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SUMMARY

The AspergillusnimA gene encodesa Ser/Thr protein kinase
which isrequired for mitosis, in addition to Cdc2, and which
has been suggested to have a role in chromosomal conden-
sation. In this study, we isolated a potential murine
homologue of nimA, Nek2, which was shown to be expressed
most abundantly in the testis of the adult tissues examined.
Its expression in the testis was restricted to the germ cells,
with highest levels detected in spermatocytes at pachytene
and diplotene stages. Immunohistochemical analysis
revealed that Nek2 localized to nuclei, exhibiting a non-
uniform distribution within the nucleus. Nek2 appeared to
be associated with meiotic chromosomes, an association that
was better defined by immunolocalization to hypotonically
disper sed meiotic chromosomes. This localization was more
apparent in regions of dense chromatin, including the sex

vesicle, and was also obvious at some of the chromosome
ends. The presence of Nek2 protein was not unique to male
germ cells, as it was found in meiotic pachytene stage
oocytes as well. Furthermore, in an in vitro experimental
setting in which meiotic chromosome condensation was
induced with okadaic acid, a concomitant induction of Nek2
kinase activity was observed. The expression of Nek2 in
meiotic prophase is consistent with the hypothesis that in
vivo, Nek2 is involved in the GoM phase transition of the
cell cycle. Our resultsfurther provide evidence that in vivo,
mouse Nek?2 is involved in events of meiosis, including but
not limited to chromosomal condensation.
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INTRODUCTION

A key regulator of the cell cyclein mitotic cellsis the Ser/Thr
protein kinase Cdc2, which functions, along with its regulatory
partner cyclin B, in the Go/M progression. However, it has
recently been shown that induction of Cdc2 activity alone may
not be sufficient to drive cells into and through mitosis in
certain organisms, such as the yeasts and Aspergillus nidulans
(reviewed by Gallant et al., 1995). A gene that appears to be
critical to this progression in Aspergillus nidulans has been
identified as nimA (Osmani et a., 1988, 1991). NIMA is a
Ser/Thr protein kinase, but is distinct from Cdc2, structurally
as well as biochemically (reviewed by Fry and Nigg, 1995).
While the activity of NIMA is regulated by its state of phos-
phorylation, asis Cdc2, much less is known about the kinases
responsible for this activation. Recent studies have actually
implicated the Cdc2 kinase in NIMA activation (Ye et a.,
1995). NIMA and Cdk kinases also have different consensus
seguences as substrates for phosphorylation, with histone H1
serving as a good in vitro substrate for most Cdks whereas
NIMA prefers 3-casein (Lu et al., 1993, 1994).

A role for a NIMA-like activity in vertebrate cells has been
documented. Ectopically expressed NIMA has been shown to
induce germinal vesicle breakdown in Xenopus oocytes (Lu
and Hunter, 1995) and premature mitotic events in HelLa cells

(Lu and Hunter, 1995; O’ Connell et al., 1994), independent of
Cdc2 activity. Dominant negative mutant versions of the NIMA
protein, in contrast, arrest Hel.a cells in G2 phase (Lu and
Hunter, 1995). Three putative human homologues of the
Aspergillus nimA gene, designated NEK1, NEK2, and NEKS,
have been identified by virtue of structural similarity (Schultz
and Nigg, 1993; Schultz et al., 1994; Levedakou et al., 1994).
Although these Nek genes have not been extensively studied,
itisknown that they exhibit in vitro kinase activity with peptide
substrate specificity similar to that of NIMA (Fry et al., 1995).
One of the putative mammalian nimA homologues, human
NEK?2, exhibits cell cycle-specific expression (Schultz et a.,
1994; Fry et a., 1995) and another, murine Nek1, is highly
expressed in germ cells at particular stages of their differen-
tiation (Letwin et al., 1992). However, the Nek genes have not
successfully rescued nimA deficiency in Aspergillus nor hasthe
misexpression of Nek genes in cultured cells resulted in a
phenotype (reviewed by Fry and Nigg, 1995). Thus, the
function of the vertebrate nimA homologues remains amystery,
despite the clear critical function of this gene in various
organisms.

Our laboratory has been interested in understanding the
control of the mitotic and meiotic cell cycles of the germ line
cells. Our observations on cell cycle gene expression in both
male and female germ cells in vivo in the genetically and
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experimentally amenable mouse system have provided
important new insights into our understanding of the control of
the cell cycle in higher eukaryotic cells in genera and in the
control of meiosisin particular (reviewed by Wolgemuth et al.,
1995). For example, we recently discovered that there are two
distinct cyclin A genes in the mammalian genome, one of
which is expressed only in the germ line cells (Ravnik and
Wolgemuth, 1996; Sweeney et al., 1996). We have aso
detected patterns of expression of Cdks at the level of both
RNA and protein that correlate with differentiation rather than
proliferation (Rhee and Wolgemuth, 1995). One of the Cdks,
Cdk5, actually appearsto be involved with apoptotic cell death
rather than cell division, at least in the developmental
paradigms examined (Zhang et al., 1997). These observations
suggest that control of the cell cycle and cellular differentiation
is complex in higher organisms and underscore the importance
of studying the function of putative cell cycle regulating genes
in vivo.

Recently, we have extended our studies of cell cycle regu-
lating genes in the germ line to include the nimA homologues.
In this paper, we describe the isolation and characterization of
the murine Nek2 gene, showing that it is expressed most abun-
dantly in male germ cells. We further present data which
suggest that in vivo, Nek2 is involved in the organization
and/or condensation of meiotic prophase chromosomes during
male and female germ cell development.

