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MDMX is a homolog of MDM2 that is critical for regulating p53 function during mouse development.
MDMX degradation is regulated by MDM2-mediated ubiquitination. Whether there are other mechanisms of
MDMX regulation is largely unknown. We found that MDMX binds to the casein kinase 1 alpha isoform
(CK1�) and is phosphorylated by CK1�. Expression of CK1� stimulates the ability of MDMX to bind to p53
and inhibit p53 transcriptional function. Regulation of MDMX-p53 interaction requires CK1� binding to the
central region of MDMX and phosphorylation of MDMX on serine 289. Inhibition of CK1� expression by
isoform-specific small interfering RNA (siRNA) activates p53 and further enhances p53 activity after ionizing
irradiation. CK1� siRNA also cooperates with DNA damage to induce apoptosis. These results suggest that
CK1� is a functionally relevant MDMX-binding protein and plays an important role in regulating p53 activity
in the absence or presence of stress.

The p53 tumor suppressor is critical for maintenance of
genome stability and protection against malignant transforma-
tion. p53 is regulated by multiple signal pathways and mecha-
nisms, allowing it to respond to a wide range of stress condi-
tions and act as a tumor suppressor in many cell types (44). p53
turnover is regulated by MDM2, which binds p53 and functions
as an ubiquitin E3 ligase to promote p53 ubiquitination and
degradation by the proteasomes (46). Stress signals, such as
DNA damage, induce p53 accumulation by phosphorylation
(33). Mitogenic signals activate p53 by induction of the ARF
tumor suppressor, which inhibits the ability of MDM2 to ubi-
quitinate p53 (46). Ubiquitination of p53 and MDM2 requires
the C-terminal RING domain of MDM2, which is involved in
recruitment of the ubiquitin-conjugating enzyme E2 (22). Ef-
ficient ubiquitination of p53 also requires the central acidic
domain of MDM2, which is an important regulatory domain
targeted by ARF and possibly other signals (3, 28).

MDMX is a recently identified homolog of MDM2 (39).
MDMX shares strong homology to MDM2 at the amino acid
sequence level and can bind to p53 and inhibit its transcription
function in transient-transfection assays. MDMX alone does
not promote p53 ubiquitination or degradation in vivo (41).
Furthermore, expression of MDMX mRNA is not induced by
DNA damage (39). MDM2 is well established as an important
regulator of p53 activity during embryonic development.
Knockout of MDM2 in mice results in embryonic lethality due
to hyperactivation of p53 (30). Recent studies showed that
MDMX-null mice also die in utero in a p53-dependent fash-
ion, which can be rescued by crossing into the p53-null back-
ground (11, 29, 32). Therefore, MDMX is also an important
regulator of p53 during embryonic development, having func-
tions that cannot be substituted by endogenous MDM2.

The embryonic lethality of the MDMX-null mouse suggests
that MDMX mainly functions as a p53 inhibitor. Recent evi-
dence suggests that MDMX may cooperate with MDM2 to

promote p53 degradation, consistent with the genetic data
from mice (18). Human tumor cell lines with wild-type p53
often express high levels of MDMX (34), suggesting that
MDMX may contribute to p53 inactivation during tumorigen-
esis. Therefore, regulation of MDMX expression and function
may be an important mechanism for controlling p53. Several
laboratories showed that MDMX can be ubiquitinated and
degraded by MDM2 (7, 24, 31). Interestingly, ARF inhibits the
ability of MDM2 to ubiquitinate p53 but stimulates MDM2
ubiquitination of MDMX (31). This suggests a novel mecha-
nism by which ARF activates p53 function by selective regula-
tion of MDM2 E3 ligase function toward different substrates.
The ability of ARF to promote MDMX ubiquitination con-
nects MDMX to mitogenic signaling pathways through MDM2
(31). DNA damage also promotes MDMX nuclear transloca-
tion and degradation by the proteasomes (26, 31), suggesting
that MDMX is an important target during p53 DNA damage
response.

It is likely that MDMX inhibition of p53 is regulated by
additional factors. To search for novel MDMX regulators, we
performed affinity purification of ectopically expressed
MDMX from HeLa cells and identified casein kinase 1 alpha
(CK1�) as an MDMX-binding protein. The casein kinase 1
family of serine/threonine protein kinases is highly conserved
from Saccharomyces cerevisiae to human and has been genet-
ically linked to the regulation of DNA repair, cell cycle pro-
gression, and cytokines in yeast (16). Mammalian CK1 iso-
forms have recently been found to regulate the circadian clock
(10), regulate Wnt1 signaling by promoting beta-catenine deg-
radation (1, 27), and regulate apoptosis by phosphorylation of
Bid (9). A fraction of CK1� localizes to nuclear structures
associated with mRNA splicing (17). CK1� and CK1ε have
been implicated in phosphorylation of murine p53 (but not
human) N-terminal serines 6 and 9, although the functional
significance is unclear (25). Threonine 18 of human p53 can
also be phosphorylated by CK1� in vitro, provided that serine
15 is modified by other kinases, such as ATM (25, 36). Func-
tional studies described in this report demonstrate that CK1�
stimulates the ability of MDMX to bind and inactivate p53.
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Depletion of CK1� by small interfering RNA (siRNA) acti-
vates p53 in cells and cooperates with ionizing radiation to
activate p53. These observations suggest that CK1� is an im-
portant regulator of MDMX function and plays a role in reg-
ulating the p53 pathway.

