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ulate the cell cycle in a manner analogous to that of Cdks (31).
Although the role of Plk3 is not well characterized, there are
reported functions for Plk3 in the cell cycle. For example, Plk3
phosphorylates and activates Cdc25C (39), and maturation of
Xenopus oocytes was accelerated by microinjection of Plx3
mRNA and delayed by injection of a kinase-deficient mutant
(12). Moreover, overexpression of Plk3 resulted in incomplete
cytokinesis (5). Plk3 may also be involved in the DNA damage
checkpoint, possibly through the p53 pathway (58). It is not
clear, however, how some other reported functions of Plk3 fit
into the cell cycle. One study suggested that Plk3 may be
involved in cell adhesion in human macrophages (22), and the
expression of Plk3 in rat brain appeared to correlate with
neuronal activities (27). Recently, endogenous Plk3 was shown
to localize to the centrosome, and overexpression of Plk3 induced changes in cell morphology (57).
Relatively few reports of the function of Plk2 have appeared.
In the adult mouse, Plk2 expression is detected in the brain but
not in proliferating tissues, such as the thymus or testis (47),
and it was reported that the level of Plk2 in the brain is
increased by stimuli that induce long-term potentiation (27).
When ectopically expressed, Plk2 caused changes in cell morphology and, after an extended period of time, cell death (36).
Plk2 was also shown to interact with the calcium- and integrinbinding protein CIB, which inhibits Plk2 kinase activity (36).
Despite these data, the role of Plk2, and especially whether it
is involved in the regulation of the cell cycle, remains elusive.
To investigate the function of Plk2 in vivo, we generated mouse
lines carrying a null mutation in the Plk2 gene. Analysis of the
growth and development of Plk2⫺/⫺ mice indicated that Plk2 is
involved in embryonic development and cell cycle progression.

The Plks have emerged as important regulators of the cell
cycle. Plks are characterized by the presence of a conserved
polo box at the C terminus, and their expression and activities
are regulated during the cell cycle (19). One class of Plks which
is conserved from yeast to human is highly expressed and active
during G2/M and is critical for the progression of mitosis. One
of the functions of members of this class is to regulate the
mitotic cyclin-dependent kinases (Cdks). Cyclin B1 is phosphorylated by Plk1 (55), and in Xenopus egg extracts, Plx1
phosphorylates Cdc25C and activates its phosphatase activity,
resulting in the activation of Cdc2 (30, 42). Many other functions are also attributed to the mitotic Plks. They are required
for the fragmentation of the Golgi apparatus (34, 52), as well
as maturation and separation of centrosomes, during the G2/M
transition (10, 32, 35). The mitotic Plks are involved in the
formation of the mitotic spindle and dissociation of cohesin
from chromosomes in early M phase (32, 38, 40, 50, 51). During the metaphase-to-anaphase transition, mitotic Plks are involved in phosphorylation and activation of the anaphase-promoting complex and separation of sister chromatids (1, 15, 29,
45). Furthermore, mitotic Plks are required for completion of
cytokinesis (2, 9, 49), since either depleting or elevating their
kinase activity blocks complete separation of daughter cells (9,
33, 41). Studies also suggest that mitotic Plks are involved in
DNA damage and the spindle checkpoints (23, 44, 48, 53), and
a possible role in regulating DNA replication was reported for
the sole Plk in budding yeast, Cdc5 (20).
Two additional Plks have been described in frog and mammalian cells. Plk2 and Plk3 (Fnk/Prk) were both identified as
immediate-early transcripts in cultured murine fibroblasts (11,
47). Plk3 is expressed throughout the cell cycle, although its
abundance increases from G1 to M phase, and it appears to be
phosphorylated in M phase (4). On the other hand, Plk2 expression is detected only in G1, and endogenous Plk2 is rapidly
turned over (36). Therefore, the expression of the three mammalian Plks during the cell cycle resembles the successive transition of the cyclins, prompting speculation that Plks may reg-

