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Several mammalian forkhead transcription factors have been
shown to impact on cell cycle regulation and are themselves linked
to cell cycle control systems. Here we have investigated the little
studied mammalian forkhead transcription factor FOXK2 and
demonstrate that it is subject to control by cell cycle-regulated pro-
tein kinases. FOXK2 exhibits a periodic rise in its phosphorylation
levels during the cell cycle, with hyperphosphorylation occurring
in mitotic cells. Hyperphosphorylation occurs in a cyclin-depen-
dent kinase (CDK)-cyclin-dependent manner with CDK1-cyclin B
as the major kinase complex, although CDK2 and cyclin A also
appear to be important. We have mapped two CDK phosphoryla-
tion sites, serines 368 and 423, which play a role in defining FOXK2
function through regulating its stability and its activity as a tran-
scriptional repressor protein. These two CDK sites appear vital for
FOXK?2 function because expression of a mutant lacking these sites
cannot be tolerated and causes apoptosis.

The forkhead transcription factors are an evolutionarily con-
served family of proteins that can be found in organisms rang-
ing from yeasts through to humans (reviewed in Refs. 1 and 2).
There are more than 40 different human forkhead transcription
factors. All forkhead transcription factors contain the forkhead
winged helix DNA binding domain but can be further sub-
grouped according to the presence of additional domains and
overall sequence conservation. One such subfamily contains
FOXK1 and FOXK2, which both possess an FHA® domain in
addition to a highly conserved forkhead DNA binding domain.

Forkhead transcription factors control a wide range of cellu-
lar processes, and many have been shown to have developmen-
tal roles (reviewed in Ref. 2) and be deregulated in cancer
(reviewed in Ref. 3). However, one fundamental process that is
controlled by forkhead transcription factors is the cell cycle.
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This was first elucidated in Saccharomyces cerevisiae, where the
forkhead proteins Fkh1p and Fkh2p were shown to play a key
role in the periodic control of gene expression at the G,-M
phase of the cell cycle (4-7). Since then, forkhead transcription
factors have been associated with controlling transcription dur-
ing M-G, in Schizosaccharomyces pombe (8, 9) and more
recently linked to cell cycle transcription in mammalian sys-
tems (reviewed in Refs. 10 and 11). Members of the FOXO
subfamily have been linked to both G;-S (12) and G,-M control
(13) (reviewed in Ref. 10), whereas FOXM1 has been associated
mainly with controlling gene expression at the G,-M boundary
(reviewed in Refs. 11 and 14).

In addition to their role in regulating transcription during the
cell cycle, forkhead transcription factors have themselves been
shown to be controlled by components of the core cell cycle
regulatory machinery, including cell cycle-regulated kinases. In
S. cerevisiae, Fkh2p is a target for CDK-cyclin B-type kinases,
and this triggers its activation (15). Furthermore, Fkh2p
recruits the coactivator Ndd1p through a phosphodependent
interaction with its FHA domain. This interaction is triggered
by CDK-cyclin B-dependent phosphorylation of Ndd1p (16,
17). Further activation of this complex is then achieved through
phosphorylation of Ndd1p by the polo kinase Cdc5p (18). In
mammalian cells, FOXM1 appears to play a role analogous to
that of Fkh2p in controlling G,-M transcription and is activated
in a similar manner by a combination of CDK-cyclin complexes
(19-21) and the polo kinase Plk-1 (22), which converge on
FOXM1 rather than also targeting a co-activator protein.
Moreover, FOXO transcription factors have also been shown to
be targets of CDK-cyclin kinases, demonstrating the wide-
spread nature of connections between cell cycle regulatory
kinases and forkhead transcription factors (reviewed in Ref. 10).

FOXK1 and FOXK2 have domain structures that resemble
yeast Fkh2p in that they all contain a FHA domain. However,
little is known about FOXK2 and its regulatory activities, other
than its initial discovery as a regulator of /L-2 transcription (23).
The mouse FOXK1 homologue, MNF, has been linked to cell
cycle control because its loss in myogenic stem cells causes
proliferative defects (24), in part through up-regulation of p21
expression (25). More recently, FOXK1 has also been linked to
SRE-dependent gene regulation, which shows parallels with the
interactions between yeast Fkh2p and the SRF-like protein
Mcmlp (26).

Here, we have investigated the potential role of FOXK2 in the
cell cycle. We demonstrate that FOXK2 is phosphorylated in a
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cell cycle-dependent manner. This phosphorylation peaks dur-
ing M phase and is mediated by CDK-cyclin complexes. We
have identified two sites of modification that play a role in con-
trolling the activity of FOXK2. Our results therefore indicate
that FOXK2 is linked to the cell cycle regulatory machinery.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—The following plasmids were used in
mammalian cell transfections. pCH110 (Amersham Bio-
sciences) and p2l-luc (kindly provided by Neil Perkins).
pAS2252 (pCMV-driven construct encoding full-length FLAG-
tagged human FOXK2) was constructed by a three-step proce-
dure. The Ncol/Bglll fragment of pAS1191 (Gal-FOXK2,
kindly provided by Richard Goodman (27)) was first ligated into
the same sites in the pBs-based vector pAS728 to create
pAS1199. Next, a Bglll/Xbal-cleaved PCR fragment (primer
pair ADS1303/ADS1304 with pAS1191 as a template) was
ligated into the same sites in pAS1199, creating pAS2251. The
Kpnl/Xbal full-length encoding the FLAG-tagged FOXK2 frag-
ment of pAS2251 was then ligated into pCMV5 using Kpnl/
Xbal to create pAS2252. pAS1424 (encoding FOXK2(S368A/
S423A)) was constructed by a two-step QuikChange
mutagenesis strategy (Stratagene) using the primer-tem-
plate combinations ADS1716/ADS1717-pAS2252 to create
pAS1422 (encoding FOXK2(S368A)) and then ADS1718/
ADS1719-pAS1422. Similarly, pAS2550 (encoding FOXK2-
(S368D/S423D)) was constructed using primer-template com-
binations of ADS2372/ADS2373-pAS2252 to create pAS2549
(encoding FOXK2(S368D)) and then ADS2374/ADS2375:
pAS2549.