MATERIALS AND METHODS

Sources of tissues and probes

Normal tissues were obtained from Swiss Webster mice (Charles
River, Wilmington, DE). Fetal ovaries were obtained from d16.5
embryos (day of vagina plug = d0.5). Neonatal testes were obtained
from mice at postnatal days 7, 17 and 19 and adult tissues from mice
at least 35 days old. The mouse mutant strains atrichosis (at;
ATEB/Le a/a d/d + at/eb +) and white spotting (W/W; WBB6F1/J
W/WV) were obtained from The Jackson Laboratory (Bar Harbor, ME).
Dissected tissue specimens were frozen in liquid nitrogen prior to
RNA isolation. Dissected tissues for in situ hybridization and
immunohistochemistry analyses were fixed in 4% paraformaldehyde
in phosphate-buffered saline (PBS) overnight at 4°C. Testicular cells
for immunoblot analysis were separated on a 2-4% BSA gradient at
unit gravity as described by Wolgemuth et al. (1985).

The cDNA probes for Cdc2, Cdk2, Cdk4, Pctaire-1, and Pctaire-3
have been described previously (Rhee and Wolgemuth, 1995). The
murine Cdk5 cDNA was obtained from Dr L.-H. Tsai (Tsal et a.,
1994). All radioactive nucleotides used in this study were obtained
from New England Nuclear (Wilmington, DE). DNA probes for the
cDNA library screening were labeled with [32P]dCTP using the mul-
tiprime DNA labeling kit (Amersham, Arlington Heights, IL). Ribo-
probes were prepared using T7 or T3 RNA polymerases in the
presence of [32PJUTP for northern blot hybridization analysis and
[33SJUTP for in situ hybridization analysis. For the northern blot
hybridization analysis of Nek2 expression, the full length Nek2 cDNA
clone was used as a template for the probe. For the in situ hybridiz-
ation analysis, the 1.3 kb EcoRlI fragment, which contains most of the
Nek2 coding sequences, was used to generate both sense and antisense
riboprobes.

Isolation and sequence analysis of murine Nek2

A cDNA library was constructed with RNA from testis of adult mice,
using the Uni-Zap XR cDNA synthesiskit (Stratagene, La Jolla, CA).
The cDNA library was screened with reduced stringency following

the protocols outlined in Sambrook et a. (1989). As probes, we used
amixture of mouse Cdc2, Cdk2, Cdk4, Cdk5, Pctaire-1, and Pctaire-
3 cDNAs. Filters were washed at a final stringency of 2x SSC, 0.1%
SDS at room temperature for 2 hours. Positive clones were plague
purified twice and insertsfrom the tertiary screen werein vivo-excised
following Stratagene’s protocol. The phagemids contained the cDNA
at the EcoRI and Xhol site of pBluescript SK-. Clones isolated from
this screen were sequenced using an Applied Biosystems Model 373A
DNA sequencer (Applied Biosystems, Foster City, CA). Sequences
were analyzed using the GCG sequence analysis program for the VAX
(Devereux et a., 1984).

Northern blot hybridization analysis

RNA was prepared by the acid guanidinium thiocyanate-phenol-chlo-
roform method (Chomczynski and Sacchi, 1987) as described previ-
ously (Rhee and Wolgemuth, 1995). Total RNA was electrophoresed
in a denaturing 0.85% agarose gel containing 2.2 M formaldehyde,
transferred to a nitrocellulose membrane, and hybridized with a Nek2
riboprobe. Ethidium bromide staining of the 18S and 28S RNAs was
used to determine equal loading for each sample.

In situ hybridization analysis

Paraffin embedded tissues were cut into 5 um sections and analyzed
by in situ hybridization as described previousy (Rhee and
Wolgemuth, 1995). 35S-labeled riboprobes of Nek2 were synthesized
in the antisense orientation using T3 RNA polymerase or sense
(control) orientation using T7 RNA polymerase. Slides were exposed
to emulsion (Kodak type NTB-2) for 10 days, devel oped, stained with
hematoxylin and eosin, mounted and viewed on a Leitz photomicro-
scope under bright-field and epiluminescence optics.

Antibodies

For generating an antibody specific to mouse Nek2, a nearly full
length coding sequence (aa 4-442) of Nek2 was cloned into the
bacterial expression vector pET21 which contains a histidine tag. The
fusion protein was purified by immobilized metal affinity chro-
matography (Novagen, Madison, WI), and injected into a rabbit
(Pocono Farm & Laboratory, Canadensis, PA). The antisera were
affinity-purified by incubation with a strip of nitrocellulose membrane
blotted with the Nek2 fusion protein and eluting with 100 mM
glycine, pH 3.0. Both anti-Cdc2 antibody and p13%! conjugated-
agarose were obtained from UBI (Lake Placid, NY).

Immunoblot analysis

Samples from total testis or testicular cells were solubilized in 1x
Laemmli sample buffer (Laemmli, 1970), boiled for 5 minutes, and
kept frozen until use. The protein concentrations of the tissue lysates
were determined with the Bio-Rad Protein Assay reagent (Bio-Rad
Laboratories, Hercules, CA). Protein samples were resolved by 10%
SDS-PAGE and electroblotted onto a nitrocellulose membrane. The
membrane was blocked by soaking in Blotto (1x TBS, 0.05% Tween
20, 5% non-fat dried milk) for 1 hour, incubated with the primary
antibody diluted with Blotto for 3 hours, washed three times with
Blotto, incubated with secondary antibody (horseradish peroxidase-
conjugated goat anti-rabbit 1gG; Boehringer-Mannheim, Indianapolis,
IN) for 1 hour, and washed with TBST (1x TBS, 0.05% Tween 20)
three times. Affinity purified anti-Nek?2 antibody was diluted to 1:100,
anti-Cdc2 antibody was diluted to 0.5 pg/ml, and the secondary
antibody was diluted to 1:5,000. The ECL western blotting detection
reagents (Amersham, Arlington Heights, IL) were used according to
the manufacturer’s recommendations.