MATERIALS AND METHODS
Gene replacement vector and gene targeting. A bacterial artificial chromosome (BAC) clone containing the Plk2 locus was identified through Southern
blot analysis of mouse embryonic stem (ES) cell 129/SvJ BAC high-density filters
(Genome Systems, Inc., St. Louis, Mo.), using full-length Plk2 cDNA as a probe.
A 13-kbp BamHI fragment was subcloned and completely sequenced, revealing
14 Plk2 exons (Fig. 1A). A replacement vector was constructed by cloning a
cassette encoding herpes simplex virus thymidine kinase into the SalI and EcoRI
sites of pBluescript KS(⫺) and a 6.6-kbp XbaI Plk2 DNA fragment into the SpeI
site. A 750-bp SalI fragment containing half of the first exon and the entire
second exon of Plk2 was replaced with a 1.2-kbp Neo cassette. TC1 ES cells were
handled as previously described (43). For electroporation, ES cells were
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Plk2 (Snk) is a polo-like kinase expressed at G1 in cultured cells and mainly in the hippocampal neurons in
the brains of adult rodents, but its function is poorly understood. We have generated mice deficient in Plk2 by
gene targeting. Although Plk2 is not required for postnatal growth, Plk2ⴚ/ⴚ embryos show retarded growth and
skeletal development late in gestation. The labyrinthine zone of the placenta is diminished in Plk2ⴚ/ⴚ embryos
due to decreased cell proliferation. Cultured Plk2ⴚ/ⴚ embryonic fibroblasts grow more slowly than normal cells
and show delayed entry into S phase. These data suggest a role for Plk2 in the cell cycle.
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trypsinized (0.25% trypsin, 1 mM EDTA; GIBCO BRL), washed with phosphate-buffered saline (PBS), and resuspended in PBS at a concentration of 1.2 ⫻
107 per ml (0.9 ml total). After incubation with 25.2 g of linearized replacement
vector DNA for 5 min at 25°C, electroporation was performed with a 0.4-cmgap-length cuvette and a Bio-Rad Gene Pulser set at 230 V and 500 F. The cells
were plated onto three 65-mm-diameter feeder plates. Geneticin (GIBCO BRL)
was added to the medium to a final effective concentration of 260 g/ml after
18 h, and 1-(2⬘-deoxy-2⬘-fluoro-␤-D-arabinofuranosyl)-5-iodouracil was added to
0.2 M after 40 h. Resistant ES cell clones were picked into 96-well plates
covered with murine embryonic fibroblasts (MEFs). Cells that became 80%
confluent were passed to and incubated in 24-well plates with MEFs. Subsequently, 75% of the cells from each well were frozen, and the rest were expanded
on 12-well plates without MEFs to prepare DNA for analysis.
Generation of Plk2ⴚ/ⴚ mice. Four ES cell clones were injected into host
blastocysts from MF1 outbreed mice (3), and lines 8H and 1D1 generated germ
line chimeras, which were crossed with MF1 and 129/Sv mice. Intercrosses
between heterozygous progeny of line 8H mice yielded wild-type, heterozygous,
and Plk2⫺/⫺ offspring in a ratio of 1:2:1, but intercrosses between line 1D1
progeny yielded almost no Plk2⫺/⫺ offspring (data not shown). However, F2 and
F3 crosses of line 1D1 progeny showed increased incidence of live Plk2⫺/⫺
offspring (data not shown), suggesting that a “modifier” gene may be responsible
for embryonic lethality in F1 crosses in line 1D1. Therefore, the line 1D1 mouse