The plasmids used for creating stable cell lines with inducible
GFP-FOXK?2 fusions, pAS1430 and pAS1431 (encoding N-ter-
minal EGFP-tagged FOXK2(WT) or FOXK2(S368A/S423A),
respectively) were constructed by a two-step procedure.
First, the Nhel (Klenow blunt-ended)/Xbal fragments from
pAS2516 or pAS2520 (encoding EGFP-FOXK2(WT) or EGFP-
FOXK2(S368A/S423A)) were cloned into the Smal and Xbal
sites in pUC19 (New England Biolabs) to create pAS1432 or
pAS1433, respectively. Next, the Kpnl/Sall fragments from
pAS1432 or pAS1433 were ligated into the Kpnl and Xhol sites
in pCDNA5-FRT/TO (Invitrogen) to create pAS1430 and
pAS1431, respectively. For creating stable cell lines with His
and triple FLAG-tagged FOXK2, pAS2523 was constructed by
inserting full-length FOXK2 amplified from pAS2252 by PCR
using ADS1305 (5'-GCATGGATCCATGGCGGCGGCCGC-
GGCGGCGCTC-3') and ADS2037 (5'-GGCTGCGTCGACG-
TTCTGGACACCCTTTTCCCTTAC-3') followed by BamHI
and Sall digestion into the same sites in pBRIT-LoxP-CTAP
(kindly provided by M. Rudnicki) (28).

For bacterial expression, pGEX-FOXK2(189 - 660), encod-
ing the C-terminal part of FOXK2, was created by direct
cloning of the Ncol/Sacl fragment from pAS2251 into
pGEX-KG (pAS363) to create pAS2195. pGEX-FOXK2-
(189-660)(T389A) (pAS2648), pGEX-FOXK2(189-660)-
(S398A) (pAS2649), and pGEX-FOXK2(189-660)(T389A/
S398A) (pAS2650) containing mutations in the Ser/Thr phos-
phorylation sites, were made by QuikChange mutagenesis
using the primer-template combinations ADS1667/1668:
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pAS2195, ADS1669/1670-pAS2195, and ADS1669/1670-
pAS2648, respectively. Similarly, further mutants were created,
pGEX-FOXK2(189-660)(S423A) (pAS2646) and pGEX-
FOXK2(189-660)(S368A/S423A) (pAS2647) wusing the
primer-template combinations ADS1718/1719-pAS2195 and
ADS1716/1717-pAS2646.

Tissue Culture, Flow Cytometry, Cell Transfection, Reporter
Gene Assays, RT-PCR, and RNA Interference—HEK293 and
U20S cells were grown in DMEM supplemented with 10% fetal
bovine serum. To construct HeLa cell lines inducibly express-
ing EGFP-FOXK2 derivatives, pAS1430 and pAS1431 vectors
were cotransfected with the Flp recombinase encoding plasmid
pOG44 (Invitrogen) into Flp-in TRex tetracycline transactiva-
tor HeLa cells (kindly provided by Stephen Taylor). Hygromy-
cin-resistant colonies were pooled and expanded, and the
transgene expression was induced with 1 ug/ml doxycycline
(Sigma). To construct U20S cell lines stably expressing EGFP-
FOXXK?2 derivatives, pAS2516 and pAS2520 vectors were trans-
fected into U20S cells and subjected to selective pressure using
neomycin. Single cells were then expanded into colonies to gen-
erate individual clonal cell lines. To construct U20S cell lines
stably expressing His-FLAG-tagged FOXK2 (U20S-FOXK2-
HF cells) or empty vector control (U20S(HF) cells), the retro-
viral vector pAS2523 and pBRIT-LoxP-CTAP vectors were
transfected into Phenix amphotropic packaging cells (Orbi-
gen), and U20S cells were infected by produced retrovirus and
subjected to selective pressure using 1.5 ug/ml puromycin. Sin-
gle cells were then expanded into colonies to generate individ-
ual clonal cell lines. Clonal line 16 was subsequently used
because it expressed levels of epitope-tagged FOXK2 similar to
those of endogenous FOXK2.

For cell cycle analysis, cells were synchronized at different
times during the cell cycle by serum starvation for 24-72 h (G,
arrest), hydroxyurea (5 mm) or mimosine (50 wmol) (early S
phase arrest) for 24—40 h, or nocodazole (100 ng/ml) for 16 h
(G,-M). Nocodazole-treated cells were further divided into
adherent cells (G,) and loosely adherent “shake off” cells (M
phase). The CDK inhibitors were added 30 min before harvest-
ing (roscovitine, 25 uMm; purvalanol A, 10 uM; alsterpaullone
10 um).

For flow cytometry, U20S cells were fixed in 70% cold etha-
nol for a minimum of 30 min. The DNA was stained by treat-
ment with 50 ug of propidium iodide and 50 ug of RNase A in
a total volume of 400 ul of PBS and incubated at 37 °C for 30
min. Samples were examined on a CYAN-Calibur flow cytom-
eter, and data were analyzed using the ModFit software
(ModFit LT).

Transfections were performed with Polyfect (Qiagen) for
HEK293 cells, Fugene HD (Roche Applied Science) for HeLa
cells, and either reagent for U20S cells according to the man-
ufacturers’ instructions. For reporter gene assays, typically 0.2
pg of reporter plasmid and 10 ng of pCH110 were co-trans-
fected with 0—0.1 ug of expression plasmids. Cell extracts were
prepared, and equal amounts of protein were used in luciferase
and B-galactosidase assays as described previously with the
exception of smaller sample and buffer volumes appropriate for
use of the Orion microplate reader (Berthold Detection Sys-
tems) (29).
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Real-time RT-PCR was carried out as described previously
(26). The following primer pairs were used for RT-PCR
experiments: CLNB1, ADS1728 (5'-GGCCAAAATGCC-
TATGAAGA-3") and ADS1729 (5'-AGATGTTTCCATTGG-
GCTTG-3'); FOXK2, ADS1745 (5'-GCTGACAACTCACAG-
CCTGA-3') and ADS1746 (5'-TCCGCAGTCCTGTAGTA-
GGG-3'); and 18 S internal control, ADS4005 (5'-TCAAGAA-
CGAAAGTCGGAGGTT-3") and ADS4006 (5'-GGACA-
TCTAAGGGCATCACAG-3').

SMARTpool siRNA duplexes against GAPDH, CDKI,
CDK2, CLNA, CLNB were purchased from Dharmacon. To
carry out RNA interference (RNAI), transfections were per-
formed using Lipofectamine™ RNAiMAX transfection rea-
gent (Invitrogen) according to the manufacturer’s instructions.

ChIP Analysis—ChlIP analysis was performed as described
previously (30). Briefly, for each ChIP experiment, 1-2 X 10°
U20S cells were cross-linked with 1% formaldehyde for 10 min
at room temperature, harvested, and rinsed with 1X PBS. Cell
nuclei were isolated, pelleted, and sonicated. DNA fragments
were enriched by immunoprecipitation using anti-FLAG anti-
body (F3165, Sigma-Aldrich). After heat reversal of the cross-
links, the enriched DNA was purified and analyzed by real-time
PCR using the primer pair ADS2383 (5'-ATCAGAACTGC-
CCTCCAGTG-3') and ADS2384 (5'-CGGCGATGTCTT-
TATGGAGT-3’) for amplifying a FOXK2 binding region in the
MCM3 promoter.