Immunohistochemical localization

Immunohistochemical localization was carried out with sections of
paraffin embedded tissue samples or air-dried cytogenetic prepara-
tions treated with a hypotonic solution. After deparaffinization, slides
were boiled in 0.01 M citrate buffer, pH 6.0, in a microwave (Shi et



al., 1991) for 10 minutes and washed extensively with H2O. The slides
were treated with 0.03% H2O2 in methanol for 20 minutes, washed
with PBST (1x PBS, 0.1% Triton X-100), and blocked for over 1 hour
with 2.5% goat serum in PBST. The slides were incubated with the
primary antibodies in a humidified chamber overnight at 4°C, washed
three times with PBST and stained with the Vectastain ABC kit
(Vector Laboratories, Burlingame, CA). For testis sections, DAB-
stained dlides were counterstained with hematoxylin. Cytogenetic
preparations were not counter-stained. Alternatively, an indirect
immunofluorescent detection method was applied using FITC-conju-
gated goat anti-rabbit 1gG antibody (Boehringer-Mannheim, Indi-
anapolis, IN) as a secondary antibody. Chromosomes were counter-
stained with propidiumiodide (0.3 pg/ml). Affinity purified anti-Nek2
antibody was diluted 1:20, anti-Cdc2 antibody was diluted to 0.2
pg/ml, preimmune serum or anti-Nek?2 antiserawas diluted 1:100, and
the FITC-conjugated secondary antibody was diluted 1:100.

Cytogenetic methods

Slides for cytogenetic analysis were prepared by modifying the pro-
cedures described by Meredith (1969). Testes or fetal ovaries were
dissected, teased apart into small piecesin 10 ml of 0.5% K Cl solution
and left for 1 hour at room temperature. About 10 drops of a fixative
(1 part acetic acid and 3 parts methanol) were added to the solution.
A few pieces of seminiferous tubules or fetal ovaries were smeared
on aclean dlide and air-dried. For cytogenetic analysis of cultured tes-
ticular cells, 0.5 ml of 0.5% KCI solution was used to disperse cell
pellets. Twenty-five minutes later, the hypotonically treated cells were
fixed with a few drops of the fixative, pelleted at 800 g, suspended
with 0.5 ml fixative, left for 1 hour at room temperature, pelleted at
800 g, and resuspended with 50 ul of the fixative. Two or three drops
of the cell suspension were placed on a clean slide. Meiotic substages
were determined by staining slides with Giemsain a phosphate buffer,
pH 7.0. Stages in the progression of cells from the pachytene stage
through metaphase of meiosis | were scored by light microscopy at
400x using classical cytogenetic criteria.

Telomere in situ hybridization

Detection of telomeric sequences in meiotic chromosomes was
performed following directions recommended by Oncor (Gaithers-
burg, MD). In brief, chromosomal DNA was denatured by incubating
the dlides in 60% formamide/2x SSC at 72°C for 2 minutes and
quickly transferring them into ice-cold ethanol. Digoxigenin-labeled
telomere probe (Oncor) was applied to the slides and incubated
overnight at 37°C. After hybridization, the slides were washed with
50% formamide/2x SSC at 43°C for 15 minutes followed by 2x SSC
at 37°C for 8 minutes. FITC-conjugated anti-digoxigenin antibody
was used to detect the signal. Chromosomes were counterstained with
propidium iodide (0.3 pug/ml). Photomicrographs were taken using a
Zeiss LSM 410 confocal microscope with 1,000-fold magnification.
The same dides were used for immunostaining with the Nek2
antibodly.

Short term culture of testicular cells

The short term culture of testicular cells was carried out using modi-
fications of the procedures of Wiltshire et al. (1995). Approximately
12 testes from 19-day-old mice were decapsulated and placed into 10
ml of DMEM medium containing 0.5 mg/ml collagenase. The cells
were dissociated by repeated pipetting for 5 minutes, passed through
an 85 um nylon mesh, and washed twice with DMEM medium con-
taining 5% fetal caf serum. The concentration of the cells was
adjusted to 2x10% cellsml. The testicular cells were incubated
overnight in DMEM medium with 5% fetal calf serum at 32°C. The
following morning, the cells were treated with okadaic acid (ICN,
Costa Mesa, CA) at a fina concentration of 2.5 pM. Cells were
harvested at 0, 2, 4, and 6 hour intervals. At each time point, an aliquot
(~10%) of the cells was used for assessing chromosome condensation
and the rest of the cells were used to prepare cell lysates. A portion
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of the lysate was used for immunoblot analysis and the remaining
portion to assay kinase activity.

In vitro Nek2 kinase assay

Immunoprecipitation followed by kinase assay for Nek2 was carried
out following procedures described by Fry et al. (1995). Testicular
cells from the short term culture were suspended in lysis buffer con-
taining 50 mM Hepes, pH 7.5, 5 mM MnCl,, 10 mM MgCl2, 5 mM
EGTA, 2 mM EDTA, 100 mM NaCl, 5 mM KCI, 0.1% Nonidet P-
40, 3 U/ml of DNase | (Boehringer-Mannheim, Indianapolis, IN), 30
po/ml RNase A, 1 mM phenylmethylsulfonyl fluoride, 1 pg/ml each
of leupeptin and pepstatin A, 0.1 ug/ml aprotinin, 1 UM okadaic acid,
and 1 pg/ml heparin. After 30 minutes on ice, cells were lysed with
a Dounce homogenizer and the lysates were spun down at 15,000xg
for 10 minutes. The protein concentration of the supernatant was
determined and used for immunoblot analysis and for immunopre-
cipitation. For immunoprecipitation of Nek2, aliquots of lysate con-
taining 100 ug protein were incubated with affinity-purified Nek2
antibody (1:20 dilution), anti-Nek2 antisera (1:200) or preimmune
sera (1:200) in the lysis buffer for 2 hours at 4°C, followed by incu-
bation with 3 pg of protein A-sepharose for 1 hour. Immune
complexes were collected by centrifugation and washed four times
with the lysis buffer and once with the Nek2 kinase buffer, which
consists of 50 mM Hepes, pH 7.5, 5 mM MnCl,, 5 mM NaF, 5 mM
B-glycerophosphate, 1 UM okadaic acid, and 1 pg/ml heparin.