MATERIALS AND METHODS

Cell lines, plasmids, and reagents. MDMX/p53 double-null mouse embryo
fibroblast 41.4 is a kind gift from Guillermina Lozano (32). H1299 (non-small cell
lung carcinoma, p53-null), U2OS (osteosarcoma, wild-type p53), MCF7 (breast
carcinoma, wild-type p53), and PA1 (ovarian carcinoma, wild-type p53) were
maintained in Dulbecco modified Eagle medium (DMEM) with 10% fetal bo-
vine serum. HCT116-p53�/� and HCT116-p53�/� cells were provided by Bert
Vogelstein and maintained in McCoy 5A medium with 10% fetal bovine serum.
Human MDMX cDNA with an N-terminal myc epitope tag (myc-MDMX) was
kindly provided by Donna George (38). A FLAG epitope tag (DYKDDDDK)
was added to the C terminus of myc-MDMX by PCR to create double-tagged
myc-MDMX-FLAG, which was inserted into the pCMV-neo-Bam vector to
facilitate high-level expression (2). MDMX deletion mutants were generated by
PCR amplification and subcloning. CK1� expression plasmid pCS2-CK1�2 was
kindly provided by David Virshup (12). Kinase-deficient CK1� mutants pCS2-
CK1�2-K46A, pCS2-CK1�2-D136N, and pCS2-CK1�2-D136N-K138E were cre-
ated by site-directed mutagenesis using the QuikChange kit (Stratagene). Esch-
erichia coli expression of glutathione S-transferase (GST)-CK1� fusion protein
was achieved by PCR amplification of the entire CK1� open reading frame and
cloning into pGEX-3X vector. CK1-7 was purchased from Seikagaku Co.

Western blotting. Cells were lysed in lysis buffer (50 mM Tris-HCl [pH 8.0], 5
mM EDTA, 150 mM NaCl, 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride
[PMSF]) and centrifuged for 5 min at 10,000 � g, and the insoluble debris was
discarded. Cell lysate (10 to 50 �g protein) was fractionated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to Im-
mobilon P filters (Millipore). The filter was blocked for 1 h with phosphate-
buffered saline (PBS) containing 5% nonfat dry milk and 0.1% Tween 20. The
following antibodies were used: 3G9 for MDM2 (5), DO-1 for p53 (Pharmin-
gen), 8C6 monoclonal antibody or a rabbit polyclonal serum for MDMX (26),
and goat anti-CK1� antibody for CK1� (Santa Cruz Biotechnology). The filter
was developed using horseradish peroxidase-conjugated secondary antibodies
and ECL-plus reagent.

Affinity purification of MDMX-associated protein. HeLa-S cells stably trans-
fected with FLAG-tagged MDMX were grown as a suspension culture. Cells
from a 500-ml culture (�2 � 108 cells) were lysed in 10 ml lysis buffer (50 mM
Tris-HCl [pH 8.0], 5 mM EDTA, 150 mM NaCl, 0.5% NP-40, 1 mM PMSF) and
centrifuged for 5 min at 10,000 � g, and the insoluble debris was discarded. The
lysate was precleared with 100-�l bed volume of protein A Sepharose beads for
30 min and then incubated with 50-�l bed volume of M2-agarose bead (Sigma)
for 4 h at 4°C. The beads were washed extensively with lysis buffer, and MDMX
and its associated proteins were eluted with 70 �l of 20 mM Tris, pH 8.0, 2%
SDS, and 200 �g/ml FLAG epitope peptide (Sigma) for 15 min. The eluted
proteins were fractionated on SDS-polyacrylamide gels and stained with Coo-
massie blue. Proteins copurified with MDMX were excised from the gel and
subjected to protease digestion and peptide sequencing by mass spectrometry at
the Harvard Microchemistry Laboratory.

Immunoprecipitation and in vitro binding assay. Cells were lysed in lysis
buffer (50 mM Tris-HCl [pH 8.0], 5 mM EDTA, 150 mM NaCl, 0.5% NP-40, 1
mM PMSF) and centrifuged for 5 min at 10,000 � g, and the insoluble debris was
discarded. Cell lysate (200 to 500 �g protein) was immunoprecipitated using 100
�l 8C6 hybridoma supernatant against MDMX and protein A agarose beads for
4 h at 4°C. The beads were washed extensively with lysis buffer, boiled in SDS
sample buffer, fractionated by SDS-PAGE, and analyzed by anti-CK1� or anti-
p53 Western blotting using rabbit or goat polyclonal antibodies. To determine
MDMX-p53 or MDMX-CK1� binding efficiency, H1299 cells in 10-cm plates
were transfected with 5 �g of MDMX and p53 or CK1� plasmids by calcium
phosphate precipitation and cells were lysed for immunoprecipitation (IP) after
48 h.

To map the CK1�-binding domain on MDMX in vitro, [35S]methionine-
labeled MDMX deletion mutants were expressed using the TNT in vitro tran-
scription/translation kit (Promega). Five microliters of the translation product
was incubated with glutathione agarose beads loaded with �0.1 �g E. coli-
produced GST-CK1� in PBS with 0.1% Triton X-100 for 2 h at 4°C. The beads
were washed with PBS with 0.1% Triton X-100 and fractionated by SDS-PAGE,
and bound MDMX mutants were detected by autoradiography.

Luciferase reporter assay. Cells (50,000/well) were plated in 24-well plates and
transfected with a mixture containing 10 ng p53-responsive BP100-luciferase
reporter plasmid (15), 5 ng CMV-lacZ plasmid, 0.1 ng p53 expression plasmid, 20
ng MDMX plasmid, and 20 ng CK1� plasmid. To detect endogenous p53 activity,
cells were transfected as described above except without p53 expression plasmid.
Transfection was achieved using Lipofectamine PLUS reagents (Invitrogen), and
cells were analyzed for luciferase and beta-galactosidase expression after 24 h.
The ratio of luciferase/beta-galactosidase activity was used as an indicator of p53
transcription activity.