Fluorescence Microscopy—U20S cells were fixed with 4%
paraformaldehyde, and the following antibodies were used:
anti-FOXK2 (1:100, ILF1, ab5298, Abcam) and an FITC-labeled
secondary rabbit anti-goat antibody (Zymed Laboratories Inc.).
Cells were mounted employing a combined nuclear stain
method (DAPI, Vectashield). Images were obtained with an
OlympusBX51 upright microscope using a X100/0.30 Plan Fln
objective attached to a CCD Coolsnap-ES camera (Photomet-
rics). Specific band pass filter sets for DAPI and FITC were used
to prevent bleed-through from one channel to the next. Images
were then processed and analyzed using Image] (available from
the National Institutes of Health Web site). Confocal micros-
copy was analyzed using a Leica Microsystems (Mannheim,
Germany) TCS SP2 confocal laser-scanning microscope.

For time-lapse imaging, 20,000 inducible HeLa cells express-
ing EGFP-FOXK2 (WT) were seeded into 24-well glass bottom
plates and then induced by 1 ug/ml doxycycline for 24 h. Live
cell images were taken every 5 min for 24 h using a Leica
ASMDW work station. The microscope setup consisted of an
inverted microscope (DMIRE2) and multipoint time lapse stage
controlled by ASMDW software. The deconvoluted images
were edited by Image] software or processed to AVI movies by
ASMDW software (Adobe, San Jose, CA).

Apoptosis was measured by detecting the presence of the
active cleaved form of caspase 3. U20S cells (10° cells/24-mm-
diameter dish) cultured on glass coverslips were transiently
transfected as described above. 24 h after transfection, the cells
were washed, fixed with 4% paraformaldehyde, permeabilized
with 0.1% Triton X-100, and blocked with 1% BSA for 30 min.
The cells were incubated for 60 min with rabbit polyclonal anti-
body against cleaved caspase 3 (1:200; 9661S, Cell Signaling
Technology). The cells were then washed and incubated with

35730 JOURNAL OF BIOLOGICAL CHEMISTRY

Alexa Fluro594-conjugated anti-rabbit IgG (1:250; A11012,
Invitrogen). The cell nuclei were counterstained, and fluores-
cence was examined as described above. The results presented
are representative of at least three experiments.

Western Blot, Immunoprecipitation, and GST Pull-down
Analysis—Western blotting was carried out with the pri-
mary antibodies, FOXK2 (ab5298, Abcam), GAPDH (ab9485,
Abcam), antibodies supplied by Santa Cruz Biotechnology
(cyclin E (sc-247), CLNA (sc-751), CLNB1 (sc-245), CDK2 (sc-
163), CDK1 (sc-54), and ERK2 (sc-154)) and FLAG (F3165,
Sigma-Aldrich), essentially as described previously (26). Rabbit
polyclonal anti-phospho-Ser®*® FOXK2 antibody was gener-
ated by Eurogentec and was raised in rabbits injected with a
synthetic phosphopeptide corresponding to amino acids 360 —
373 of human FOXK2 (SSRSAPApSPNHAG). For demonstrat-
ing phosphorylation-dependent mobility shifts on Western
blots, 10 ug of total protein from cell lysates were treated with
20 units of A-phosphatase for 30 —50 min at 37 °C prior to load-
ing on a gel. To analyze protein stability, the protein synthesis
inhibitor cycloheximide (50 pg/ml) was added to cells for the
times indicated in the figure legends. Protein levels were ana-
lyzed by Western analysis and quantified using Bio-Rad Quan-
tity One software.

For immunoprecipitation, cells were washed twice with ice-
cold phosphate-buffered saline and then lysed in buffer con-
taining 20 mm Tris, pH 7.4, 137 mm NaCl, 25 mm B-glycero-
phosphate, 2 mm sodium pyrophosphate, 2 mm EDTA, 1%
Triton X-100, 10% glycerol, 1 mm sodium orthovanadate, and
protease inhibitor mixture (Roche Applied Science). Lysates
were centrifuged at 14,000 X g for 20 min to remove insoluble
material. FOXK2 proteins were immunoprecipitated from
lysates by incubation with FOXK2 antibodies and protein
G-Sepharose beads (Amersham Biosciences) for 3 h at 4 °C.
Beads were washed four times in lysis buffer, and bound pro-
teins were eluted by adding SDS loading buffer. GST pull-down
analysis was performed essentially as described previously
(31) with purified bacterially expressed recombinant GST-
FOXK2(189 - 660) and whole cell extracts of U20S cells.

In Vitro Kinase Assays—In vitro kinase assays were carried
out using recombinant GST-FOXK2 proteins purified from
bacteria and either recombinant CDK-cyclin complexes puri-
fied from overexpressing baculovirus-infected insect cells (Fig.
4, B and D) or from commercial sources (Figs. 4E and 5B)
(CDKI1-CLNB and CDK2-CLNA, Upstate Biotechnology, Inc.).
Assays were generally performed in k-buffer (50 mm Tris-Cl,
pH 7.5, 10 mm MgCl,, 1 mm DTT, 100 um ATP) as described
previously (32) with 1 ug of substrate and 1 unit/50 ng kinase
for 30 min at 30 °C. Phosphorylated forms were either detected
by incorporating radioactive phosphate from [y->P]ATP,
Western blotting with anti-phosphospecific antibodies, or
mass spectrometry.

Identification of Phosphorylation by Mass Spectrometry—En-
zymatic in-gel digestion with trypsin followed by nano-LC-
MS/MS analysis was performed as described previously (33). In
brief, excised protein bands were washed with 50% (v/v) aceto-
nitrile in 25 mm ammonium bicarbonate, shrunk by dehydra-
tion in acetonitrile, and dried in a vacuum centrifuge. The dried
gel pieces were incubated with 50 ng of trypsin (sequencing
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FIGURE 1. FOXK2 expression during the cell cycle. A, Western blot analysis of FOXK2 expression levels in the
indicated cell types. FOXK2 and ERK2 expression were detected by immunoblot (/B) with the indicated anti-
bodies. B, real-time RT-PCR analysis of FOXK2 and CLNB1 expression in U20S cells synchronized in nocodazole
(Noc) and released for the indicated times. Experiments were performed in duplicate, and the data are the
average of two independent experiments. C, Western blot analysis of FOXK2 expression U20S cells synchro-
nized in nocodazole and released for the indicated times. The expression of endogenous FOXK2, cyclin E
(CLNE), CLNB, and GAPDH (loading control) was determined by immunoblot. DNA content profiles of cells at
the indicated time points determined by propidium iodide (PI) staining and approximate cell cycle stages are
shown in the panel below. D, immunoblot of FOXK2 after A-phosphatase (A-Pase) treatment of cell lysates from
the indicated time points after nocodazole release. Bands corresponding to phosphorylated (P-FOXK2) and

non-phosphorylated FOXK2 are indicated.

