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Abstract Cyclin-dependent kinases (cdks) are the catalytic subunits of a large family of serine/threonine protein
kinases whose best-characterized members are key regulators of eukaryotic cell cycle progression. They are activated by
binding to regulatory subunits generally termed as cyclins. Cdk10 is a cdc2-related kinase that contains the canonical
regulatory Tyr and Thr residues present in all protein kinases and a PSTAIRE-like motif named PISSLRE. Although little is
known about this protein, human cdk10 has been shown to encode two different isoforms, each having a distinct function.
They differ at both the carboxy- and amino-terminals, although most of the amino acid sequence is predicted to be
identical for the two isoforms. A role at the G2/M transition has been suggested for an isoform of cdk10, while the
alternative splicing form interacts with the N-terminus of the Ets2 transcription factor. Here we report the cloning and
the functional characterization of a cDNA encoding the murine homologue of cdk10. Unlike its human counterpart, only
one murine cdk10 protein has been identified, and this unique murine cdk10 cDNA encodes a putative protein of
360 amino acids. Comparison of the amino acid sequences of murine and human cdk10 shows high homology. Murine
cdk10 binds Ets2 transcription factors in vitro, does not show a direct involvement in the G2/M transition and, therefore,
does not affect the proliferation rate of the cell lines analyzed. J. Cell. Biochem. 99: 978–985, 2006. �2006 Wiley-Liss, Inc.
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Cell division is regulated bya set of restriction
points; the best characterized of these check-
points are the G1/S and G2/M transitions. A
family of serine/threonine protein kinases,
referred to as cyclin-dependent kinases (cdks),
currently consists of 12 members, cdks 1
through 12. They are termed cdks because

they are inactive in their monomeric form and
require association with a specific regulatory
subunit, the cyclin partner, for activation.
These kinases are responsible for the progres-
sion through the eukaryotic cell cycle and
are also involved in transcriptional control,
DNA repair, and post-mitotic events such as
skeletal muscle and neuronal differentiation
[MacLachlan et al., 1995; Morgan, 1995, 1997;
Shuttleworth, 1995; Nasmyth, 1996; Sherr,
1996; Bagella et al., 1998; Price, 2000; Sano
et al., 2002; Simone et al., 2002; Weishaupt
et al., 2003; Chen et al., 2006].

Studies involving yeast represent the first
model of the cell cycle. In Saccharomyces
cerevisiae, cell division cycle 28 (CDC28)
was found to be the only kinase involved in cell
cycle progression [Nasmyth, 1993], while in
Schizosaccharomyces pombe, the same function
was observed to be carried out by cell division
cycle 2 (cdc2) [Nurse and Bissett, 1981]. The
vertebrate cell cycle proved to be a much more
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complex process. A human cdc2 homologue was
identified by functional complementation of the
S. Pombe cdc2 mutation [Lee and Nurse, 1987]
and by antibody screening [Draetta et al., 1987],
and was found to regulate, in association with
cyclin B1, the onset ofmitosis.Mammalian cdc2
(also called cdk1) did not control the G1/S
transition; a new cdk was isolated (cdk2) and
found to control the G1/S checkpoint [Elledge
and Spottswood, 1991; Ninomiya-Tsuji et al.,
1991; Tsai et al., 1991].
New members of the cdk family have been

cloned based on homologies in sequences, and
named according to their amino acid sequence
in the conserved PSTAIRE domain. When they
have a known cyclin partner, they should be
renamed as cdks and be numbered in the order
of their discovery.
PISSLRE, which has been renamed cdk10,