In vitro phosphorylation and amino acid analysis. To detect MDMX phos-
phorylation by coprecipitated kinases, cell lysate (0.5 mg protein) was immuno-
precipitated with 8C6 and protein A Sepharose beads (10-�l bed volume). The
beads were washed with lysis buffer and suspended in 20 �l kinase buffer (25 mM
HEPES, pH 7.5, 100 mM NaCl, 10 mM MgCl2, 0.1 mM dithiothreitol), 10 �Ci
[�-32P]ATP (5,000 Ci/mmol) was added, and the suspension was incubated at
30°C for 30 min. To detect MDMX phosphorylation by recombinant CK1�,
His6-MDMX (1 �g) was immunoprecipitated with 8C6 and the beads were
incubated with 0.1 �g purified GST-CK1� and [�-32P]ATP as described above.
Phosphorylated MDMX was detected by SDS-PAGE and autoradiography after
transfer to a nylon membrane. For phosphoamino acid analysis, a nylon mem-
brane containing radiolabeled MDMX band was excised and incubated with 5.7
N HCl at 110°C for 1 h. The hydrolyzed MDMX residues were lyophilized, mixed
with phosphoamino acid standards (Sigma), and analyzed by two-dimensional
electrophoresis on thin-layer cellulose plate using a pH 1.9 buffer for the first
dimension and pH 3.5 buffer for the second dimension on a HTLE-7002 appa-
ratus (C.B.S Scientific).

In vivo phospholabeling and phosphopeptide analysis. To detect MDMX
phosphorylation in vivo, H1299 or 293T cells in 10-cm plates were transiently
transfected with 10 �g MDMX and 5 �g CK1� expression plasmids. Forty hours
after transfection, cells were washed with DMEM without phosphate and incu-
bated with 32Pi (0.2 mCi/ml) in DMEM without phosphate for 4 h. Cell lysate was
immunoprecipitated with 8C6 and analyzed by SDS-PAGE and autoradiography.
An identical set of 8C6 IP samples was analyzed by MDMX Western blotting to
confirm the protein expression level.

To analyze phosphorylation of MDMX by two-dimensional peptide mapping,
nylon membranes containing radiolabeled MDMX bands from in vivo and in
vitro labeling were excised and incubated with 50 ng endoproteinase Asp-N
(Sigma) for 16 h in 50 mM ammonium bicarbonate at 37°C. An aliquot of the
Asp-N-digested sample was further digested with 500 ng trypsin (Sigma) for 16 h
at 37°C. MDMX peptides were oxidized with performic acid and resolved by
electrophoresis on a thin-layer cellulose plate for 30 min at 1.0 kV in formic
acid-glacial acetic acid-water (1:3.1:35.9; pH 1.9) using the HTLE-7002 appara-
tus. This was followed by chromatography in the second dimension in n-butyl
alcohol–pyridine–glacial acetic acid–water (5:3.3:1:4) for 16 h. The phosphopep-
tides were visualized by autoradiography and eluted from the plate with electro-
phoresis buffer. The purified phosphopeptides were subjected to manual Edman
degradation as described previously to identify the phosphorylation sites (35).
Phosphopeptides were covalently coupled to Sequelon-AA disks (Applied Bio-
systems) and subjected to consecutive cycles of Edman degradation. The amount
of 32P label released in each cycle was determined by liquid scintillation counting.

CK1� RNA interference (RNAi). Cells were transfected with 200 nM control
siRNA (AATTCTCCGAACGTGTCACGT) and CK1� siRNA (AATCTCAG
AAGGCCAGGCATC) using Oligofectamine (Invitrogen) according to the in-
structions from the supplier. After 48 h of transfection, cells were irradiated with
10 Gy gamma radiation and analyzed for protein expression or luciferase activity
after 6 h. For cell death assay, cells were transfected for 24 h and camptothecin
was added to medium containing siRNA and incubated for an additional 24 h.
The numbers of viable cells were compared using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Cell Titer kit; Promega).

RESULTS

Copurification of CK1� with MDMX. In order to determine
whether MDMX interacts with novel cellular proteins, HeLa
cells were stably transfected with FLAG-MDMX to obtain a
sufficient amount of material for affinity purification. Immuno-
fluorescence staining of transfected MDMX showed that the
majority of MDMX was located in the cytoplasm. Treatment
with the DNA-damaging agent camptothecin led to significant
nuclear translocation of MDMX (Fig. 1a). When MDMX was
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purified by anti-FLAG immunoprecipitation from control and
camptothecin-treated cells, two proteins reproducibly copuri-
fied with MDMX (Fig. 1b). By peptide sequencing by mass
spectrometry, the 34-kDa protein was determined to be casein
kinase 1 alpha, and the 24-kDa protein was determined to be
14-3-3	. The efficiency of CK1� copurification judged from the
intensity after Coomassie blue staining suggested that it is an
abundant and stable binding partner of MDMX.

The major function of 14-3-3 proteins is to bind to proteins
with phosphorylated serine and threonine residues and regu-
late their functions through a wide range of mechanisms (42,
43). The binding efficiency of MDMX to 14-3-3 was increased
after DNA-damaging treatment (Fig. 1b), suggesting that
MDMX phosphorylation may be stimulated by DNA damage.
The MDMX-14-3-3 interaction is currently under investigation
and will not be addressed here, since current results suggest
that it is not directly related to CK1� phosphorylation of
MDMX.

To confirm the interaction between endogenous MDMX
and CK1�, several tumor cell lines were immunoprecipitated
with MDMX antibody 8C6, followed by anti-CK1� Western
blotting. The results showed that endogenous MDMX in these

cell lines was also coprecipitated with CK1� (Fig. 1c). The
amount of CK1� coprecipitated by the 8C6 antibody was de-
pendent on the expression levels of MDMX in different cell
lines. Therefore, MDMX forms a specific complex with endog-
enous CK1�.