grade; Promega, Madison, W1I) in 20 ul of 50 mM ammonium
bicarbonate at 37 °C overnight. To extract the peptides, 20 ul of
0.5% (v/v) trifluoroacetic acid (TFA) in acetonitrile was added,
and the separated liquid was taken to dryness under vacuum.
For MS analysis, the peptide mixture was dissolved in 6 ul of
0.1% TFA in acetonitrile/water (5:95, v/v). MS and tandem MS
(MS/MS) experiments were performed on a quadrupole time-
of-flight mass spectrometer, Q-Tof Ultima (Micromass,
Manchester, UK). A Micromass CapLC liquid chromatography
system was used to deliver the peptide solution to the electro-
spray source. The sample was injected, and peptides were sep-
arated using an analytical column (Atlantis dC18, 3 wm, 100 A,
150 mm X 75-um inner diameter; Waters GmbH, Eschborn,
Germany) at an eluent flow rate of 150 nl/min. Mobile phase A
was 0.1% formic acid (v/v) in acetonitrile/water (5:95, v/v), and
B was 0.1% formic acid in acetonitrile/water (8:2, v/v). Runs
were performed using a gradient of 4-50% B in 90 min. Data-
dependent acquisition (survey scanning) was performed using
one MS scan followed by MS/MS scans of the most abundant
peak. The MS survey range was m1/z 300 —1500, and the MS/MS
range was m/z 100-1999. Data analysis was performed by use
of MassLynx software (Micromass-Waters). The processed
MS/MS spectra and MASCOT server version 2.0 (Matrix Sci-
ence Ltd., London, UK) were used to search in house against a
protein data base containing the FOXK2 sequence. A maxi-
mum of three missed cleavages was allowed, and the mass tol-
erance of the precursor and sequence ions was set to 100 ppm
and 0.1 Da, respectively. The search includes variable modifi-
cations of cysteine with acrylamide, methionine oxidation, and
phosphorylation of serine, threonine, or tyrosine. To identify
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including human U20S osteosar-
coma cells (Fig. 14). We focused on
U20S cells and examined FOXK2
mRNA levels in cells released from a
nocodazole-induced cell cycle block
in G,-M phase. Little change in
FOXK2 mRNA levels was seen dur-
ing the subsequent cell cycle,
although CLNBI levels fluctuated in
the expected manner, with high lev-
els in cells in the G,-M phase (Fig. 1B). Next, we examined
endogenous FOXK2 protein levels in nocodazole-synchronized
U20S cells. In these cells, FOXK2 migrates as two prominent
bands in G,-M phase (Fig. 1C, lane I). The upper band becomes
more prominent 4 h after release, but this reverts to a faster
mobility band after 8—12 h as cells begin to accumulate in G,
phase (Fig. 1C, lanes 3 and 4). A transient reduction in protein
levels is then observed as cells pass through G,-S (Fig. 1C, lanes
5 and 6). The change in mobility of the bands corresponding to
FOXK?2 is indicative of potential phosphorylation changes. We
therefore treated samples from the 0 and 4 h time points with
A-phosphatase and monitored the mobility of the FOXK2 pro-
teins. In both cases, the upper slower mobility band was lost,
and a single higher mobility band was obtained (Fig. 1D),
thereby demonstrating that the upper band did indeed corre-
spond to a phosphorylated form of FOXK2.

FOXK?2 is therefore continually expressed through the cell
cycle, but it is regulated at the protein level. In particular, the
levels of FOXK2 phosphorylation fluctuate during the cell
cycle.

FOXK?2 Localization in the Cell Cycle—Because several FOX
transcription factors change their localization during the cell
cycle (reviewed in Refs. 10 and 11), we determined the subcel-
lular localization of endogenous FOXK2. FOXK2 is found in the
nucleus of the majority of asynchronously growing U20S cells,
and this does not change overtly through the cell cycle (Fig. 24)
(data not shown). However, in cells that had apparently just
undergone cell division, the FOXK2 and DNA localization pat-
terns did not completely overlap (Fig. 24, arrows). To further
investigate this phenomenon, we created stable HeLa cell lines
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FIGURE 2. Localization of FOXK2 in the cell cycle. A, localization of endogenous FOXK2 in asynchronously
(Asy) growing U20S cells. Cells were stained to detect endogenous FOXK2 (green) and DNA (blue). Whole cells
are shown in brightfield detections in the first panels. The arrowheads indicate cells where DNA and FOXK2
localization do not completely overlap. Band C, localization of FOXK2 throughout the mitotic cell cycle in HeLa
cells. B,images chosen from time lapse images of live, logarithmically growing HeLa cells inducibly expressing
EGFP-FOXK2 (see supplemental Movie 1). Whole cells are shown in brightfield detections in the first panels.
C, images from fixed cells imaged using confocal microscopy. GFP-FOXK2 (green), DNA (DAPI stain; blue), and
merged images are shown. D, ChIP analysis of FOXK2 binding to the MCM3 promoter in asynchronous cell
populations or mitotic cells (M phase) using anti-FLAG antibodies in the U20S(FOXK2-HF) or control U20S(HF)
celllines. Data are shown relative to levels in asynchronous cell populations in control U20S(HF) cells (taken as

1). Error bars, S.E.

that inducibly express EGFP-tagged FOXK2 and monitored
the localization of EGFP-FOXK2 over a 24-h period (supple-
mental Movie 1). Generally, FOXK2 appears to be located in
the nucleus, but as cells divide and the nuclear envelope
breaks down, FOXK2 becomes dispersed throughout the cell
and then reappears in the nucleus following cytokinesis (Fig.
2B and supplemental Movie 1). Interestingly, confocal anal-
ysis showed a relocalization of FOXK2 away from the DNA
during mitosis, which is most clearly seen in cells going
through anaphase and telophase (Fig. 2C). FOXK2 then relo-
calizes with the DNA following cytokinesis (Fig. 2C). This is
in contrast to the continual association of another forkhead
transcription factor, FoxI1l, with DNA, even during telo-
phase (34).

To further examine the exclusion of FOXK2 from DNA dur-
ing mitosis, we performed ChIP analysis on a FOXK2 target
gene, MCMa3, identified by ChIP-chip analysis using a stably
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transfected U20S cell line express-
ing FLAG-tagged FOXK2.* Binding
of FOXK2 to this target gene could
be detected in asynchronously
growing cells, but binding levels
decreased markedly in mitotic cells
isolated by shake off from nocoda-
zole-treated populations (Fig. 2D).
Little binding to the MCM3 gene
locus was seen in control cells lack-
ing an epitope-tagged version of
FOXK2. FOXK?2 is therefore pre-
dominantly localized to the nucleus
with little evidence for cytoplasmic
localization during the cell cycle,
although during mitosis it is tran-
siently excluded from the DNA.