although no associated cyclins have yet been
found, was isolated based on two independent
cloning strategies [Brambilla andDraetta, 1994;
Grana et al., 1994]. Two different human cDNAs
have been described to show a common region
but to be divergent in their 50- and 30-ends,
suggesting the possibility of differential expres-
sion of the human cdk10 gene (hcdk10). The two
isoforms referred to by their GenBank entries as
X78342 and L33264 are named hcdk10-1 and
hcdk10-2, respectively, in this study, and they
are derived from the same gene by alternative
splicing [Crawford et al., 1999]. Although little is
known about the proteins interacting with
cdk10, hcdk10-2 has been proposed to be
involved in the G2/M transition of the cell cycle
[Li et al., 1995], while hcdk10-1 binds to Ets2
transcription factor, thereby modulating its
transactivation activity [Kasten and Giordano,
2001]. A third human cdk10 isoform [GenBank
AF153430] with few differences from hcdk10-1
has been isolated [Sergere et al., 2000] but no
specific functions have yet been associated.
These data suggest that the human cdk10 could
be subjected to regulation by alternative splicing
of its pre-mRNA.Alternative pre-mRNAsplicing
affects a multitude of human genes and plays
important roles in development and disease.
Variability in splicing patterns is a major source
in expanding protein diversity and regulating
gene expression in higher eukaryotes [Black,
2003; Lareau et al., 2004].
We cloned the mouse homologue of cdk10

(mcdk10). We identified a unique open reading
frame coding 360 amino acids and sharing high

homology with the human counterpart termed
hcdk10-1. In an attempt to better understand
cdk10’s cellular functions we chose to test its
role in cell cycle control and its association
with Ets2 transcription factor in an analogous
manner to its human counterparts. We found
that murine cdk10 binds the Ets2 transcription
factor anddoes not play a role in theG2/Mphase
of the cell cycle. In order to better characterize
cdk10’s function, future studies should focus on
identifying the associated cyclins that interact
with cdk10 and the putative substrates that
could be phosphorylated by cdk10.

MATERIALS AND METHODS

cDNA Library Screening

To isolate themouse homologue of the human
cdk10 gene, a l-zap mouse brain cDNA library
(Stratagene, La Jolla, CA) was screened using a
1.1 kb human cdk10 cDNA fragment as a probe,
as described [Sambrook et al., 1989]. Positive
clones were plaque purified and the inserts
were in vivo excised and circularized in XL1-
blueEscherichia coliwith anR408helper phage
(Stratagene). DNA sequencing was performed
following the dideoxy-nucleotide chain termina-
tion [Sanger et al., 1977] using an Applied
Biosystems Model 373 DNA sequencer. Both
strands of mcdk10 cDNA were sequenced.

Northern Blot Analysis

Filter-immobilized polyadenylated RNA
(2 mg/lane) from multiple adult murine tissues
(Clontech, Palo Alto, CA) was hybridized to a
32P-labeled mouse cdk10 cDNA probe. The
membrane was pre-hybridized for 3 h at 428C
in a solution containing: 5� SSPE, 10� Den-
hardt’s solution, 100 mg/ml of fresh denatured,
sheared salmon sperm DNA, 50% formamide,
2% SDS and then hybridized for 12 hwith a 32P-
dCTP randomprimer labeled cDNAprobe using
1� 106 cpm/ml. After overnight hybridization,
blotswerewashed in 2�SSC, 0.2%SDS twice at
room temperature for 10 min, and then in 0.1�
SSC, 0.1% SDS three times at 428C for 20 min
and exposed to a Kodak X-ray film at �808C
with the aid of an intensifying screen.

Plasmids

Cdk10 mammalian expression construct
(pcDNA3-HA-mcdk10wt) was created by fusing
the hemaglutinin (HA) epitope to the carboxy-
terminal of the full-length murine cdk10 in