MDMX shares extensive homology to MDM2, which has
been shown to interact with the CK1� isoform (45). p53 has
also been shown to bind CK1� and CK1ε isoforms (25). To
determine whether MDMX-CK1� interaction is specific, the
binding efficiencies of CK1� to MDMX, MDM2, and p53 were
directly compared. H1299 cells were transfected with FLAG-
tagged MDM2, MDMX, and p53 expression plasmids, and
coprecipitation of endogenous CK1� was determined by
FLAG IP and CK1� Western blotting. Control Western blot-
ting using FLAG antibody served as a control for the relative
expression levels of MDM2, MDMX, and p53. Under these
conditions, only MDMX showed significant binding to endog-
enous CK1� (Fig. 1d). MDM2 and p53 showed no binding to
CK1� despite being expressed at higher levels. However,
FLAG-MDM2 or FLAG-p53 coprecipitated CK1� when co-
expressed with nontagged MDMX (Fig. 1d). As expected, the
MDMX-C306S point mutant defective for CK1� binding (see

FIG. 1. CK1� forms a complex with MDMX. (a) HeLa cells stably transfected with FLAG-tagged human MDMX were stained using
anti-FLAG M2 antibody before or after treatment with 0.5 �M camptothecin (CPT) for 16 h. (b) Coomassie blue staining of affinity-purified
MDMX and associated proteins. The two marked bands were identified as CK1� and 14-3-3	 by mass spectrometric peptide sequencing. Control
purification was performed using HeLa cells to exclude background. The positions of molecular mass markers (M) (in kilodaltons) are shown to
the left of the gel. (c) Cell lines expressing different levels of endogenous MDMX were analyzed by MDMX IP/CK1� Western blotting. The
relative expression levels of MDMX and CK1� were determined by direct Western blotting of identical amounts of whole-cell extract from each
cell line. (d) H1299 cells transfected with FLAG-tagged MDMX (F-MDMX), F-MDM2, and F-p53-281G mutant were analyzed by anti-FLAG IP
and anti-CK1� Western blotting (WT) to detect coprecipitation of endogenous CK1�. Cotransfection of nontagged MDMX was tested for
mediating formation of trimeric complexes. F-MDM2-457S is a RING domain mutant for control. C306S is an MDMX zinc finger mutant defective
for CK1� binding. WCE, whole-cell extract.
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below) did not mediate CK1� binding to MDM2 or p53.
Therefore, MDMX interacts specifically with CK1� and can
also target CK1� to MDM2 or p53.

p53 binding and inhibition by MDMX are stimulated by
CK1a. To investigate the function of MDMX-CK1� interac-
tion, the effect of CK1� expression on p53 transcriptional
activity was examined using mouse embryo fibroblasts derived
from the MDMX/p53 double-null mouse. p53 cotransfection
with the BP100-luciferase reporter containing a p53-binding
site derived from the MDM2 P2 promoter resulted in strong
activation of luciferase expression (15). Cotransfection with
MDMX expression plasmid resulted in only weak inhibition of
p53 function, whereas cotransfection with MDM2 resulted in
more efficient inhibition of p53 (Fig. 2a). The weak effect of
MDMX in p53 inhibition was typical in our experiments and
consistent with other studies (18, 39). Cotransfection with
CK1� expression plasmid significantly improved the ability of
MDMX to inhibit p53 (Fig. 2a), whereas CK1� alone had
negligible effect on p53 activity. MDM2 expression inhibited
p53 more efficiently, but its effect was not significantly stimu-
lated by CK1� overexpression (Fig. 2a). Therefore, CK1� spe-
cifically increased the ability of MDMX to inhibit p53 tran-
scription function. A kinase-deficient CK1� mutant (K46A)
was not able to stimulate MDMX function (Fig. 2a and c) (12),

suggesting that CK1� may modulate MDMX function by phos-
phorylation of MDMX.

To test the effect of CK1� on endogenous p53 activity,
U2OS cells were transfected with the BP100-luciferase re-
porter. Cotransfection with MDM2 plasmid resulted in strong
inhibition of luciferase expression (Fig. 2b), indicating that the
readout reflected endogenous p53 activity. MDMX cotransfec-
tion alone only weakly inhibited p53, while coexpression of
CK1� stimulated the effect of MDMX by fourfold (Fig. 2b).
CK1� alone also weakly inhibited the reporter, possibly due to
the presence of endogenous MDMX in this cell line. In sepa-
rate experiments, CK1� also stimulated the ability of MDMX
to inhibit activation of GAL4-tk-luciferase reporter by GAL5-
p53-1-52 fusion protein containing the p53 N-terminal 52 res-
idues (data not shown). Therefore, CK1� regulates p53 tran-
scription activation function by interacting with MDMX.

To determine how CK1� stimulated MDMX inhibition of
p53, we examined the ability of CK1� to modulate MDMX
ubiquitination and degradation by MDM2. The results indi-
cated that CK1� overexpression did not have a significant
effect in these assays (data not shown). However, when CK1�
was coexpressed with MDMX, the ability of MDMX to bind
p53 was significantly increased (Fig. 2c, compare lanes 2 and
3). The kinase-deficient CK1�-K46A mutant did not stimulate

FIG. 2. CK1� stimulates MDMX binding and inhibition of p53. (a) p53 activation of BP100-luciferase reporter was detected after transient
transfection into MDMX/p53 double-null 41.4 mouse embryo fibroblasts (MEF). The inhibitory effects of MDMX and CK1� were determined by
cotransfection. CK1�-K46D is a kinase-deficient mutant for control. (b) Endogenous p53 activity in U2OS cells were measured by transfection of
BP100-luciferase. Inhibition by MDMX and CK1� was determined by cotransfection and luciferase assay. (c) Binding efficiency between MDMX
and p53 was determined by transient cotransfection of H1299 cells with MDMX and p53 expression plasmids, followed by MDMX IP/p53 Western
blotting. Whole-cell extracts (WCE) were analyzed to confirm similar levels of protein expression.
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MDMX-p53 binding; it also did not coprecipitate with MDMX
(Fig. 2c) (further addressed in Fig. 8). Ectopic expression of
CK1� did not affect the expression level of p53 and MDMX in
these transfection experiments, suggesting that the kinase
worked by enhancing the binding between p53 and MDMX.