Cell Cycle-dependent FOXK2 Phos-
phorylation—Nocodazole-treated cells
arrest in both G, and M phases. To
establish more precisely where
FOXK2 becomes maximally phos-
phorylated, we isolated M phase
cells by mitotic shake off following
nocodazole treatment. Although
cellsin G, contained a small amount
of the upper band corresponding to
phosphorylated FOXK2 protein, M
phase cells exclusively contained
this hyperphosphorylated form
(Fig. 3A). As an alternative method
of cell cycle synchronization, we
used mimosine, which blocks pro-
gression through S phase. Little
FOXK2 phosphorylation was seen
upon release from a mimosine
block, until cells began to accumu-
late in G, and M phases, when a
slow mobility upper FOXK2 band
was observed (Fig. 3, B and C).
Again, this lower mobility band was
demonstrated to be a phosphorylated form by treatment with
A-phosphatase (Fig. 3D). Hence, these experiments confirm
that FOXK2 is phosphorylated during the late cell cycle stages
and more precisely define maximal phosphorylation occurring
during mitosis.

CDK-cyclin-dependent FOXK2 Phosphorylation—The major-
ity of cell cycle-dependent phosphorylation events have been
attributed to cyclin-dependent kinase activity (reviewed in Ref.
35). To determine whether this is the case for FOXK2, we first
treated cells with two different CDK inhibitors, purvalanol A
and alsterpaullone, and monitored FOXK2 phosphorylation
events. Treatment with either CDK inhibitor caused a reduc-
tion in the generation of the lower mobility phosphorylated
form of FOXK2 in nocodazole-treated cells (Fig. 44, top, lanes
4-6).

00 U20S(HF)
M U20S(FOXK2-HF)

DAPI
(DNA)

merged

4Z.Jiand A. D. Sharrocks, unpublished data.
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FIGURE 3. Cell cycle-dependent FOXK2 phosphorylation. A, Western blot
analysis of FOXK2 during G, and M phases. Nocodazole-synchronized mitotic
U20S cells were spilt into attached cells (G,) and mitotic cells (M) by mitotic
shake off, and FOXK2 protein expression was compared with asynchronously
growing cells (Asy). Protein bands corresponding to non-phosphorylated and
phosphorylated FOXK2 (P-FOXK2) are indicated by arrows. Immunoblot was
performed with the indicated antibodies. B and C, U20S cells were synchro-
nized with mimosine and released for the indicated times. The expression of
endogenous FOXK2 and GAPDH were detected by immunoblot (/B) (B), and
DNA content was analyzed (C). D, cell lysates from the indicated time points
were treated with A-phosphatase (A-Pase) and probed for FOXK2 and GAPDH
levels by Western blot analysis. mim, mimosine.

To establish more clearly which CDK:cyclin complex might
be acting on FOXK2, we used an siRNA approach to selectively
deplete individual CDKs or cyclins. We focused on CDK2 and
cyclins A and B1 because these cyclins have been shown to
function during G, and M phases (reviewed in Ref. 36). Deple-
tion of either one of these cyclins caused a loss of the upper
phosphorylated form of FOXK2 in nocodazole-treated cells
(Fig. 4B, lanes 11 and 12). However, depletion of CDK2 caused
only partial loss of FOXK2 phosphorylation (Fig. 4B, lane 10),
suggesting the involvement of additional CDKs. Indeed, deple-
tion of CDK1 resulted in a more substantial loss of FOXK2
phosphorylation (see Fig. 6F, first panel, lanes 3 and 4). To
ensure that the effects of the siRNAs could be attributed
directly to phosphorylation of FOXK2 rather than an indirect
effect caused by arresting the cell cycle prior to mitotic entry,
we examined the cell cycle profiles of siRNA-treated cells. Little
effect on the percentage of cells in the G,/M population was
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FIGURE 4. CDK-cyclin-dependent FOXK2 phosphorylation. A, U20S cells
were grown asynchronously (Asy) or in the presence of nocodazole (Noc) for
16 h and either left untreated or treated with 10 um purvalanol A (PuA) or
alsterpaullone (Alst) for 30 min before harvesting. Cell lysates were subjected
to immunoprecipitation (IP) using anti-FOXK2 antibody followed by immu-
noblot (/B) with FOXK2 antibody. B, U20S cells were transfected with siRNA
duplexes against GAPDH, CDK2, cyclin A, or cyclin B where indicated. 30 h
after transfection, cells were grown in the presence (Noc) or absence (Asy) of
nocodazole for 16 h before harvesting. The expression of FOXK2, cyclin B,
cyclin A, CDK2, and GAPDH was detected by Western analysis. C, cell cycle
profiles of U20S cells following treatment with the indicated siRNA con-
structs for 30 h prior to afurther 16-h incubation in the presence or absence of
nocodazole.

seen in either asynchronous or nocodazole-treated cell popula-
tions upon siRNA-mediated depletion of individual CDKs and
cyclins (Fig. 4C), making it unlikely that the effects of
CDK-cyclin depletion on FOXK2 phosphorylation were indi-
rect. Indeed, this is reinforced by our CDK inhibitor studies,
where cells were allowed to accumulate in G,/M before adding
the inhibitors. Together, these results therefore demonstrate
that CDK-cyclin complexes, in particular in combination with
CLNA or CLNB, are important for generating the hyperphos-
phorylated form of FOXK2 at G,-M.

Ser®® and Ser™® Are Phosphorylated by CDK-CLNA in Vitro—
To identify whether CDK-cyclin complexes could directly
phosphorylate FOXK2 and to identify potential phosphoryla-
tion sites, we carried out in vitro kinase assays using recombi-
nant kinase complexes and a GST-FOXK?2 fusion protein. We
focused on the C-terminal part of FOXK2 (amino acids 189 —
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660) because this contains the majority of the potential CDK
phosphorylation sites corresponding to SP or TP motifs. The
CDK2-CLNA complex could efficiently phosphorylate FOXK2
(Fig. 5B, lanes 2 and 3), but little phosphorylation was observed
with CDK2-cyclin E kinase, despite this kinase efficiently phos-
phorylating a control histone H1 substrate (Fig. 5B, lane 1).
This suggested that CDK:CLNA complexes might bind to
FOXK2, and this was confirmed using a GST pull-down assay
(Fig. 5C). Because CLNB depletion also causes a loss of FOXK2
phosphorylation in vivo (Fig. 4), we also compared the ability of
CDK1-CLNB with that of CDK2:CLNA to phosphorylate
FOXK2(189-660) in vitro. Both kinase complexes phosphor-
ylated FOXK2 with similar efficiencies (Fig. 5D).