Cloning and Characterization of Murine cdk10 cDNA 979



pcDNA3 (Invitrogen). The dominant-negative
counterpart (pcDNA3-HA-mcdk10dn) was
generated by site-directed mutagenesis (Quick-
Change Site-directed Mutagenesis Kit, Strata-
gene), using pcDNA3-HA-mcdk10wt as a
template, to replace aspartic acid 181 with
an asparagine. The correct sequence of this
construct was confirmed by sequencing using
the Applied Biosystem model 373A DNA
sequencer [Sanger et al., 1977]. The prokaryotic
expression construct, pGEX 2T-mcdk10wt,
was created by fusing the mcdk10wt segment
to the glutathione-S-transferase of pGEX-
2T (Pharmacia). The pcDNA3.1/HIS-Ets2 con-
struct has been previously described [Kasten
and Giordano, 2001]. The wild-type and domi-
nant-negative cdc2 mammalian expression
constructs were as previously described [van
den Heuvel and Harlow, 1993].

In Vitro Binding Assay

One microgram of pcDNA3.1/HIS-Ets2
plasmid encoding wild-type Ets2 was in vitro
translated according to the providedTNTrabbit
reticulocyte lysate kit (Promega) with 35S-
methionine. Two microliters of the labeled
sample was added to Glutathione/Sepharose
beads coupled with 2 mg of GST proteins
prepared as previously described [De Luca
et al., 1997]. Incubation was carried out in
NENT buffer (20 mM Tris-Cl, pH 8.0, 100 mM
NaCl, 1 mM EDTA, 0.5 % NP-40, 1 mM PMSF,
and 10 mg/ml Leupeptin) for 2 h at 48C with
gentle rocking. Beads were washed three
times in NENT buffer, and electrophoresis was
performed on 10% acrylamide SDS–PAGE.
Gels were dried and exposed at �708C using
Kodak Biomax MS films.

Cell Culture and Transient Transfections

The mouse embryo NIH/3T3 and the mouse
L929 fibroblasts, as well as the human U-2 OS
osteosarcoma cell line, were obtained from
American Type Culture Collection (ATCC)
(Rockville, MD) and cultured in Dulbecco’s
modified Eagle’s Medium (DMEM) supplemen-
ted with 10% (v/v) heat-inactivated fetal bovine
serum, 4mML-glutamine, 200U/ml penicillinG
sodium, and 200 mg/ml streptomycin sulfate in
a 5% CO2 atmosphere at 378C. The cells were
transfected in 100-mm culture dishes using a
Polyfect/DNA mixture according to the manu-
facturer’s instructions (Qiagen, Valencia, CA).
Transfected cells were incubated at 378C for

48 h after transfection and then collected for
further analysis.

Colony Formation Assay

Exponentially growing cells (NIH/3T3, L929,
U-2 OS) were transfected with 5 mg of pcDNA3-
HA-mcdk10wt, pcDNA3-HA-mcdk10dn, CMV-
cdc2wt, CMV-cdc2dn or the control vector. For
selection, G418 (Gibco-BRL, Grand Island, NY)
was added to the culture medium 48 h after
transfection, at a final concentration of 800 mg/
ml. After 6 days, 1� 103 of G418-resistant cells
in each well were plated in triplicate in 60-mm
dishes, in order to evaluate their colony-forming
ability. Cells were then incubated at 378C for 8
days in a selectingmediumcontainingG418at a
final concentration of 800 mg/ml. Colonies,
defined as groups of a minimum of 50 cells,
were counted after staining with 2%methylene
blue in 95% ethanol.

Cell Cycle Analysis by Flow Cytometry

Cells (NIH/3T3, L929, U-2 OS) were transi-
ently transfected with 5 mg of pcDNA3-HA-
mcdk10wt, pcDNA3-HA-mcdk10dn, CMV-
cdc2wt, CMV-cdc2dn or the control vector. A
marker plasmid expressing enhanced green
fluorescent protein (EGFP)-spectrin was
included in the transfection mixture. Control
cells, which were not transfected with EGFP-
spectrin, were used as the EGFP-negative
population. Cells were detached with trypsin
and washed once with PBS. They were then
fixedwith ice-cold 70% ethanol at 48C for 30min
and then washed once with PBS. Cells
were then stained with 10 mg/ml Propidium
Iodide (Roche Applied Science, Indianapolis,
IN), 250 mg/ml RNase (Sigma, St. Louis, MO) in
PBS and incubated at 378C for 30 min in the
dark. Transfected cells were gated according to
their EGFP expression and the DNA content
was determined byflowcytometry analysis. The
percentage of cells in the different phases of the
cell cycle was measured with a FACS calibur
instrument (Becton-Dickinson, San Jose, CA)
and the data obtained were analyzed by
WinMDI 2.8 software.