The assay of in vitro Nek2 kinase activity was carried out for 20
minutes at 30°C in the Nek2 kinase buffer supplemented with 4 uM
ATPR, 1 mM dithiothreitol, 0.5 mg/ml dephosphorylated casein (Sigma,
C4032), and 10 uCi of [y-32P]ATP in a total volume of 30 pl. The
reactions were stopped by the addition of 30 pl of 2x Laemmli sample
buffer (Laemmli, 1970) and boiled for 2 minutes. Reaction products
were visualized by SDS-PAGE and autoradiography. The relative
amounts of the kinase activities were quantitated by densitometric
analysis of the autoradiographs and counting the radioactivity in
bands of substrate excised from the gels.

MPF activity assay

The procedures for preparation of testicular cell lysates for MPF pre-
cipitation were identical to those for Nek2 immunoprecipitation. MPF
complexes were precipitated from 50 pg of cellular lysate protein by
incubation with 10 pg of p13%cl agarose for 2 hours at 4°C. The
agarose beads were washed three times with the lysis buffer and once
with the MPF kinase buffer, which consists of 80 mM (-gly-
cerophosphate, 10 mM MgCl2, 1 mM DTT, and 20 mM EGTA. MPF
activity assay was carried out as described previously (Chapman and
Wolgemuth, 1994). Histone H1 kinase reactions were performed in
the MPF kinase buffer supplemented with 10 pM ATPR, 5 pM cAMP-
dependent protein kinase inhibitor, 50 pg/ml calf thymus histone H1
(Boehringer-Mannheim, Indianapolis, IN), and 4 uCi of [y-32P]ATP
in 30 pl for 20 minutes at 30°C. The reactions were stopped by the
addition of 30 pl of 2x Laemmli sample buffer (Laemmli, 1970) and
boiled for 2 minutes. Reaction products were visualiized by SDS-
PAGE and autoradiography.

RESULTS

Cloning of murine Nek2 cDNA

We have isolated a cDNA corresponding to the murine Nek2
gene in a search for novel Ser/Thr protein kinases expressed
during male germ cell development. A mouse testislibrary was
screened with reduced stringency using several Cdk cDNA
probes. Sequence analysis of a clone of 3.1 kb, encoding 443
aa (Fig. 1), was shown to have strong structural homology
with NIMA-related kinases (Schultz et a., 1994). We desig-
nated this clone as the mouse Nek2, based on its highest
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Fig. 1. Nucleotide and deduced amino acid
sequences of murine Nek2 cDNA. The
boxed region outlines the N-terminal
catalytic domain. Amino acid residues that
are highly conserved among Ser/Thr
kinases are circled. Two putative PEST
sequences are underlined (aa 368-377, 396-
401). The sequences have been deposited
into the GenBank database under accession
number U95610.

identity at the amino acid level with human NEK2 (86%;
Schultz et al. 1994). Mouse Nek2 is 32% identical to

—
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TRAGCTORTRACATTRCTTATRGTCTACALATERATGTGETCTCTCT GO TTACTAMTRTCOETGTATRAALARCAAGCTRTCTTTRCTEET
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ARG AR T AT T T A TR AR T AGA AR R T AL A LG TGAGTRATALCGLCTT LA TRTSGETTCCAAGTGAGGLCTCARLE

GATCCAYGACCTCACTECTAAC GEGATECETATEGCAGRGLCCACAGRGTTGCATETCABAGGTETTSTARTETTACAGEGABGAGATCE
AGECTE T BGLC TRACCTCLCTGA TEAGAARGLAC T CACCABGATTCCCAT TCCAGGAAGRTCCTCIGTRCCAETTAACATEABATTAGES
GTEEAEEEEAGEEEARGLCEAGELCTEAAGCT T T TAGEAT TTECCTTARGEAAGE GCETECCATEECCETLARCAIGLYELTGTCCTGCA
T T ARG G AL TRGE G AL ARG AR T CT SR GAGLCCERAGAGLCLCCTCOTGL I GTRTSCARGRCCIGTCCCOGTCTRTETRTATOT
GACC LTAGG I CARTTGATEACATTARTTAAGTGTITCTGTACCTACAAGTATAAGCLAAAAGRGTCEGALATECC1CAGAGICALACATE
e AR A AT TAA T I TC TG A GAGAR L T TCT L AGAAAGT TGE TCTAT T TAGG TEAL TGEGEALAAGGLAGGTTICCTT TRATL
TeTE LA CAGTCLCTTEAGATEEC T TCAGAABAGAACAGTETTCAGTETGCGTTATTEAGGECCCTETATECCCTCCACCTGTRT GAGG
GO AGATTaE TR T TIGTCTALGG I TICTTGAAGACCTCAGLTCAG L AGALAGSAGTTCATTIGOCCTAACAAGTACTETTGECTGERAGR
BOAECTCAGAAGCATEFAATGCCATICGTITCATRGLFAAACACACAGACTCCTFRCATTTTAAAATTCFGTRCCTTTACTTCCTERAGD
T AT TG T TG TR TR TRAC TR LG AGRTTE G TTIL G AT LT T T AT TALAC TC TG TETTGECACTTGLARCTETAGAS
BLTGTCEEAGEGATTACT T ACTTALGET TATAGCATL TGEGETLTC TTGCAGBCTGLAATGLCTEGEATCTTITELAACTCTRACTTTITC
AT A G T TR G TR TT A AT ATAG T RAG L TO T T TO TG TRAAGRAAGGGE I TRACAATC TECCAGCAGRBAAAASAL TEEGAALT
AGTECAGTEST T I TC TR T  TeCC T T T T T IGEICTAT AR TR TACTRACAGLARACCCAAGTALRATOTETGTALALAALALTC
T GTAT SRR T T AAATE T T L RGGRAA T TAGAL A A TTAATTGRAT T CAT T ST TTATAA T TAACCAATCATCTITATT T 84547
TITCLCAARTRARAARAATCTATT PTG TGAGAAAAALAANAAAAAAARMASAALARASARLALAAALRSAS 3130

Aspergillus nimA (Osmani et al., 1988), 28% to mouse Nekl  transfected tissue culture cells (data not shown).
(Letwin et al., 1992), and 24% to human NEK3 (Schultz et al.,

1994).