was backcrossed twice with 129/Sv mice (Taconic), and intercrosses between the
resultant heterozygotes showed a 1:2:1 distribution of wild-type, heterozygous,
and Plk2⫺/⫺ offspring (data not shown). The results reported here are consistent
between line 8H and 1D1 mice.
Genotyping and analyses of Plk2 expression. Genomic DNA was isolated from
ES cells as described previously (43). Isolation of genomic DNA from clipped
mouse tails was performed with a lysis buffer containing 100 mM Tris-HCl, pH
8.5, 5 mM EDTA, 0.2% sodium dodecyl sulfate, 200 mM NaCl, and 1 mg of
proteinase K (GIBCO BRL)/ml. PCR analysis was performed with three primers: p1 (5⬘-ATGGAGCTCCTGCGGAC-3⬘), p2 (5⬘-GTCTGTGAAGCTCGAT
TTC-3⬘), and p3 (5⬘-ATATTGCTGAAGAGCTTGGCGGC-3⬘) (Fig. 1A). Cycling was for 45 s at 94°C, 1 min at 60°C, and 3 min at 72°C for 30 cycles with Taq
DNA polymerase (Panvera). The PCR products were separated on 0.7% agarose
gels and visualized by staining them with ethidium bromide. Southern and Northern blot analyses were performed using radiolabeled probes (Fig. 1A). The 5⬘
probe, corresponding to Met-1 to Lys-123, was generated by PCR with primers
5⬘-ATGGAGCTCCTGCGGAC-3⬘ and 5⬘-TCTTTTCCCTCTGATGAGG-3⬘,
and the 3⬘ probe was the 1-kbp XbaI fragment from clone 2, corresponding to
Leu-480 to Asn-682 (47). Total RNA was prepared from mouse brain using
TRIZOL reagent (GIBCO BRL). Rapid amplification of cDNA ends by reverse
transcription and PCR (RACE RT-PCR) analyses were performed according to
the protocol for the 5⬘ RACE system (GIBCO BRL), except that cDNA was

Downloaded from http://mcb.asm.org/ on October 8, 2019 by guest

FIG. 1. Gene targeting of the Plk2 locus. (A) Creation of a Plk2 deletion allele. Plk2 exons are indicated as solid boxes, with the asterisk
indicating the first exon. The XbaI (Xb) fragment was cloned into a gene replacement vector, and the SalI fragment was replaced by a Neo cassette.
The positions of PCR primers (p1 to p3) and exons whose corresponding cDNA sequences (5⬘ and 3⬘ probes) were used as the probes in Southern
and Northern blot analyses are indicated. B, BamHI; S, SalI. (B) Southern blot analysis showing the disruption of the Plk2 locus. Genomic DNA
was digested with BamHI and hybridized with radiolabeled 3⬘ Plk2 probe, followed by autoradiography. The wild-type locus yielded a fragment
of ⬃13 kbp, whereas the disrupted locus gave rise to a 6.8-kbp fragment, owing to a BamHI site introduced by the Neo cassette. ⫹/⫹, ⫹/⫺, and
⫺/⫺, Plk2⫹/⫹, Plk2⫹/⫺, and Plk2⫺/⫺, respectively. (C) PCR analysis of the disrupted Plk2 locus. PCRs were carried out with primers p1 to p3 and
mouse tail DNA. Reaction mixtures were resolved on an agarose gel and stained with ethidium bromide. (D) Northern blot analysis showing the
disruption of Plk2 expression in Plk2⫺/⫺ mice. On top is an autoradiograph showing detection with the 3⬘ Plk2 probe of the full-length and a
truncated (arrowhead) Plk2 message in total RNA isolated from mouse brain. The controls were total RNA isolated from serum-starved NIH 3T3
cells (0h) or from cells stimulated with serum for 1 h (1h). The middle blot shows that the truncated Plk2 message does not hybridize to the 5⬘
Plk2 probe. The lower blot shows a methylene blue-stained membrane to demonstrate loading among the lanes. (E) Western blot analysis indicates
the lack of Plk2 production in cultured embryonic fibroblasts. Cells were treated with nocodazole (M) and released into the cell cycle for 190 min
(G1). On top is a Western blot with a polyclonal antibody specific for the C terminus of Plk2. The arrow indicates the position of Plk2, and
molecular mass markers (in kilodaltons) are shown on the left. Below is a Western blot with anti-Erk1 antibody to demonstrate loading in each
lane.
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RESULTS
Disruption of the Plk2 locus. We constructed a gene replacement vector by replacing sequences encoding the conserved
kinase domains I and II of Plk2 with a DNA cassette conferring
neomycin resistance (Neo) (Fig. 1A). The replacement vector
was electroporated into ES cells, and subsequent selection and
screening of 192 ES cell clones identified 4 clones with the
desired disruption of the Plk2 locus (Fig. 1B and C). Two
independent lines of Plk2⫹/⫺ mice were generated.
Northern blot analysis of total RNA isolated from adult
Plk2⫺/⫺ mouse brain with a 3⬘ Plk2 probe detected a lowabundance RNA that is shorter than the full-length Plk2 message (Fig. 1D, top). RACE RT-PCR was carried out to produce and amplify the 5⬘ ends of cDNAs from the total mRNA,
and sequencing of the 5⬘ end with Plk2-specific probes revealed
that the smaller RNA is indeed a truncated Plk2 message
containing, from 5⬘ to 3⬘, sequence from the Neo cassette, Plk2
intron sequence immediately following the cassette, and sequence of the third exon of Plk2 (data not shown). This truncated Plk2 message did not hybridize to a 5⬘ Plk2 probe that is
upstream of the insertion site of the Neo cassette (Fig. 1D,
middle). Therefore, the minor message appears to have originated from the Neo cassette, and it predicts a 59.2-kDa truncated Plk2 that does not have the first two kinase domains,
including the conserved putative ATP-binding pocket that is
necessary for Plk2 kinase activity (36). To examine whether any
Plk2 is produced, fibroblasts derived from Plk2⫺/⫺ embryos