Mapping of CK1�-binding site on MDMX. In order to test
the specificity and elucidate the mechanism by which CK1�
stimulates the ability of MDMX to inhibit p53, we mapped the
region of MDMX important for binding to CK1�. A panel of
MDMX N- and C-terminal truncation mutants were translated
in vitro and incubated with glutathione beads loaded with E.
coli-expressed GST-CK1� (Fig. 3a). The result of the in vitro
binding showed that the integrity of region 150-350 of MDMX
was important for binding to CK1� (Fig. 3c). The structural
requirement for CK1� binding in vivo was also examined using
the same panel of MDMX deletion mutants by cotransfection
with CK1� expression plasmid into H1299 cells. Coprecipita-
tion between MDMX and CK1� was determined by MDMX
IP, followed by CK1� Western blotting. The results of the in
vivo binding assay were identical to the results of the in vitro
binding assay (Fig. 3b). The MDMX domain required for
CK1� binding involved a rather large region, including the
acidic domain and zinc finger. Deletions from both boundaries

lead to complete loss of CK1� binding, suggesting that the
three-dimensional structure formed by this region was impor-
tant for interaction with CK1�. The importance of the MDMX
zinc finger for CK1� binding was also confirmed using point
mutations (see below).

MDMX-CK1� interaction is required for regulation by
CK1a. To determine whether MDMX regulation by CK1�
requires complex formation with CK1�, a panel of MDMX
C-terminal deletion mutants that retained the p53-binding do-
main was used to test the response to CK1� regulation. The
ability of these mutants to inhibit p53 transcriptional function
in reporter assay was determined in the presence or absence of
CK1� cotransfection. The results showed that the C-terminal
RING domain of MDMX was not required for stimulation by
CK1�; however, deletion of part of the CK1�-binding region,
including the zinc finger, completely abolished the response to
CK1� (Fig. 4a). As expected, the binding between zinc finger
deletion mutant (1-300) and p53 was not stimulated by CK1�
coexpression (Fig. 4b). Therefore, interaction between MDMX
and CK1� is necessary for stimulating MDMX-p53 binding
and inhibition.

In order to specifically determine the role of the MDMX
zinc finger motif in CK1� binding and regulation, a point

FIG. 3. Mapping of CK1�-binding region on MDMX. (a) MDMX deletion mutants were generated by in vitro translation and incubated with
glutathione agarose beads loaded with GST-CK1�. Bound MDMX proteins were detected by SDS-PAGE and autoradiography. The positions of
molecular mass markers (in kilodaltons) are shown to the left of the gel. (b) MDMX deletion mutants were transiently cotransfected with CK1�
expression plasmid into H1299 cells. MDMX was immunoprecipitated using 8C6 (epitope located between positions 101 to 150) or a rabbit
polyclonal serum (for mutants without the 8C6 epitope). Coprecipitated CK1� was detected by Western blotting (WB). Expression and
immunoprecipitation of MDMX mutants were confirmed by Western blotting (top panel). (c) Diagram of MDMX deletion mutants and summary
of binding results.
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mutant of the conserved cysteine residue (C306S) was created.
MDMX-C306S was found to be nonresponsive to CK1� stim-
ulation in p53 reporter gene assay (Fig. 4c). It was also defi-
cient for CK1� binding in coimmunoprecipitation assay (Fig.
4d). Therefore, the MDMX zinc finger motif was critical for
both physical and functional interactions with CK1�.

MDMX is a phosphorylation substrate for CK1a. To test
whether CK1� overexpression promotes MDMX phosphory-
lation, H1299 cells were transfected with MDMX and CK1�
expression plasmids and labeled with [32P]phosphate. MDMX
was immunoprecipitated from labeled cells, and incorporation
of 32P was detected by autoradiography. The results showed
that MDMX was phosphorylated in the absence of CK1� co-
transfection and that CK1� overexpression led to a moderate
increase in the level of 32P incorporation (Fig. 5a). This sug-
gested that MDMX was phosphorylated on multiple sites by
multiple kinases, and the effect of additional phosphorylation
on CK1� sites was partially obscured by the background (see
peptide mapping in Fig. 7). In an IP-kinase assay, MDMX was
immunoprecipitated using 8C6 and incubated with [�-32P]
ATP. MDMX was phosphorylated in this reaction by a copre-
cipitating kinase. Addition of the CK1-specific inhibitor CKI-7

to the in vitro kinase reaction strongly inhibited the labeling
(Fig. 5b) (6), suggesting that CK1� was a major MDMX-
binding kinase and responsible for much of the in vitro labeling
reaction. Treatment of cells by ionizing radiation or campto-
thecin before MDMX IP led to degradation of MDMX as
described previously (31) but did not abrogate MDMX phos-
phorylation in vitro.

To further determine whether MDMX was a direct phos-
phorylation substrate for CK1�, His6-MDMX was expressed in
E. coli, immunoprecipitated with 8C6, and incubated with
purified GST-CK1� and [�-32P]ATP. MDMX was phosphor-
ylated by GST-CK1�, but not kinase-deficient GST-CK1�-
K46A (Fig. 5c). Furthermore, no phosphorylation of immuno-
globulin heavy or light chains by GST-CK1� was detected,
suggesting phosphorylation of MDMX by CK1� was specific.
These results demonstrated that MDMX is a substrate for
CK1�.