Expression of mouse Nek2

A AT LA AT G TG T TAL T AT EAT R AT AT TRAC CGEALCAACACARCLC [GIACATLGTAATGGAATACTGTGAGGRARGG 36D

sequences results in an approx. 10-fold increase of the
truncated protein as compared with the full length Nek2 in

The NIMA and Nek2 polypeptides can be divided into two
domains, the catalytic domain at the N terminus and the regu-
latory domain at the C terminus (Schultz et a., 1994). The
catalytic domain includes amino acid residues conserved
among Ser/Thr protein kinases (marked as circles in Fig. 1;
Hanks and Hunter, 1995). The regulatory domain of NIMA
was reported to include sequences for destruction, nuclear
localization, protein-protein interaction, and phosphorylation
sites for Cdc2 (Lu and Means, 1994; O’ Connell et al., 1995;
reviewed by Fry and Nigg, 1995). In mouse Nek2, two putative
PEST sequences (Rechsteiner and Rogers, 1996) were found
at aa 368-377 and 396-401, asunderlined in Fig. 1. We believe
that these PEST motifs are functional in mouse Nek2, as pre-
liminary experiments have indicated that deletion of these

Northern blot hybridization analysis was carried out to
determine the pattern of expression of the murine Nek2 gene in
various tissues. Low levels of Nek2 transcripts of 3.4 kb were
detected in samples of mid-gestation embryo, ovary and
placenta. By far the highest levels of Nek2 expression were
detected in the testis (Fig. 2A). Lineage- and developmental
stage-specificity of Nek2 expression in the testis was determined
by examining RNA samples from germ cell-deficient and
immature testes (Fig. 2B). Mice homozygous at the atrichosis
(at) or white-spotting (W) loci are devoid of germ cells, but have
the normal complement of somatic cell types, including Leydig,
Sertoli, and peritubular myoid cells (Mintz and Russell, 1957;
Hummel, 1964). The heterozygous littermates have the normal
somatic and germ cell complements and arefertile. Little, if any,
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Fig. 2. Northern blot analyses of Nek2 expression.
Total RNA (10 ug) wasisolated from various
mouse tissues (A) or from testes (B) of immature
(d7, d17), germ cell-deficient (at/at), or adult (Ad)
mice. The size of the specific Nek2 transcript is
indicated on the right side of the figures.

Nek2 transcripts were detected in testes from atrichosis homozy-
gotes (at/at) whereas comparable amounts of Nek2 transcripts
were detected in testes both from the heterozygotes (at/+) and
wild-type adult mice (Ad). This result indicated that Nek2 is
expressed mostly in the germ cell compartment in the testis.
The first wave of male germ cell development initiates after
birth and yields fully developed spermatozoa in 35 days
(Bellve et al., 1977). At postnatal day 7, the mouse testis
contains only spermatogonia, and at day 17 contains both sper-
matogonia and spermatocytes. As shown in Fig. 2B, Nek2 tran-
scripts were more abundant in adult testis than in immature

¥ A ‘

Arrowheads mark position of the 28S and 18S
ribosomal RNA bands. The lower figures show the
ethidium bromide-stained ribosomal RNA bands.
Br, brain; Co, colon; Em, 12.5-day embryo; He,
heart; Ki, kidney; Li, liver; Lu, lung; Mu, muscle;
Ov, ovary; Pa, pancreas; P, placenta; Sp, spleen;
Te, testis. Exposure for 24 hours.

testes, suggesting higher levels of Nek2 expression in meiotic
and/or postmeiotic as opposed to mitotic stages of germ cell
development.

In situ hybridization analysis was performed on histological
sections of testes from adult (Fig. 3A,B), immature (Fig.
3C,D), and germ cell-deficient mutant (W/W; Fig. 3E) mice to
determine more precisely the testicular cell types in which
Nek2 is expressed. Low levels of Nek2 signals were detected
in spermatogonia, as shown in immature testes (Fig. 3C,D).
However, Nek2 transcripts were clearly most abundant in sper-
matocytes (Fig. 3A,B,D). Nek2 transcripts were barely

Fig. 3. In situ hybridization
analyses of Nek2 expression in
testis. An 3°S-|abeled antisense
probe specific to Nek2 was
hybridized with sections of
paraffin-embedded testis
samples from adult (A,B), 7-
day-old (C), 17-day-old (D),
and germ cell-deficient (W/W)
(E) mice. Exposure time was
10 days. The
photomicrographsin thisfigure
were taken using
epiluminescence optics with a
low bright-field background, so
that signals were visualized
with abright green color. G,
spermatogonia; PL,
preleptotene spermatocytes; P,
pachytene spermatocytes; R,
round spermatids; E,
elongating spermatids; S,
Sertoli cells; L, Leydig cells.
Bar = 50 um.
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detected in spermatids after meiosis (Fig. 3A,B) or in somatic
testicular cells (Fig. 3E). Probes synthesized in the sense ori-
entation were used as controls and produced no signal above
background (data not shown).

Fig. 5. Immunostaining of Cdc2 and Nek2 in
the testis. Paraffin-embedded sections from
the adult testis were immunostained with
preimmune serum (A), a Cdc2 antibody (B),
and Nek2 antibody (C,D). D was
photographed using higher magnification.
Testis sections from 7-day-old (E) and 17-
day-old (F) immature mice were also
immunostained with the Nek2 antibody.
Roman numerals indicate the stage of the
seminiferous tubule (Russell et al., 1990). g,
spermatogonia; ¢, spermatocytes; m,
spermatocyte undergoing meiosis; ss,
secondary spermatocytes; r, round spermatids;
e, elongating spermatids; |, Leydig cells. Bar,
50 um.