RESULTS

Isolation and Characterization of the Mouse
cdk10 cDNA

In order to isolate themouse homologue of the
human cdk10 gene, amouse brain cDNA library
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was screened at low stringency with a �1 kb
human cdk10 cDNA fragment. We chose a
region spanning the identical sequence between
the two human isoforms hcdk10-1 and hcdk10-
2. Three positive clones were obtained and
found to contain the same cDNA sequence,
although the size of the inserts varied.When the
sequence of the three different clones was
compiled, it revealed a unique open reading
frame through the entire length, from an ATG
until a stop codon followed by 30 untranslated
sequences, including a poly-A tail. The complete
sequence of mouse cdk10 cDNA is depicted in
Figure 1. The length of the cDNA is 1,648 bp
with a unique open reading frame from nucleo-
tide 41 to a stop codon at nucleotide 1121. The
murine cdk10 shows high similarity with the
human counterpart hcdk10-1. They both show
the translation initiation site (TIS) that begins
with the codon ATG; hcdk10-2 begins with the
codonGTG.Theyboth encode 360aminoacids of
the cdk10 protein with a predicted molecular
weight of about 43 kDa. As depicted in Figure 2,
the predicted amino acid sequence of the mouse
cdk10 protein is highly homologous to the
human protein cdk10-1, showing a high degree
of conservation. Comparison of the amino acid
sequences of the mouse and human cdk10
proteins shows that only 11 of 360 amino acids
are different between the two counterparts,
making the two proteins 96.9% identical.

Expression of cdk10 Gene in Mouse Tissues

A Northern blot analysis was performed on
filter-immobilized polyadenylated RNA from
multiple adult murine tissues (2 mg/lane) to
analyze the expression pattern of the mouse
cdk10 gene in adult mouse tissues. The mouse
cdk10 gene was expressed as a 2.0 kb mRNA
species in all tissues investigated (Fig. 3).
Although cdk10 mRNA expression appeared to
be ubiquitous, mRNA levels were higher in
some tissues such as brain and liver. Interest-
ingly, the level of mRNA transcript in the lung
was very low.

Murine cdk10 and Ets2 Interact In Vitro

In order to investigate if mcdk10 was able to
interact with Ets2, we performed coprecipita-
tions of in vitro-translated 35S-labeledEts2with
GST-fusion proteins expressing murine cdk10,
cdc2 or with GST alone. A strong interaction
between Ets2 and cdk10 (Fig. 4, lane 4) was
detected, while there was no interaction with

the GST alone and GST-fusion protein expres-
sing cdc2 (Fig. 4, lanes 2 and 3, respectively).

Our goal was also to determine whether
cdk10 and Ets2 interact in mammalian cells.
At present, however, we have not yet generated
an antibody that recognizes mcdk10. We found
that human cdk10 antibodies do not cross-react
with the mouse counterpart by WB (data not
shown). Nevertheless, we believe that mcdk10
interacts with Ets2 in vivo, analogously to
human cdk10, which, moreover, inhibits Ets2
transactivation [Kasten and Giordano, 2001].
Whether or not the mcdk10 binds Ets2 in vivo,
also modulating its transcriptional activity,
needs to be clarified once the murine antibody
has been generated.