Mass spectrometry was then used to identify the sites of
CDK-cyclin phosphorylation in vitro. Because CDK2:CLNA
was the most active kinase against FOXK2 that we initially
tested, we used this kinase to produce phosphorylated FOXK2
for mass spectrometry analysis. The mass spectra of the tryptic
digest revealed a distinct triply charged mass peak at 71/z 899.41
and m/z 755.05 corresponding to the phosphorylated tryptic
sequences ***SAPASPNHAGVLSAHSSGAQTPESLSR?**° and
*1SFAQSAPGSPLSSQPVLITVQR*®®, respectively. MS/MS
spectra of the phosphorylated peptides 364 -390 and 416 —436
(Fig. 5E and supplemental Fig. 1) show fragment ions that
clearly confirm the presence of tryptic peptides containing
phosphorylation at Ser®*® and Ser*?®. To establish the relative
contribution of these two sites to FOXK2 phosphorylation, we
mutated these two amino acids along with two other evolution-
arily conserved potential CDK sites, threonine 389 and serine
398, and tested the resulting proteins as CDK2:CLNA sub-
strates (Fig. 5F). Decreases in phosphorylation efficiency were
seen with the individual T389A, S398A, and S423A mutants.
However, a more substantial loss of phosphorylation was seen
with the double S368A/S423A mutant (Fig. 5E, lane 6), consis-
tent with the identification of these sites by mass spectrometry
analysis. Mutation of S368A alone had only slight effects on
CDK2:CLNA-mediated FOXK2 phosphorylation (data not
shown). Together, these results therefore identify serine 368
and serine 423 in combination as major sites of FOXK2 phos-
phorylation by CDK-CLNA complexes in vitro.

FOXK2 Is Phosphorylated at Serine 368 in Vivo—To establish
whether serine 368 and serine 423 are phosphorylated in vivo,
we first compared the mobility of bands corresponding to wild
type or the S368A/S423A mutant version of FOXK2 in mitotic
cells following nocodazole treatment. A slower mobility band
corresponding to phosphorylated FOXK2 was induced in both
cases, which was inhibited by treatment with the CDK inhibitor
roscovitine (Fig. 6A4). However, the efficiency of generation of
this species was much reduced in the S368A/S423A mutant
(Fig. 6A, compare lanes 2 and 5). This indicates an important
contribution of serine 368 and serine 423 to generating the
hyperphosphorylated FOXK2 species but also suggests that
additional phosphorylation events take place in vivo. Indeed, a
recent global proteomic study indicated that FOXK2 is phos-
phorylated at Ser*?® but in addition at Ser®** in mitotic cells
(37).

To provide more definitive proof of CDK-mediated FOXK2
phosphorylation in vivo, we generated a phosphospecific anti-
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FIGURE 5. Mapping CDK:-cyclin complex phosphorylation sites in FOXK2 in
vitro. A, schematic of the FOXK2 domain structure and the GST-FOXK2(189 - 660)
construct used in in vitro assays. The conserved FHA and forkhead domains (FOX)
are shaded in gray; highly conserved regions are marked in black. B, in vitro kinase
assay with the indicated cyclin-CDK complexes and FOXK2(189-660) (top) and
histone H1 (bottom) substrates. Phosphorylated products were detected by
autoradiography. Truncated fragments of FOXK2(189-660) are marked with
asterisks. C,GST pull-down assay using GST or GST-FOXK2(189 -660) and total cell
extracts from U20S cells. CLNA and CDK2 were detected by immunoblot. 10%
input is shown. D, in vitro kinase assay with the indicated cyclin-CDK complexes
and FOXK2(189-660) and histone H1 substrates. Phosphorylated products were
detected by autoradiography (top), and input substrate proteins were detected
by Coomassie staining (bottom). Truncated fragments of FOXK2(189-660) are
marked with asterisks. E, phosphorylated peptides by mass spectrometry. Phos-
phorylated serine residues are boxed. F, in vitro kinase assay with the indicated
GST-FOXK2 substrates and CDK2-CLNA. Phosphorylation was detected by phos-
phorimaging (top), and total FOXK2 levels were detected by Coomassie staining
(bottom).
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FIGURE 6. FOXK2 is phosphorylated by CDK-cyclin complexes at serine 368 in vivo. A, gel mobility shifts in the
migration of WT and phosphodeficient mutant S368A/S423A GFP-FOXK2 proteins. FOXK2 expression was induced
by doxycycline treatment of stably transfected HeLa cells. Cells were grown in the presence or absence of nocoda-
zole (Noc) for 16 h and treated with or without roscovitin (Rosc) for 2 h before harvesting. Cell lysates were subjected
toimmunoprecipitation (/P) using anti-FOXK2 antibody followed by immunoblot (IB) with FOXK2 antibody. B, in vitro
kinase assays using GST-FOXK2(189-660) and recombinant CDK1-cyclin B or CDK2-/cyclin A, Western blots (top)
using an anti-phospho-Ser*®® FOXK2 antibody and a Coomassie-stained gel of the samples (bottom) are shown. The
asterisks represent degradation products. C, Hela cells containing stably integrated doxycycline (dox)-inducible WT
and S368A/S423A mutant forms of EGFP-tagged FOXK2 were either left uninduced (—) or induced (dox) for 24 h.
FOXK2 was isolated by immunoprecipitation with anti-FOXK2 antibody and detected by immunoblot using an
anti-phospho-Ser®®® FOXK2 antibody or anti-FOXK2 antibody. Input levels of FOXK2 and ERK2 were detected by
immunoblot. D, endogenous FOXK2 was isolated by immunoprecipitation from asynchronous (Asy) or U20S cells
synchronized in G,, S, G,, or M phases. Precipitated proteins detected by immunoblot using anti-phospho-Ser®
FOXK2 or FOXK2 antibody and input proteins by directimmunoblot with the indicated antibodies. £, endogenous
FOXK2 phosphorylation was analyzed as in D from asynchronous U20S cells or cells treated with nocodazole for
16 h, with or without purvalanol A (PuA) treatment. Mitotic cells were collected by manual shake off (lanes 3 and 4).
F, U20S cells were transfected with siRNA duplexes against either CDK1 (left) or cyclin B (right) where indicated. 30 h
after transfection, cells were grown in the absence (Asy) or presence (Noc) of nocodazole for 16 h before harvesting.
Cell lysates were analyzed as in D.
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body against serine 368. First, we
tested the specificity of the antibody
for the phosphorylated form of
FOXXK?2 in vitro. Recombinant GST-
FOXK2(189-660) was subjected
to in vitro kinase assays with
CDK1-CLNB or CDK2:CLNA com-
plexes, and the generation of phos-
phorylated serine 368 was deter-
mined by Western blotting. As
expected, CDK2:CLNA was able to
phosphorylate serine 368, however,
CDK1-CLNB was also able to effi-
ciently phosphorylate serine 368, in
keeping with a potential role in
mitotic cells and its ability to phos-
phorylate FOXK2 in vitro (Fig. 6B,
lanes 2 and 3). In contrast, no signal
was detected using the phosphospe-
cific antibody in the absence of
prior CDK-mediated phosphoryla-
tion (Fig. 6B, lane I). As a second
test of antibody specificity, we
examined the phosphorylation sta-
tus of wild-type FOXK2 and a
S368A/S423A mutant form in vivo.
Stable cell lines were created
that contain doxycycline-inducible
EGFP-FOXK2 constructs. Equal
amounts of EGFP-FOXK2 fusion
proteins were produced in both cell
lines (Fig. 6C, top), but phosphory-
lated serine 368 was only detected in
cells expressing wild-type FOXK2
and not in cells expressing the
S368A/S423A mutant version (Fig.
6C, second panel).