Fig. 4. Immunoblot analysis of Nek2 in male germ cells. Lysates
were prepared from total testis or from testicular cell fractions
enriched in spermatocytes (S cyte), round spermatids (R. tid),
cytoplasmic fragments (CF), and residual bodies (RB). Each lane
contained 50 pg protein. The blot was incubated with an affinity-
purified rabbit polyclonal antibody against a Nek2 fusion protein.
The Nek2 specific band and the sizes of the protein markers

(Mr x1073) are indicated on the right and left sides of the figure,

respectively.

Immunodetection of Nek2 protein in the testis

A polyclona antibody was raised against a bacteridly
expressed Nek2 fusion protein and  affinity-purified.
Immunoblot analysis was performed with lysates from adult
testis and from enriched populations of spermatocytes and
spermatids, separated according to our standard procedures
(Wolgemuth et al., 1985). A specific band of 46x10° My in size
was detected in the total testis (Fig. 4). This size is similar to
that reported for human NEK2 (Schultz et a., 1994). This
46x10% M, band was readily detected in the sample from
enriched spermatocytes but not in samples from round sper-
matids and elongating spermatids (CF and RB). This result is
consistent with the RNA expression data which indicated that
Nek2 was expressed predominantly in spermatocytes and
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Fig. 6. Immunostaining of Nek2 in cytogentic preparations of
spermatocytes. Mouse testicular cells were subjected to hypotonic
treatment, spread for cytogenetic analysis, and immunostained with
preimmune serum or anti-Nek?2 anti-serum, as indicated.

further suggests that obvious trandationa regulation is not key
in Nek2 expression.

To determine the subcellular distribution of Nek2 within the
spermatocytes, paraffin-embedded sections of adult and
immature testes were immunostained with the Nek2 antibodly.
The localization of Cdc2 within spermatocytes was determined
inparalel, asacontrol and for comparison, since we have shown
that Cdc2 is present in these cells (Chapman and Wolgemuth,
1994; S. E. Ravnik and D. J. Wolgemuth, unpublished observa-
tions). Both Nek2 and Cdc2 antibodies specifically stained sper-
matocytes of al tubulesin the adult testis (Fig. 5B,C). The Nek2
antibody also stained spermatocytesin the 17-day-old testis (Fig.
5F). There was little staining in haploid germ cells (Fig. 5C,D),
except the nucleolus of early round spermatids in stage | to I
seminiferous tubules (staged according to Oakberg, 1956;
Russell et a., 1990; data not shown). These staining patterns of
Cdc2 and Nek2 are consistent with previous results at both the
RNA and protein levels (Chapman and Wolgemuth, 1994; Rhee
and Wolgemuth, 1995; Figs 2-4). However, the intracellular dis-
tributions of Cdc2 and Nek2 were quite distinct. Cdc2 antibody
uniformly stained nuclei of pachytene spermatocytes and both
nuclel and cytoplasm of late pachytene/diplotene spermatocytes
which are present in stage X to XII seminiferous tubules (Fig.
5B). In contrast, the Nek2 antibody stained nuclei of spermato-
cytes, beginning at the zygotene stages, with auniquely punctate
pattern (Fig. 5C,D,F). Such a punctate staining pattern was
observed in spermatocytes undergoing meiosis as well as in
secondary spermatocytes (Fig. 5D). The Nek2 antibody also
stained nuclei of a subset of what appear to be spermatogoniain
the 7-day-old testis with a punctate pattern (Fig. 5E). This non-
uniform distribution of Nek2 suggested its association with
distinct nuclear compartments, possibly with chromosomes, in
specific developmental stages.
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Fig. 7. Confocal microscopic analysis of localization of Nek2,
telomere sequences, and chromatin in cytogenetic preparation of
spermatocytes. Chromatin was stained with propidium iodide (red,
A). Nek2 immunostaining (blue, B) and telomerein situ analysis
(green, C) were carried out as described in Materials and Methods.
The three images were superimposed in D. Since Nek2 was
colocalized with chromatin, the staining in D became purple. The
white arrowheads indicate representative positions where telomere
sequences are colocalized with strong staining of Nek2 and
chromatin. However, not al telomere signals colocalize with strong
Nek?2 staining (black arrow).

An association of Nek2 with chromosomes was confirmed
by localization of Nek2 in spermatocytes treated with a
hypotonic solution to disrupt the cytoplasmic and nuclear
membranes and disperse the chromosomes. Under these con-
ditions, the Nek2 antibody clearly localized to the meiotic
chromosomes, but with a non-uniform distribution. More
intense staining was observed at the ends of the some of the
chromosomes, several of which were positioned together at the
periphery of the nucleus, as well as in regions of dense
chromatin (Fig. 6).

To determine whether the Nek2 antibody localized at both
ends of the chromosomes, i.e. in the region of telomeres, we
caried out in situ hybridization with telomere-specific
sequences (Allshire et a., 1988; Moyzis et a., 1988). Hypo-
tonically dispersed nuclel were hybridized with telomere
sequences, then exposed to the Nek2 antibody, and finally
stained with propidium iodide to visualize DNA. The
chromatin staining pattern visualized with propidium iodide
revealed a significant overlap with that observed for the Nek2
protein (Fig. 7A,B). Thelocalization of Nek2 protein coincided
with some but not all of the regions of tel omere sequences (Fig.
7B-D). These results indicate that abundance of Nek2 corre-
lates with chromatin density which is generally higher at the
ends of chromosomes, but not with telomeres per se.