Murine cdk10 Is Not Cell Cycle Related and
Is Not Involved at the G2/M Checkpoint

The human counterpart hcdk10-2 is involved
during the G2/M transition, analogously to
cdc2. In order to analyze the role of mcdk10
during the cell cycle and during the G2/M
checkpoint, a set of transfectionswas performed
as described in the Materials and Methods
and analyzed by colony formation assay and
FACS analysis. Table I summarizes the results
of the assays, indicating that mcdk10 does not
perform any activity at the G2/M checkpoint
and does not affect the proliferation rate of
the cell lines analyzed, whereas cdc2dn, used
as a positive control, shows a G2/M arrest. In
addition,mcdk10 did not show any involvement
in other cell cycle transitions that led us to
conclude thatmcdk10 is not cell cycle regulated.
Moreover, this lack of activity could depend on
the fact that the experiments were performed to
express cdk10 alone, for which no regulatory
subunits have yet been identified.

DISCUSSION

We isolated murine cdk10 (also referred to as
PISSLRE) cDNA from a hybridization screen-
ing of a mouse brain library using a human
cdk10 cDNA fragment as a probe. The sequence
from each of the three independent clones
obtained from the screening indicates that they
all encode for the identical open reading frame.
Although different isoforms of cdk10 have
been identified in humans, we only isolated a
single murine cdk10 cDNA. The mcdk10 puta-
tive ORF bears the strongest similarity to the
hcdk10-1 isoform.
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Fig. 1. Nucleotide sequence of mouse cdk10 cDNA and deduced amino acid sequence (in single-letter
code). The putative ATP-binding site and the PSTAIRE-like motif are underlined. Nucleotides are numbered
on the left, amino acids on the right.
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Alternative splicing is proposed to be respon-
sible for the differences in the C-terminal
translation products of the two human
cdk10 transcripts, hcdk10-1 and hcdk10-2
[Crawford et al., 1999]. It is probable that the
134-bp sequence that is absent in hcdk10-2, but
present in hcdk10-1, is the result of splicing at a
non-consensus splice site. The absence of the
134-bp sequence leads to a shift in the reading
frame and results in two alternative forms of
human exon 14. As we state above, the
mcdk10 cDNA is predicted to code for a protein
with 96.9% identity to the human isoform
hcdk10-1; however, the actual murine cDNA
sequence excludes the possibility of differential
splicing leading to an analogous hcdk10-2 iso-
form. In other words, none of the three possible
reading frames derived from the mouse
cDNA sequence is predicted to encode for a
carboxy-terminal amino acid sequence similar

to hcdk10-2. This observation may explain why
we did not identifymouse cDNAs corresponding
to an hcdk10-2 isoform even though we used a
fragment spanning the common region of the
two different isoforms in our library screening.
It also suggests that mice may lack an ortholo-
gue of hcdk10-2 entirely.

Murine cdk10 is predicted to bear high
identity to hcdk10-1 at the amino-terminal in
addition to the carboxy-terminal. The genomic
structure of the human cdk10 gene indicates
that the hcdk10-1 transcript arises through
exon scrambling [Crawford et al., 1999]. Exon
scrambling has been previously described for
mammalian genes where a pair of exons is
joined at splice sites, but in an order different
from the genomic DNA [Nigro et al., 1991;

Fig. 2. Comparison of the predicted amino acid sequences of mouse cdk10 and the human homologue
hcdk10-1 (see text). The difference between the mouse and human protein sequence is denoted by a bar
between the two. The mouse sequence is on the top and the human sequence is on the bottom.

Fig. 3. Northern blot analysis of cdk10 expression in various
mouse tissues. The size of molecular markers is indicated on the
left. He, heart; Br, brain; Sp, spleen; Lu, lung; Li, liver; SM,
skeletal muscle; Ki, kidney; Te, testis.