FIG. 2. Postnatal growth of Plk2⫺/⫺ mice. (A) Newborn Plk2⫺/⫺
mouse (asterisk) is small and pale. (B) Enlarged picture showing the
incompletely closed eyelids of a newborn Plk2⫺/⫺ mouse. (C and D)
Plk2⫺/⫺ and wild-type mice have similar growth curves. Males and
females were weighed separately starting from postnatal day 21 (P21)
(D). The shaded lines represent wild-type mice, and the solid lines
represent Plk2⫺/⫺ mice. The open and solid squares represent males,
and the circles represent females. The error bars indicate standard
deviations. (E) Plk2⫺/⫺ and wild-type mice show similar growth rates.
The growth rate was calculated by expressing the weight gain as a
percentage of the initial weight for each specified growth period. The
shaded symbols represent wild-type animals, and the solid symbols
represent Plk2⫺/⫺ mice. Triangles, male and female; squares, male;
circles, female.

were treated with nocodazole, released into the cell cycle for
190 min, and analyzed by Western blotting with an antibody
specific for the C terminus of Plk2. Our antibody failed to
detect Plk2 in any tissue in wild-type animals; however, a prior
study showed that the production of Plk2 in NIH 3T3 cells
peaks at this time point (36). No full-length or truncated Plk2
was detected in Plk2⫺/⫺ cells under these conditions (Fig. 1E).
Altogether, these data suggest that our Plk2⫺/⫺ mice are deficient in Plk2.
Growth of Plk2ⴚ/ⴚ mice. A summary of over 50 litters from
heterozygous crosses showed that wild-type, heterozygous, and
Plk2⫺/⫺ mice were born at a ratio of 1:2:1, indicating that Plk2
deletion did not cause embryonic lethality (data not shown).
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purified by phenol extraction and ethanol precipitation. Plk2-specific cDNA was
synthesized with primer 5⬘-TGCAGGAAGAAGTCATG-3⬘ and amplified by
PCR with the Upstream Amplification Primer (GIBCO BRL) and 5⬘-GAATG
GAGGTCTTCCTAGCAG-3⬘. Sequencing of the 5⬘ end of amplified cDNA was
performed with primers 5⬘-CTGCCTGAGGTAGTATCG-3⬘ and 5⬘-TTCACA
GCCGTGTCCTTG-3⬘. Western blot analysis of Plk2 in nocodazole-treated embryonic fibroblasts was performed as described previously (36).
Weight study and histological examination. To normalize the conditions for
the weight study, a total of 10 to 12 newborns were kept with two nursing mice
before they were weaned. Tail clipping was carried out on day 7 after birth, and
the pups were weaned on the 18th day. Embryos and placentas were dissected
out of decidua and cleared of membranes and umbilical cords in PBS. After
excess buffer was blotted with a paper towel, they were weighed on a Mettler
PG503-S balance. For histology, tissues were fixed in Bouin’s solution for 24 to
40 h and embedded in paraffin. Sections (5 m thick) were made with a ReichertJung Supercut 2050 microtome, and staining with hematoxylin and eosin was
performed according to standard procedures.
TUNEL assays and immunohistochemistry. Tissues were fixed in 4% paraformaldehyde overnight at 4°C and embedded in paraffin to make 5-m-thick