Next, we utilized the anti-phos-
pho-Ser®*® antibody to further probe
the CDK-mediated phosphoryla-
tion events impacting FOXK2 in
vivo. First, we blocked cells at vari-
ous points of the cell cycle and ana-
lyzed serine 368 phosphorylation.
Weak phosphorylation was ob-
served throughout the cell cycle, but
a clear enrichment was seen in
mitotic cells (Fig. 6D, top). This cor-
responds to when FOXK2 becomes
hyperphosphorylated and migrates
with slower mobility (Fig. 6D, sec-
ond panel). Interestingly, FOXK2
phosphorylation peaks in mitotic
cells where there are high levels of
CLNB and little CLNA, suggesting
that CLNB might be a relevant
cyclin involved in FOXK2 phos-
phorylation. To probe whether this
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FIGURE 7. Role of CDK phosphorylation sites in FOXK2 stability and transcriptional repression. A and B,
U20S cells were transfected with FLAG-tagged WT, S368A/S423A, or S368D/S423D mutants of FOXK2 for 24 h.
The cells were then treated with cycloheximide (CHX) for the indicated times (A) or for 6 h (B). FOXK2 levels were
detected by immunoblot (/B) using anti-FLAG antibody and normalized against ERK2 levels. Data are the
average of three independent experiments. Error bars, S.E. C, luciferase reporter assay in U20S cells with a p21
promoter-driven luciferase reporter plasmid in the presence of increasing amounts (0, 5, 20, 50, and 100 ng) of
FOXK2(WT) (white bars) or FOXK2(S368D/S423D) (black bars). The data are presented relative to the reporter
activity in the absence of FOXK2 (taken as 1). Data represent the mean of duplicate samples. The levels of
FOXK2 protein expression were determined by immunoblot alongside control ERK2 levels (right).

mitotic phosphorylation event involves CDKs in vivo, we
treated cells with purvalanol A following nocodazole treat-
ment. This CDK inhibitor efficiently blocked the phosphoryla-
tion of serine 368 (Fig. 6E), in keeping with the more general
effects in blocking hyperphosphorylation of FOXK2. Finally, we
probed the role of the CDK1:CLNB complex in phosphory-
lating serine 368 in vivo through siRNA knockdown
approaches. Depletion of either CDK1 (Fig. 6F, lane 4) or
CLNBI (Fig. 6F, lane 8) resulted in a loss of serine 368 phos-
phorylation in mitotic cells. Collectively, these experiments
therefore further provide a link between CDK-cyclin complexes
and FOXK2 phosphorylation in vivo.

FOXK?2 Phosphorylation Promotes Its Degradation and Re-
duced Repressive Activity—One possible mechanism by which
phosphorylation might affect FOXK2 function is in affecting its
stability. We therefore compared the stability of wild-type
FOXK2 with the CDK site mutant version, FOXK2(S368A/
S423A) by blocking protein synthesis with cycloheximide, fol-
lowed by monitoring the decay in protein levels over time.
Wild-type FOXK2 showed a half-life of about 5 h. In contrast,
the FOXK2(S368A/S423A) mutant was stable over this time
period with little loss of protein observed even after 6 h (Fig.
7A). We also tested an additional FOXK2 protein that con-
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not shown). The mutant FOXK2-
(S368A/S423A) protein repressed
transcription to an equivalent level
as the wild-type protein (data not
shown), suggesting that the non-
phosphorylated protein was the
repressive form. Moreover, we also
made a triple mutant, incorporating
the S393A mutation of the potential
CDK phosphorylation site identified by others (37), but incor-
poration of this additional mutation had little effect on the
repressive activity of FOXK2 (data not shown). We therefore
instead compared wild-type FOXK2 and the phosphomimetic
form FOXK2(S368D/S423D) in activating the p21 promoter-
driven reporter construct. In comparison with the wild-type
protein, this form was less repressive under each of the concen-
trations tested (Fig. 7C), although complete loss of repression
was not observed. Importantly, this did not reflect gross
changes in protein expression because steady state levels of pro-
tein were equivalent (Fig. 7C, left). The CDK phosphorylation
sites that we have identified therefore appear functionally
important in controlling FOXK2 stability and its transcrip-
tional repressive activities.

FOXK2(S368A/5423A) Promotes Apoptosis—To establish
whether CDK-mediated FOXK2 phosphorylation plays a role
in cell function, we attempted to make stable U20S cell lines
expressing either wild-type FOXK2 or FOXK2(S368A/S423A).
However, although we were able to readily make clones that
stably expressed EGFP fusions with wild-type FOXK2, we were
unable to make any lines that stably expressed EGEFP-
FOXXK2(S368A/S423A) fusion proteins. Indeed, in the cell lines
that detectably expressed EGFP, the EGFP portion was still
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FIGURE 8. FOXK2(S368A/S423A) promotes apoptosis. A, Western analysis of EGFP-FOXK2 expression in clonal U20S cell lines selected for stable expression

of the indicated WT and mutant (C9, C12, C16, and C17) FOXK2 derivatives.

Fusion proteins were detected by immunoblot (/B) with either FOXK2 or GFP

antibodies. The positions of molecular mass markers (kDa) are shown on the left. The asterisk represents endogenous FOXK2. B, Western analysis of EGFP-
FOXK2 expression in transiently transfected (24 h; left) or stably transfected (10 days; right) pools of U20S cells. C, caspase 3 activity in transiently transfected
U20S cells. The arrows indicate the locations of cells with active caspase 3. Quantification of the data is shown on the right and is the mean of four experiments.

present but contained additional variable length sequences,
none of which corresponded to the full-length EGFP-FOXK2
fusion protein (Fig. 84, lanes 1-4). We repeated this experi-
ment with similar consequences for isolating clonal cell lines;
however, we simultaneously maintained polyclonal cell popu-
lations in selective media and monitored EGFP-FOXK2 levels.
After 10 days of growth, we were still able to readily detect the
expression of the fusion to wild-type FOXK2, but the levels of
EGFP-FOXK2(S368A/S423A) were much reduced (Fig. 8B,
right). In contrast, in transient transfection assays, FOXK2-
(WT)and FOXK2(S368A/S423A) were expressed to equivalent
levels (Fig. 8B, left).