Phosphorylation of MDMX serine 289 by CK1a. CK1� does
not have a well-defined target consensus sequence but prefer-
entially targets serine or threonine in the context of acidic
amino acids or containing phosphorylated serine at the �3
position (13, 14, 40). The CK1�-binding region on MDMX

FIG. 4. CK1� binding to MDMX is required for p53 regulation. (a) p53 activation of BP100-luciferase reporter was detected after transient
transfection into MDMX/p53 double-null 41.4 cells. The inhibitory effects of MDMX mutants and stimulation by CK1� were determined by
cotransfection. (b) Binding efficiency between MDMX mutants and p53 was determined by transient cotransfection of H1299 cells with MDMX,
p53, and CK1� expression plasmids, followed by MDMX IP/p53 Western blotting (WB). Whole-cell extracts (WCE) were analyzed to confirm
similar levels of p53 expression. (c) MDMX-C306S zinc finger point mutant was not regulated by CK1� in a luciferase reporter assay similar to
the results shown in panel a. (d) MDMX-C306S mutant did not bind CK1� after cotransfection into H1299 cells.
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includes the acidic domain rich in serine and threonine resi-
dues and presents numerous potential modification sites for
CK1�. Initial efforts to identify phosphorylation sites by pro-
tease digestion and mass spectrometry or to target mutagenesis
of conserved serine and threonine residues were uninforma-
tive. Therefore, a two-dimensional peptide mapping in combi-
nation with Edman degradation approach was employed.

Phosphoamino acid analysis of MDMX phosphorylated by
CK1� in vitro showed predominant modification of serine res-
idues (Fig. 6a). Digestion of in vitro-phosphorylated MDMX
by endoproteinase Asp-N (cleaves before aspartic acid), fol-
lowed by two-dimensional separation on thin-layer cellulose
plates, showed one major spot (peptide 1) and two minor spots
(peptides 2 and 3 [Fig. 6b]). Double digestions of MDMX with
Asp-N and trypsin (cleaves after lysine) converted peptide 1
into peptide 4 (Fig. 6c). Edman degradation of recovered pep-
tides showed that peptide 1 contains a phosphorylated residue
at the fourth position from the N terminus. When peptide 1
was cleaved into peptide 4 by trypsin, the first position con-
tained the phosphorylated residue. Inspection of the MDMX
sequence indicated that the only serine residue that can fulfill
these requirements is serine 289 (Fig. 6e). Peptide 2 is most
likely an incomplete digestion product containing peptide 1,
since it also contains radiolabeled residue at the fourth posi-
tion (Fig. 6d), can be cleaved further by trypsin (Fig. 6c), and
was lost after mutation of serine 289 (Fig. 7b). The minor
phosphorylation site represented by peptide 3 was released
after 13 cycles of Edman degradation, representing C-terminal
serine 408. This site was not investigated further; because the
in vivo metabolic labeling of MDMX did not generate such a
peptide, it was likely an artifact of in vitro phosphorylation
reaction.

To confirm that serine 289 was the CK1� phosphorylation
site, a serine-to-alanine substitution was introduced. As ex-

pected, the MDMX-289A mutant failed to generate the phos-
phorylated peptide 1 by CK1� in vitro (compare Fig. 7a and b).
To confirm that serine 289 was also phosphorylated in vivo by
CK1�, phospholabeling using 32Pi was performed. As antici-
pated from the result of Fig. 5a, multiple phospholabeled pep-
tides were detected after Asp-N digestion of immunoprecipi-
tated MDMX from transfected cells (Fig. 7c). Spot A migrated
at the same position as peptide 1 from in vitro-phosphorylated
MDMX. Cotransfection of MDMX with CK1� stimulated the
phosphorylation of at least four spots (spots A, B, C, and D
compared to relatively unchanged reference spots R1, R2, and
R3) (Fig. 7d). The MDMX-289A mutant did not generate spot
A after in vivo labeling (Fig. 7e), consistent with this residue
being responsible for the labeling of spot A.

These results indicated that serine 289 is the major CK1�
phosphorylation site in vitro and is one of possibly several
CK1� phosphorylation sites in vivo. Whether the other in vivo
CK1�-regulated spots (B, C, and D) are due to direct modifi-
cation by CK1� remains to be determined. The presence of
several CK1�-independent phosphopeptides from in vivo la-
beling (R1, R2, and R3) is consistent with our recent identifi-
cation of several DNA damage-regulated phosphorylation sites
at the C-terminal region of MDMX (unpublished results),
which are expected to be phosphorylated under the radiola-
beling condition. The 289A mutation also caused intense la-
beling of a previously very weak spot (Fig. 7e, spot E), possibly
forcing the kinase to modify a weak site.

Phosphorylation of MDMX by CK1� is required for func-
tional regulation. To determine whether phosphorylation of
MDMX on serine 289 plays a role in CK1� regulation of
MDMX-p53 functional interaction, the S289A mutant was co-
transfected with CK1� into U2OS cells. Readout of endoge-
nous p53 activity from the cotransfected BP100-luciferase
reporter showed that the MDMX-S289A mutant was signifi-

FIG. 5. Phosphorylation of MDMX by CK1�. (a) H1299 cells were transiently transfected with MDMX and CK1� and incubated with 32Pi for
3 h. MDMX was immunoprecipitated by 8C6 and detected by autoradiography. Duplicate samples were analyzed by MDMX Western blotting
(WB) to confirm expression. The positions of molecular mass markers (in kilodaltons) are shown to the left of the gel. (b) MCF7 cells were
immunoprecipitated with 8C6, and the immunocomplex was incubated with [�-32P]ATP. CKI-7 (70 �M) was used to inhibit CK1 in the reaction.
Cells were treated with DNA-damaging agents (10 Gy gamma radiation or 1 �M camptothecin [CPT]) for 6 h. H1299 cells expressing very low-level
MDMX were used as a control. Phosphorylation of MDMX was detected by autoradiography, and protein levels were determined by Western
blotting. (c) His6-MDMX was expressed in E. coli, purified on a Ni2�-nitrilotriacetic acid column, and immunoprecipitated by 8C6. The
immunocomplex was incubated with GST-CK1� and [�-32P]ATP. Phosphorylation of MDMX was detected by autoradiography, and the multiple
lower bands were confirmed to be truncated forms of GST-MDMX by Western blotting (WB).