sections. Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling (TUNEL) assays were performed with an ApopTag Red In Situ Detection kit (Serologicals Co.) according to the manufacturer’s protocol. Immunohistochemistry with anti-phospho-histone H3 (Upstate Biotechnology) was carried out basically as described previously (59). Fluorescence confocal microscopy
was performed as described previously (36). For cell counting, positive cells in
each sample were justified with the area of the labyrinthine zone as calculated
from hematoxylin- and eosin-stained sections.
Embryonic fibroblast cell culture and cell cycle analysis. Embryonic fibroblasts were derived from embryonic day 13.5 (E13.5) embryos as described
previously (18). The cell suspension was plated onto one 15-cm-diameter tissue
culture dish, and these were regarded as passage 1 cells. For cell cycle analysis,
cells at passage 3 were incubated in Dulbecco’s modified Eagle’s medium plus
0.1% fetal bovine serum for 48 h. The cells were then incubated with normal
growth medium and subjected to fluorescence-activated cell sorting (FACS)
analysis as described previously (24). The study of cell proliferation over an
extended time (48 h) was carried out using the protocol for studying 3T3 cell
lines (54), except that 60-mm-diameter tissue culture plates were used.
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However, Plk2⫺/⫺ mice appeared smaller than other littermates, and their skin color was pale (Fig. 2A), although they
did not appear to be anemic, because the color of their veins
was similar to that in normal mice (Fig. 2A and B). About 30%
of Plk2⫺/⫺ mice were born with incompletely closed eyelids
(Fig. 2B), but all Plk2⫺/⫺ mice were viable. Adult Plk2⫺/⫺ mice
were fertile, with no anomaly detected in major tissues by
histological examination (data not shown). Moreover, Plk2⫺/⫺
and normal mice showed comparable 12-month survival rates
(data not shown).
We monitored the growth of Plk2⫺/⫺ mice. Plk2⫺/⫺ newborns were, with no exception, the smallest in the litter, on
average ⬃20% smaller than normal mice (0.05 ⬍ P ⬍ 0.1) (Fig.
2C). Starting from the third week, about the time when growth

hormone takes effect, the weights of female and male mice
were analyzed separately because their growth rates began to
differ (13). The results showed that Plk2⫺/⫺ mice were consistently smaller than normal mice (Fig. 2D). Comparison of
weight gains shows that normal and Plk2⫺/⫺ mice have practically the same growth rate (Fig. 2E), indicating that Plk2 is
not required for postnatal growth and that the dwarfism of
Plk2⫺/⫺ mice is likely caused by defective embryonic development.
Development of Plk2ⴚ/ⴚ embryos. To investigate whether
disruption of Plk2 affected the overall progress of embryonic
development, skeletal development was examined by staining
with alcian blue and alizarin red. Bone development in the
mouse follows an orderly progression, in which proliferating

TABLE 1. Growth of the placenta and embryo
Genotypea

Mean wt (g) ⫾ SD (no. measured) at:
E15.5

E16.5

E17.5

E18.5

Embryos
⫹/⫹
⫹/⫺
⫺/⫺

0.382 ⫾ 0.046 (6)
0.356 ⫾ 0.065 (7)
0.382 ⫾ 0.070 (4)

0.575 ⫾ 0.080 (11)
0.574 ⫾ 0.076 (30)
0.538 ⫾ 0.077 (13)