To extend the possible role of Nek2 in meiotic chromosome
function, we asked whether Nek2 was also associated with
meiotic chromosomes in oocytes. To examine comparable
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Fig. 8. Immunostaining of Nek2 in pachytene oocytes. (A) Fetal
ovary from day 16.5 embryo was immunostained with the Nek2
antibody . An arrow indicates a representative pachytene oocyte.
(B) Thefetal ovary cells were subjected to hypotonic treatment,
spread for cytogenetic analysis, and immunostained with the Nek2
antibody.

stages of melosis in the female, we performed immunochisto-
chemistry analysis on ovaries obtained from 16.5-day-old
embryos. Nek2 antibody localized in nuclei of pachytene
oocytes in a punctate pattern, similar to that observed in sper-
matocytes (Fig. 8A). Hypotonically dispersed meiotic chromo-
somes from pachytene oocytes were also stained specifically
with the Nek2 antibody (Fig. 8B). These results indicated that
during meiosis, Nek2 is associated with prophase chromosomes
of both male and female germ cells. To date, we have not
detected Nek?2 protein in histological sections of oocytes from
adult mice (data not shown), suggesting that Nek2 may not be
involved in the chromosomal condensation that occurs in the
meiotically maturing oocyte immediately preceding meiosis 1.

Induction of Nek2 activity during testicular cell
culture

To begin to test the hypothesis that during meiosis, Nek2 is
involved in chromosomal organization and/or condensation,
we turned to an in vitro system in which meiotic chromosome
condensation is induced. Recently, Wiltshire et a. (1995)
reported that treatment of cultured pachytene spermatocytes
with okadaic acid, an inhibitor of subtype 1 and 2A phos-
phatases, induced a rapid onset of events leading to M phase,
visualized cytologically by nuclear envelope breakdown and
chromosome condensation. While the target(s) of okadaic acid
in this experimental model has not been established, the
induction is rapid (within 6 hours) and occurs in the absence
of new protein synthesis. If Nek2 is involved in meiotic chro-
mosome condensation, we predicted that its activity would be
induced concomitantly.

Tegticular cell suspensions were prepared from 19-day-old
mice, in which about 59% of the cells are meiotic prophase sper-
matocytes (Bellve et a., 1977). At indicated time intervals after
the addition of 2.5 uM okadaic acid, cells were harvested and
an aliquot was used for cytogenetic analysis to determine the
stage of meiotic progression of the spermatocytes. The
remainder of the sample was used to prepare lysates for
immunoblot analysis and kinase assays. Lysates from the
cultured cellswere immunopreci pitated using the Nek2 antibody
and assayed for kinase activity using casein as substrate (Fry et
al., 1995). The assay for Nek2 activity in vitro was optimized
using tissue culture cells transfected with Nek2 constructs (K.
Rhee and D. J. Wolgemuth, unpublished observations). For com-
parison, MPF activity was determined in precipitates using
p13cl-conjugated agarose and histone H1 as a substrate.

In agreement with the report of Wiltshire et al. (1995), cyto-
genetic analysis revedled that okadaic acid induced a rapid
onset of meiotic chromosome condensation, so that over 75%
of the spermatocytes reached metaphase | within 6 hours after
addition of okadaic acid (Fig. 9A). Few if any mitotic nuclei
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Fig. 9. Effects of okadaic acid on MPF and Nek2 activities of
cultured testicular cells. Testicular cells from 19-day-old mice were
cultured overnight and treated with 2.5 uM okadaic acid (Wiltshire et
al., 1995). At 0, 2, 4, and 6 hours after addition of okadaic acid, cells
were harvested and analyzed for meiotic progression of
chromosomes (A), for protein levels of Cdc2 and Nek2 by
immunoblot analysis (B), and for in vitro kinase activities of MPF
and Nek?2 using precipitates with p13sucl and anti-Nek2 antibodies,
respectively (C). Histone H1 and casein were used asin vitro
substrates for MPF and Nek2 kinase activity assays, respectively.

Nek2



that might have originated from spermatogonia or Sertoli cells
were observed. When the cytogenetic preparation was exposed
to the Nek2 antibody, only meiotic prophase chromosomes
were stained. Therefore, we believe that most of Nek2 and
Cdc2 activities (see below) were derived from spermatocytes
rather than other cell types.

We then determined the protein levels of Nek2 and Cdc2 in
the cultures by immunoblot analysis (Fig. 9B). The levels of
Cdc2 or Nek2 did not appear to increase during this period,
consistent with the previous report that protein synthesisis not
required for chromosoma condensation (Wiltshire et al.,
1995). While the levels of Cdc2 appear to remain constant, the
levels of Nek2 decreased 6 hours after treatment with okadaic
acid.

The activities of MPF and Nek2, however, were induced by
the treatment (Fig. 9C). The levels of induction of kinase
activity of Nek2 and MPF were quantified and analyzed
statistically using data from three independent experiments
(Fig. 10). Nek2 activity increased ~3.5 fold within 2 hours and
declined at 6 hours. Such a decrease may have been due, at
least in part, to the concomitant decrease in the levels of Nek2
protein. MPF activity increased over 4 fold at 6 hours after
addition of okadaic acid. These results are consistent with the
hypothesis that Nek2 activity, along with MPF activity, is
involved in the events of meiotic progression, including chro-
mosomal condensation.

