). Given that PIk3 is
downregulated in several types of cancer (3, 18), it is possible
that deregulated centrosome or MTOC activities as a result of
PIk3 deficiency may contribute to the development and/or pro-
gression of these cancers.
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