0.059 ⫾ 0.111 (5)
0.984 ⫾ 0.045 (6)
0.902 ⫾ 0.066 (3)

1.229 ⫾ 0.049 (6)
1.177 ⫾ 0.067 (8)
1.061 ⫾ 0.091 (4)

Placentas
⫹/⫹
⫹/⫺
⫺/⫺

NAb
NA
NA

0.065 ⫾ 0.005 (11)
0.062 ⫾ 0.007 (26)
0.045 ⫾ 0.006 (10)

0.080 ⫾ 0.008 (5)
0.078 ⫾ 0.009 (6)
0.059 ⫾ 0.005 (3)

0.057 ⫾ 0.004 (4)
0.059 ⫾ 0.005 (5)
0.042 ⫾ 0.003 (3)

a
b

⫹/⫹, plk2⫹/⫹; ⫹/⫺, Plk2⫹/⫺; ⫺/⫺, Plk2⫺/⫺.
NA, not analyzed.
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FIG. 3. Development of the skeleton in Plk2⫺/⫺ embryos. Skeletal preparations from E14.5 to E18.5 embryos were stained with alcian blue and
alizarin red. The ossification centers are stained red, and cartilage tissues are blue. Small embryos are enlarged to show details, so the sizes of the
embryos on different embryonic days are not proportional. The labeled ossification centers are some of those that are indicative of the stage of
skeletal development for the specified embryonic day (26). The insets at the right are ventral views of E18.5 skeletons showing delayed skeletal
development in Plk2⫺/⫺ embryos. tr, tympanic ring; pb, parietal bone; hb, cartilage primordium of body of hyoid bone; mb, metatarsal bones; meo,
middle ear ossicles; pp, proximal phalanges; st, sternebrae; xp, upper region of xiphoid process.
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FIG. 4. Analysis of the placentas of Plk2⫺/⫺ embryos. (A) Hematoxylin- and eosin-stained section of half of a placenta showing diminished labyrinthine zone, indicated by white dashed lines, in Plk2⫺/⫺
(⫺/⫺) embryos. The curved solid line depicts a portion of the maternal
component that was peeled off during sample preparation. mc, maternal (decidual) component; sl, spongiotrophoblast layer at periphery of
the placenta; lz, labyrinthine zone; cp, chorionic plate. ⫹/⫹, Plk2⫹/⫹.
Bar, 0.5 mm. (B) The labyrinthine zones of Plk2⫹/⫺ (⫹/⫺) and Plk2⫺/⫺
embryos contain similar numbers of apoptotic cells. On the left are
fluorescence confocal microscopy images of TUNEL-stained (red) placenta sections. Cell nuclei were stained with DAPI (4⬘,6⬘-diamidino2-phenylindole) (blue). On the right, counts of TUNEL-stained cells
from five samples are summarized. The error bars indicate standard
deviations. (C) Phospho-histone H3 staining shows that fewer cells are
proliferating in the labyrinthine zone of the placenta of Plk2⫺/⫺ embryos than in Plk2⫹/⫺ embryos. On the left, fluoresence confocal microscopy images of sections of the labyrinthine zone are shown. Phospho-histone H3-positive cells are stained red, and cell nuclei are blue.
On the right, counts of phospho-histone H3-positive cells from five
tissue sections are summarized. The results are representative of two
independent experiments.
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chondrocytes gradually differentiate into hypertrophic cells
(56). Proliferating chondrocytes can be stained with alcian
blue, and differentiated mature hypertrophic cells are stained
with alizarin red (56). We compared the first appearance of
ossification centers, which were stained red, at each stage in
wild-type and Plk2⫺/⫺ embryos and with those documented by
Kaufman (26). The results showed that ossification occurred at
the same time in most bones in Plk2⫺/⫺ and normal embryos
(Fig. 3). However, ossification on the third and fourth sternebrae and in the upper region of the xiphoid process was less
advanced in all three Plk2⫺/⫺ embryos from two litters. These