The inability to generate clonal cell lines stably expressing
FOXK2(S368A/S423A) indicated that this mutant protein
might be detrimental to cell growth and survival. We therefore
examined whether FOXK2(S368A/S423A) expression caused
apoptosis and hence eliminated cells expressing this fusion
protein. Few cells expressing EGFP or EGFP-FOXK2(WT) con-
tained the apoptosis marker, active caspase 3. In contrast, sig-
nificantly more cells expressing FOXK2(S368A/S423A) exhib-
ited staining for active caspase 3 (25% of cells compared with
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10% of WT cells) (Fig. 8C). Together, these results point to an
important role for CDK-mediated FOXK2 phosphorylation
because, when this phosphorylation is prevented in the
FOXK2(S368A/S423A) mutant, cell viability is affected and
apoptosis ensues.

DISCUSSION

Several forkhead transcription factors have been associated
with controlling periodic gene expression during the mamma-
lian cell cycle, including FOXM1 and FOXO family members
(reviewed in Refs. 10 and 11). Moreover, both FOXM1 and
FOXO transcription factors act as direct targets for CDK-cyclin
complexes, the key drivers of the cell cycle. Here we have
demonstrated that an additional forkhead transcription factor,
FOXK2, is also subject to regulatory phosphorylation by
CDK:cyclin complexes.

FOXK2 phosphorylation was revealed by the appearance of a
slower mobility species on denaturing gels. Phosphorylation
peaks in mitotic cells, where all of the FOXK2 migrates as a
lower mobility form. In agreement with this, the mitotically
active CDK1-CLNB appears to be the major kinase complex

JOURNAL OF BIOLOGICAL CHEMISTRY 35737



Cell Cycle-dependent Regulation of FOXK2 by CDK-Cyclin

acting on FOXK2 in vivo. Importantly, siRNA knockdown
experiments suggest that CDK2 and CLNA also influence
FOXK2 phosphorylation, indicating that phosphorylation
might be initiated prior to mitosis. In fact, low levels of serine
368 phosphorylation can be seen throughout the cell cycle but
with a distinct peak in mitotic cells. This behavior closely
resembles the sequential integration of CDK1:CLB5 (an S phase
cyclin) and CDK1-CLB2 (a G,-M phase cyclin) on the activity of
the forkhead transcription factor Fkh2p in S. cerevisiae
(15-17).

The large mobility shift in FOXK2 upon phosphorylation
suggests that the slower mobility species probably represents a
hyperphosphorylated form containing multiple phosphoryla-
tion events. Indeed, we have identified two sites, serines 368
and 423, that are targets for CDK-cyclin complexes in vitro and
contribute to phosphorylation and the generation of the slower
mobility species in vivo. However, there are clearly more CDK-
dependent sites phosphorylated in vivo. Whereas CDK inhibi-
tors and CDK:-cyclin knockdown efficiently reduce FOXK2
phosphorylation (Fig. 4), in comparison, FOXK2 phosphoryla-
tion is much less affected in the FOXK2(S368A/S423A) mutant
(Fig. 6A). Importantly, this latter experiment reveals additional
intermediary bands that are indicative of partial phosphoryla-
tion. Thus, serines 368 and 423 are probably contributory
rather than the sole determinants of CDK-mediated phosphor-
ylation of FOXK2. The two CDK-dependent serines identified
in this study were obtained by a combination of in vitro kinase
assay and mass spectrometry, which may not reflect the total
phosphorylation events on FOXK2 in vivo. Indeed, by using
stable isotope labeling along with a two-step strategy for phos-
phopeptide enrichment and high mass accuracy mass spec-
trometry, Ser®*® was identified as an additional phosphoryla-
tion site of FOXK?2 in HeLa cells arrested in the mitotic phase of
the cell cycle (37). However, it remains unknown whether these
sites are directly phosphorylated by CDKs or other kinases acti-
vated during mitosis. Furthermore, although the results in this
paper focus on a C-terminal fragment of FOXK2, we have also
detected phosphorylation of the N-terminal region of FOXK2
by CDK-cyclin complexes in vitro (data not shown). This fur-
ther suggests a multisite phosphorylation mechanism whereby
phosphorylation of different CDK sites would occur over time,
potentially through the activity of different CDK-cyclin com-
plexes, but ultimately result in complete multisite phosphory-
lation at a precise point of the cell cycle (i.e. in mitosis). Such
switchlike mechanisms are operative at other points in the cell
cycle (reviewed in Ref. 38). It is also possible that phosphoryla-
tion of FOXK2 might be important at other times during the
cell cycle because phosphorylation increases in cells blocked
during early S phase (Figs. 3B and 6D) albeit to a lesser extent
than in mitotic cells. Thus, although we clearly show the func-
tional importance of the C-terminal phosphorylation events,
additional regulatory events triggered through alternative
phosphorylation sites will require further investigation.

FOXK?2 seems to function as a transcriptional repressor pro-
tein, and one target appears to be the cell cycle regulator p21. By
using a phosphomimetic version of FOXK2, our data indicate
that one role of phosphorylation is likely to be a reduction in
p21 repression. Because maximal FOXK2 phosphorylation
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occurs during mitosis, this loss of repression might contribute
to increasing p21 levels and thereby enhance the activity of
CDK4-CLND complexes during G, phase. We also find that
phosphorylation of FOXK2 appears to be important in regulat-
ing its stability, with the phosphorylated form being less stable.
FOXK?2 instability is also apparent in cell release from nocoda-
zole block (Fig. 1C), but the timing of this is variable, and we
have been unable to demonstrate this effect with transiently
expressed proteins, most likely due to overexpression (data
not shown). This precludes a comparative analysis of the
FOXK2(S368A/S423A) mutant protein, so we are unable to
make a definitive connection between the changes caused by
CDK-cyclin-mediated phosphorylation and the effects seen on
FOXK2 levels in cells released from nocodazole block. The
changes in FOXK2 levels could, however, contribute to the loss
of repression of key target genes as cells exit mitosis. Although
we have focused on serines 368 and 423, it is likely that other
CDK sites will contribute to both of these regulatory activities
and hence produce more profound effects on FOXK2 activity.
However, it is clear that phosphorylation at serines 368 and 423
is vitally important because loss of phosphorylation at these
sites cannot be tolerated, because the mutant FOXK2(S368A/
S423A) promotes apoptosis, and stable cell lines containing this
mutant cannot be generated. It is unclear how this is manifested
at the transcriptional level and whether p21 might be a critical
target of FOXK2 in this context or whether other targets might
be more relevant. Further studies will be directed to uncovering
the function of FOXK2 during the cell cycle and its repertoire of
target genes in this context.
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