VOL. 25, 2005 CK1� BINDS TO MDMX AND REGULATES MDMX INHIBITION OF p53 6515



cantly less responsive to stimulation by CK1� (Fig. 8a). These
results suggested that modification of serine 289 is critical for
regulation by CK1�. It is possible that phosphorylation of
additional sites directly or indirectly by CK1� in vivo may also
play a contributing role, since the S289A mutant still retained
a weak response.

Since CK1� copurified with MDMX at close to 1:1 molar
ratio as judged by Coomassie blue staining (Fig. 1b), it raised
the question of whether binding by the kinase alone is sufficient
to affect MDMX-p53 interaction. The CK1�-K46D mutant did
not bind MDMX (Fig. 2c and 8c), precluding such an analysis.
Therefore, two additional CK1� mutants were generated with
substitutions in the ATP-binding loop (CK1�-D136N and
CK1�-D136N-K138E). The CK1�-D136N mutant was previ-
ously shown to have lost 
90% activity against a peptide sub-
strate (47). Both mutants were found to have completely lost
the ability to phosphorylate MDMX in vitro, similar to CK1�-
K46D (data not shown). In luciferase reporter assays, CK1�-
D136N failed to promote p53 inhibition by MDMX (Fig. 8b).
Furthermore, the ability of the CK1�-D136N and CK1�-
D136N-K138E mutants to stimulate MDMX-p53 binding was
also lost, despite retaining the ability to bind MDMX (Fig. 8c).

A control experiment showed that MDMX-S289A retained the
ability to bind CK1�, although at slightly reduced efficiency
compared to the wild type (Fig. 8d). These results favor the
interpretation that phosphorylation of MDMX serine 289 by
CK1� is important for regulating its p53-binding function.

RNAi of CK1� activates p53. To determine whether endog-
enous CK1� plays a role in regulating p53 function, we trans-
fected MCF7, PA1, and U2OS cells with a previously described
isoform-specific siRNA against CK1� (27), which reduced the
level of CK1� by two- to threefold. This partial down regula-
tion also correlated with higher MDM2 and p21 expression
after gamma irradiation (Fig. 9a, b, and c). Furthermore, the
stably transfected p53-responsive BP100-luciferase reporter in
these cells were also activated by the combination of CK1�
siRNA and irradiation (Fig. 9d), suggesting that the siRNA
induced p53 transcriptional activity, rather than altering the
stability of MDM2 or p21 (20, 21, 38, 41). To rule out off-target
effects of the siRNA, an additional CK1� isoform-specific
siRNA targeting a different region of the CK1� sequence was
also tested and generated similar results (data not shown).
Therefore, these results suggest that endogenous CK1� plays a
role in inhibiting p53 activity, possibly through interacting with

FIG. 6. Identification of in vitro CK1� phosphorylation site on MDMX. (a) His6-MDMX phosphorylated by GST-CK1� and [�-32P]ATP in
vitro was hydrolyzed by HCl, and phosphoamino acids were analyzed by two-dimensional electrophoresis. Ninhydrin stain indicates the positions
of phosphoamino acid standards. P-Ser, phosphorylated serine. (b and c) His6-MDMX phosphorylated by GST-CK1� and [�-32P]ATP was digested
with Asp-N or Asp-N/trypsin. Phosphopeptides were analyzed by electrophoresis, followed by chromatography on a cellulose plate. (d) Phos-
phopeptides recovered from panels b and c were subjected to manual Edman degradation, and the release of radioactivity in each cycle was
measured to determine the position of the phosphoamino acid from the N terminus. (e) Serine 289 was identified as the major CK1�
phosphorylation site on the basis of Edman degradation results and sequence inspection.
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MDMX. The level of MDMX decreased after DNA damage as
previously reported (Fig. 9a and b) (24, 31). Recent experi-
ments suggest that this is triggered by phosphorylation of the
MDMX C-terminal region by an ATM kinase-dependent path-
way and is not directly related to nor requires CK1� (unpub-
lished results).

Next, we tested whether increased activation of p53 by tar-
geting CK1� cooperates with DNA-damaging agents in cell
death induction. HCT116 cells were transfected with control
siRNA and CK1� siRNA for 24 h, followed by treatment with
the topoisomerase I inhibitor camptothecin for 24 h (gamma
radiation was not used for this assay, since a single treatment
did not induce significant cell death). The results showed that
inhibiting CK1� expression by RNAi increased cell death in-
duction by camptothecin (Fig. 9e). Furthermore, the effect of
CK1� siRNA was largely dependent on the presence of p53
and was not observed using p53-deficient HCT116 cells (Fig.
9f). Similar results were also obtained using PA1 cells (data not
shown). Interestingly, despite the expectation that targeting
CK1� may lead to general toxicity due to its role in regulating
other cellular targets, no significant cell death or growth arrest
was observed in several cell lines treated with CK1� siRNA
alone (Fig. 9e and data not shown). In related experiments, we

found that the CKI-7 inhibitor also activated p53 and cooper-
ated with gamma irradiation to activate p53 (data not shown).
Although it will be difficult to establish specificity when using
pharmacological inhibitors, the results were consistent with the
CK1� siRNA experiments. Therefore, CK1� may be a poten-
tially useful drug target for activation of p53 in cooperation
with DNA-damaging drugs. The CK1� siRNA experiments
also indicated that CK1� has a unique role in regulating
MDMX and p53 that was not compensated by other CK1
isoforms.