data suggest that the Plk2 deletion did not significantly disrupt
the overall development of the embryo.
On the other hand, Plk2⫺/⫺ embryos were ⬃94% of the
weight of normal embryos at E16.5 and E17.5 and reached
86% at E18.5 (P ⬍ 0.05) (Table 1), suggesting a role for Plk2
in embryonic growth. Assessing the growth of the placenta
showed that the average weight of placentas of Plk2⫺/⫺ embryos was ⬃70% (P ⬍ 0.05) of that of placentas of normal
embryos at E16.5, and this difference was maintained until
birth (Table 1). Mouse placenta is composed of a maternal
(decidual) component and a component of embryonic origin,
including a spongy layer of trophoblast cells, the labyrinth, and
the chorionic plate. As the placenta matures, the labyrinthine
zone increases in volume from E12.0 to E17.5 due to cell
proliferation in the region and thereafter remains unchanged
until birth (26). Histological analysis of placentas at E18.5
indicated that the labyrinthine zone of Plk2⫺/⫺ embryos was
significantly smaller than that of normal embryos, but the overall organization and structure, including the size of cells in this
region, appeared to be normal (Fig. 4A). Because the size of
the labyrinthine zone can be affected by cell death (apoptosis)
and cell proliferation in the region, we used a TUNEL assay to
assess cell death and phospho-histone H3 staining for cells in
mitosis as an index for cell proliferation. The results showed no
significant difference in the number of apoptotic cells per
square millimeter in the labyrinthine zones of the placentas of
normal and Plk2⫺/⫺ embryos (Fig. 4B). On the other hand, the
number of cells per square millimeter stained for phosphohistone H3 in the labyrinthine zones of Plk2⫺/⫺ embryos was
⬃64% of that in Plk2⫹/⫺ embryos (P ⬍ 0.05) (Fig. 4C). These
results provide evidence that Plk2 is involved in cell proliferation in vivo.
Cell cycle progression of Plk2ⴚ/ⴚ embryonic fibroblasts cultured in vitro. We further investigated the role of Plk2 in cell
proliferation with cultured fibroblasts prepared from E13.5
embryos. Cells seeded at high density were incubated for 48 h,
and the cells were counted. In early passages (passages 3 to 5),
the count was greater for Plk2⫹/⫹ and Plk2⫹/⫺ cells than for
Plk2⫺/⫺ cells (P ⬍ 0.05) (Fig. 5A). On average, Plk2⫹/⫹ and
Plk2⫹/⫺ fibroblasts divided in ⬃22 h, whereas Plk2⫺/⫺ cells
divided in ⬃25 h. Thus, the cell cycle appears to be slightly
delayed in the absence of Plk2. At passage 6, however, fibroblasts from both sources began to divide at about the same
rate, perhaps because they reached the crisis stage. These
results suggest a role for Plk2 in the cell cycle.
To investigate how cell cycle progression is affected by Plk2
deletion, cells from passage 3 were incubated in 0.1% serum
for 48 h. FACS analysis of DNA content showed that 12 h after
serum stimulation, more Plk2⫹/⫺ cells than Plk2⫺/⫺ cells were
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in S phase (Fig. 5B). Results from two independent experiments showed an increase in the S-phase population in Plk2⫹/⫺
cells at 12 h compared to Plk2⫺/⫺ cells. As a result, 21.64% of
Plk2⫹/⫺ cells were in S phase compared with 11.83% for
Plk2⫺/⫺ cells at the same time point (Fig. 5C), suggesting a
delay for Plk2⫺/⫺ cells in entering S phase. These data suggest
that Plk2 may influence G1 progression, but unlike Plk1, it is
not required for cell division.
DISCUSSION