DISCUSSION

Of the three putative mammalian nimA homolgues identified
to date, Nek2 appears to be most similar to the Aspergillus gene
at severa levels. Structurally, it bears the highest homology to
NIMA at the amino acid level (Schultz et al., 1994). Perhaps
even more striking is the observation that both NEK2 and nimA
exhibit cell cycle-specific regulation of their expression and
activity. NIMA has been shown to accumulate when
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Fig. 10. Quantification of induction of MPF and Nek2 kinase
activities by okadaic acid. The experiments described in Fig. 9 were
repeated three times. The in vitro kinase activities were quantitated
relative to the O hour groups, as described in Materials and Methods
(mean + s.e.). MPF, filled triangles with broken lines; Nek2, open
circleswith solid lines.
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Aspergillus cells are arrested in G, phase and to be degraded
in order for the cells to exit mitosis (Pu and Osmani, 1995).
Similarly, in synchronized Hel a cells, human NEK2 begins to
be expressed during S phase, is most abundant at Gz, and is
reduced to basal levels after mitosis (Schultz et al., 1994; Fry
et a., 1995). The data presented in the present study provide
several lines of additional evidence for these similarities,
importantly, in a normal, in vivo system. The expression of
Nek2 was limited to what appeared to be mitotic M phase cells
of 7-day-old testis, suggesting cell cycle-stage specificity.
More strikingly, such putative cell cycle stage-specificity was
clearly evidenced in the germ line cells once they had
committed to meiosis. Nek2 was most abundant in meiotic
prophase spermatocytes, a stage after DNA synthesis is
completed but before M phase. The levels of Nek2 mRNA and
protein dropped dramatically in spermatogenic cells once the
chromosome divisions a meiosis | and meiosis |l were
completed.

Previous studies on the function of the Aspergillus gene
nimA in yeast and vertebrate cells had suggested arole in the
process of chromosomal condensation. The expression of
dominant negative mutants of nimA in fission yeast, Xenopus
oocytes or mammalian tissue culture cells resulted in an arrest
at the G2 phase (O’ Connell et ., 1994; Lu and Hunter, 1995),
a phenotype similar to that seen for nimA mutants in
Aspergillus (Lu and Means, 1994). Ectopic expression of the
normal NIMA protein resulted in an arrest a¢ M phase, with
condensed chromatin (O’ Connell et al., 1994; Lu and Hunter,
1995). Interestingly, NIMA localized to the prematurely
condensed chromatin in Hel a cells (Lu and Hunter, 1995).

The hypothesis that the putative nimA homologue Nek2
functions in chromosomal organization and/or condensation
was supported at severa levels by our observations. Nek2
protein was shown to be associated with meiotic chromosomes
of both sexes. Its presence a some of the ends of
pachytene/diplotene stage chromosomes was particularly
intriguing as it is known that telomeres are attached to the
nuclear membrane during meiotic prophase spermatocytes
(Scherthan et al., 1996), a configuration that may be important
for efficient pairing of homologous chromosomes at the
zygotene stage (reviewed by Dernburg et al., 1995). Nek2 was
also readily detected in the sex vesicle, a structure consisting
of the sex chromosomes in a unique heterochromatic confor-
mation which persists until the end of diplotene (reviewed by
Handel and Hunt, 1992).

Additional support for a role for Nek2 in chromosome
organization and/or condensation resulted from our studies on
the induction of premature chromosome condensation in sper-
matocytes which were cultured in a short-term culture system
and treated with okadaic acid. We observed an induction of
Nek2 and MPF kinase activities, as assayed in vitro, coincident
with the condensation of the meiotic prophase chromosomes.
In the female germ line, okadaic acid treatment of oocytes has
also been shown to induce chromosome condensation, even in
meiotically incompetent oocytes (Gavin et al., 1992; de
Vantery et a., 1996). The effect of okadaic acid is not unique
to meiotic cells, as it has also been shown to induce mitotic
chromosome condensation in F210 cells (Guo et a., 1995).
The cell cycle of F210 cells, which bear a temperature-
sensitive lesion in the Cdc2 gene, is blocked at G, phase at the
restrictive temperature. Treatment of these Gz-arrested F210
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cellswith okadaic acid resulted in full chromosome condensa-
tion in the absence of Cdc2 activity or histone H1 hyperphos-
phorylation.

The localization of Nek2 to meiotic chromosomes also
provides insight as to its site of action and substrates. The
potential substrates of NIMA itself are only beginning to be
elucidated. Recently, Lu et al. (1996) isolated a human cDNA
in a yeast two-hybrid screen for proteins interacting with
NIMA in HelLa cells. This cDNA encodes a peptidyl-prolyl
isomerase (PIN1) which appeared to be essential for Go/M
transition of mitosis. That is, overexpression of PIN1 resulted
in arrest at Gy while antisense oligonucleotide-mediated
reduction of PIN1 resulted in an accumulation of cellsin M
phase with condensed chromatin (Lu et al., 1996). Whether any
of the NEK proteins, as opposed to NIMA, are associated with
PIN1 remains to be determined. There are other isomerases
that have been shown to be associated with meiotic chromo-
somes as phosphoproteins, such as topoisomerase |1 (Moens,
1990; Rose et a., 1990; Kimura et al., 1994), which could be
tested for association with Nek2. The SMC (structural main-
tenance of chromosomes) family proteins, which function in
mitotic chromosome condensation (Hirano and Michison,
1994; reviewed by Gasser, 1995) may also be candidates,
although it is not known whether SMC proteins must be phos-
phorylated for activation.

An enduring enigma in the role of the NIMA homologues
in vertebrate cells concerns the inability to demonstrate an
effect on cell cycle progression by either suppression of the
normal Nek activity by dominant-negative mutants or ectopic
expression of the Nek genes, analogous to that elicited by
NIMA. One possible explanation is that there are additional,
as yet unidentified vertebrate nimA homologues which will
function in a manner more similar to nimA. To this end, the
comment by Hunter and colleagues (Lu and Hunter, 1995) of
the possibility of as many as six Nek family genes should be
noted. Alternatively or in addition, it may be that the vertebrate
Nek genes function in very specific physiological contexts in
vivo. If, as we speculate, Nek2 functions in meiotic prophase
in the course of the highly specialized structuring and conden-
sation of meiotic chromosomes, it is possible that its function
will not be revealed by assays in generic tissue culture cell
systems. Indeed, it is likely that function will only be eluci-
dated by direct manipulation of the endogenous gene and mod-
ulation of its products in vivo, a first step toward which has
been presented here.
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