Fig. 4. Cdk10 interacts in vitro with Ets2. Equal amounts of GST
and GST-fusion proteins of cdc2 and cdk10 were incubated with
35S-labeled Ets2 in GST pull-down experiments. Recovered
beads were resolved on 10% SDS polyacrylamide gel.
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Cocquerelle et al., 1992; Zaphiropoulos, 1997;
Caldas et al., 1998]. The scrambled hcdk10-1
transcript appears to constitute a small propor-
tion of the human cdk10 mRNA, at least in
the liver and the bladder carcinoma cell line
examined [Crawford et al., 1999]. However, the
fact that its murine counterpart was the only
cdk10 transcript identified from ahybridization
screening of a mouse brain cDNA library, and
that it was obtained in three independent
isolates suggests that this particular isoform
does not make up just a minimal part of mouse
cdk10. The genomic structure of mcdk10 is
currently not known. Themouse transcriptmay
undergo exon scrambling similar to its human
orthologue; alternatively, the cdk10 gene may
have undergone alterations in its genomic
structure during the evolutionary split between
humans and mice. Mouse and human
cdk10 may differ in the order of their corre-
sponding exons at the genomic level. If so, then
the mcdk10 transcript may not be generated
through exon scrambling at a non-consensus
splice site andmay explain the prevalence of the
mouse transcript identified. Whether or not the
mcdk10 transcript undergoes exon scrambling
needs to be clarified once themouse genome has
been sequenced.

Human cdk10 isoforms show distinct physio-
logical roles in cells. Hcdk10-1 is able to
associate with the Ets2 transcription factor
and inhibits its transactivation activity in
mammalian cells [Kasten and Giordano,
2001]. Conversely, ectopic expression of an
hcdk10-2 kinase inactive mutant arrests
human cells in G2, suggesting that cdk10 may

play a role in the cell cycle [Li et al., 1995]. In
order to investigate the function of the mouse
cdk10 transcript identified, we performed a set
of experiments and found that mcdk10 binds
Ets2 in vitro; however, we did not observe a G2
arrest when a mcdk10 kinase inactive mutant
was overexpressed in three different mouse
cell lines (NIH3T3, L929, and C2C12) analyzed.
These observations suggest that different func-
tional activities may be associated with alter-
native splicing in an analogous manner to the
human counterparts. Indeed, mcdk10may bind
to Ets2 in vitro due to the high identity in
sequence to the isoform hcdk10-1, while it
lacks involvement at the G2/M checkpoint,
since we did not isolate a mouse orthologue
similar to hcdk10-2. Although it does not
eliminate the possibility that mcdk10 has a
role in the murine cell cycle, it is possible
that mcdk10 lacks this cell cycle function
because of the differences in the amino- and/
or carboxy-terminals. Alternatively, human
cells may have regulatory proteins that facil-
itate hcdk10-20sG2 effect that are not present in
the mouse, thereby leading to this gain of
function by hcdk10-2. Further investigation of
mouse cdk10 and its complexes will help to
elucidate the various roles that this kinase
plays in cells.
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TABLE I. Cell Cycle and Colony Formation Analysis

Cell line Phase Vector cdc2wt cdc2dn mcdk10wt mcdk10dn

Cell cycle analysis
G0-G1 56.7 55.7 55.9 55.8 55.2

U2OS S 37.7 39.4 31.4 38.8 39.1
G2-M 5.6 4.9 12.7 5.8 5.7

G0-G1 57 56.4 55.8 56.2 57.3
NIH3T3 S 34.8 36.3 30.2 35.4 35.2

G2-M 8.2 7.3 14 8.4 7.5

G0-G1 57.2 55.8 55.1 54.6 56.9
L929 S 37.4 38.5 31.1 38.7 37.8

G2-M 5.4 5.7 13.8 6.7 5.3
Colony formation analysis

U2OS 297 290 108 309 288
NIH3T3 289 301 126 292 281
L929 278 267 155 311 285

Percentages of cell inG0-G1,S,G2-Mphases of the cell cycle and thevalues of the colonynumberare shown.
Averages of duplicates from three independent experiments. SD <5%.
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