sults of a previous study showing that Plk2 message is generally
absent from tissues of the adult mouse except in the brain and
lung (47). The only other example we are aware of is the fact
that the disruption of the gene encoding insulin-like growth
factor II (IGF-II) exclusively affects embryonic growth (8).
However, IGF-II exerts its effect early (E11.0), and the mutant
mice are severely growth retarded at birth (60% of normal
weight) (8).
Cell cycle analysis of cultured Plk2⫺/⫺ embryonic fibroblasts indicates that these cells proliferate more slowly than
cells expressing Plk2 and have delayed entry into S phase
from G1. These results suggest a role for Plk2 in the cell
cycle. Plk2 expression is limited to early G1 (36, 47), and
Cdc25A is expressed in G1 and required for progression
from G1 into S phase (21, 25). It is possible that Plk2
contributes to Cdc25A activation, but it is clearly not required. A previous study showed that overexpression of Plk2
induces changes in cell morphology and that Plk2 is expressed during the time when rounded cells are flattening
and spreading after mitosis, which prompted speculation
that Plk2 may be involved in these processes, as it can
localize to the microtubule organizing center (36). Changes
in the microtubule cytoskeleton appear to be necessary for
cells to progress from G1 to S phase, as microtubule stabilization by taxol inhibits the initiation of DNA synthesis
whereas microtubule depolymerization seems to prompt
DNA synthesis (6, 7). However, primary Plk2⫺/⫺ fibroblasts
showed no significant change in cell morphology (data not
shown) and were able to complete the cell cycle. Embryonic
fibroblasts lacking cyclin D1 had a completely normal cell
cycle, despite the fact that cyclin D1 knockout mice were
small (14). Interestingly, knockin of cyclin E to replace the
coding sequence of cyclin D1 completely rescued all phenotypes of cyclin D1 deletion (17). In mammalian cells, Plk2
and Plk3 show overlapping expression and cellular localiza-

FIG. 5. Analysis of proliferation of cultured embryonic fibroblasts. (A) Cell proliferation assays. The cells were counted after 48 h of incubation.
Values were calculated from one Plk2⫹/⫹, two Plk2⫹/⫺, and three Plk2⫺/⫺ cell lines derived from a single litter. The results are representative of
three independent experiments. The error bars indicate standard deviations. (B) FACS analysis of cell cycle progression after serum stimulation.
Times after serum stimulation are shown on the left, and G1 (2N) and G2/M (4N) cell populations are indicated. The arrowheads point to
differences between the S-phase cell populations in Plk2⫺/⫺ and Plk2⫹/⫺ cells. (C) Summary of FACS analyses of five Plk2⫺/⫺ and three Plk2⫹/⫺
cell lines from two independent experiments. A rapid increase in the S-phase cell population in Plk2⫹/⫺ cells from 8 to 12 h after serum stimulation
is indicated by an arrow.
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Our studies of Plk2⫺/⫺ mice reveal a role for Plk2 in embryonic development. Growth retardation of Plk2⫺/⫺ embryos
and a slight delay in the development of the skeleton were
observed late in gestation, whereas diminished weight of the
placentas of Plk2⫺/⫺ embryos was detected as early as E16.5.
Immunohistochemistry analyses of cells in the labyrinthine
zone indicated that fewer proliferating cells are present in
Plk2⫺/⫺ embryos than in normal embryos, resulting in a reduced labyrinthine zone. This raises the possibility that the
phenotypes observed in embryonic growth and skeletal development are caused by impaired trophic function of the placenta, although a direct role for Plk2 cannot be ruled out. Our
data have uncovered a role for Plk2 in cell proliferation in vivo
but cannot pinpoint the precise time of manifestation of
growth retardation, as this requires surveying a large number
of embryos, because even embryos in the same litter vary
significantly in development (26). Disruption of other genes
involved in the regulation of cell proliferation leads to changes
in animal growth. For example, cyclin D1 knockout mice
showed growth retardation, whereas mutation of the negative
regulator p27Kip1 resulted in enhanced growth (14, 16, 28, 37,
46).
On the other hand, Plk2⫺/⫺ mice have a growth rate comparable to that of normal mice, indicating that Plk2 is not
required for postnatal growth. This is consistent with the re-
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tion in G1 (4, 36, 57), and it is possible that Plk3 functions
to complement Plk2 in Plk2⫺/⫺ cells.
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