DISCUSSION

The MDM2 homolog MDMX recently emerged as an im-
portant regulator of p53 and is likely to be targeted by signals
that regulate p53 function. Results described in this report
showed that MDMX forms a stable complex with CK1�. The
high efficiency of CK1� copurification with MDMX in HeLa
cells suggested that CK1� is a significant binding partner of
MDMX. Importantly, our results identified a clear functional
effect of CK1� in stimulating MDMX inhibition of p53 by
increasing formation of MDMX-p53 complexes. Furthermore,
pharmacological or siRNA-mediated inhibition of CK1� co-

FIG. 7. Confirmation of serine 289 phosphorylation in vitro and in vivo. (a, b) Wild-type His6-MDMX or MDMX-289A mutant was phos-
phorylated by GST-CK1� and [�-32P]ATP in vitro, followed by Asp-N digestion and two-dimensional peptide mapping. Mutation of serine 289
eliminated the major phosphopeptide spot 1. (c, d, e) 293T cells transfected with MDMX, MDMX and CK1�, and MDMX-289A mutant were
labeled for 4 h with 32Pi. MDMX was immunoprecipitated with 8C6, digested with Asp-N, and analyzed by two-dimensional peptide mapping. Spot
A migrated at the same position as the S289-containing peptide 1 in vitro, was enhanced by coexpression of CK1�, and was eliminated by the 289A
mutation.
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operated with DNA damage in the activation of p53 target
genes and inducing cell death. Regulation of MDMX requires
formation of stable MDMX-CK1� complexes and phosphory-
lation of MDMX by CK1�. Our results showed that CK1�
binds specifically to MDMX, but not to MDM2 or p53. How-
ever, MDMX can target CK1� into complexes containing
MDM2 or p53. This suggests that stable MDMX-CK1� com-
plexes may have additional functions in the phosphorylation of
other MDMX-interacting proteins.

We have identified serine 289 as the major CK1� phosphor-
ylation site on MDMX in vitro. Mutation of this site signifi-
cantly reduced the response to CK1� regulation. Phosphopep-
tide analysis confirmed that serine 289 is modified in vivo but
also revealed that CK1� overexpression stimulates the phos-
phorylation of other sites on MDMX. It is not clear whether
these sites are direct or indirect targets of CK1� in vivo. The
complete absence of these phosphopeptides in the in vitro
labeling reaction by recombinant CK1� suggests that other
kinases may be responsible for their modification, which is
influenced by CK1�. It is still not clear how phosphorylation of

serine 289 stimulates MDMX-p53 binding. This residue is lo-
cated in the central acidic domain and presumably not directly
involved in interaction with p53. It is possible that the acidic
domain has a regulatory function in p53 binding and that
modification of serine 289 causes conformational change in the
protein and affects the N-terminal p53-binding domain. Alter-
natively, phosphorylation of serine 289 may lead to secondary
modifications that affect p53 binding. Identification of the ad-
ditional in vivo phosphorylation sites may lead to better un-
derstanding of the regulation of MDMX.

Our results provide evidence that the CK1 family kinases are
directly involved in regulating the p53 pathway by phosphory-
lation of MDMX. Recent studies showed that MDM2 is a
target of the CK1� isoform in vitro and in vivo (45). CK1�
modifies MDM2 on several serine residues in the acidic do-
main implicated in the regulation of p53 degradation (3).
These residues become hypophosphorylated after DNA dam-
age, leading to attenuation of MDM2-mediated p53 degrada-
tion (3). It will be important to determine whether MDMX
targets CK1� to promote MDM2 phosphorylation in a manner

FIG. 8. Phosphorylation of MDMX serine 289 by CK1� is required for functional regulation. (a) U2OS cells were transfected with BP100-
luciferase reporter and expression plasmids for MDMX, MDMX-S289A mutants, and CK1�. Luciferase activity was determined after 24 h as an
indicator of endogenous p53 activity. (b) U2OS cells were transfected with BP100-luciferase reporter and expression plasmids for MDMX, CK1�,
and CK1�-D136N. The effects of the combinations on endogenous p53 activity were determined after 24 h. (c) H1299 cells were transfected with
p53 and MDMX expression plasmids in combination with wild-type CK1� and CK1� with point mutations. The effects of the kinase-deficient
mutants on p53-MDMX binding efficiency were determined after 48 h by MDMX IP and p53 Western blotting (WB). The ability of CK1�-D136N
and CK1�-D136N-K138D mutants to bind MDMX was confirmed by MDMX IP and CK1� Western blotting. WCE, whole-cell extracts. (d) H1299
cells were transfected with MDMX mutant and CK1� expression plasmids. The ability of MDMX-289A to bind CK1� was determined by MDMX
IP and CK1� Western blotting (WB). MDMX-306S served as a negative control.

6518 CHEN ET AL. MOL. CELL. BIOL.



similar to CK1� and contributes to the regulation of MDM2.
CK1� is an abundant kinase, and although there are reports of
its regulation by DNA damage in Drosophila (37), it is unclear
whether its enzyme activity is regulated by DNA damage in
mammalian cells. Since DNA damage promotes degradation
of MDMX (24, 31), it should also lead to reduced targeting of
CK1� to MDM2 and thus reduce the level of MDM2 phos-
phorylation. The cooperative effect of CK1 inhibitor and
gamma irradiation to activate p53 in cells suggests that CK1
family kinases are potential drug targets for sensitizing p53 to
DNA damage.

Human CK1� is highly homologous to the HRR25 gene in
Saccharomyces cerevisiae (57% identity within the catalytic
core, 41% overall identity), which was originally identified as a
gene involved in DNA repair (8, 19). Deletion of HRR25 gene
in yeast prevents entry into meiosis and affects chromosomal
segregation during mitosis (19). HRR25 also plays a role in
regulating calcineurin-mediated stress response by phosphor-
ylation of the transcription factor Crz1p and inhibiting its nu-
clear import (23). A previous study found that CK1� relocal-
ized to the centrosome and kinetochore microtubules during
mitosis in mammalian cells (4). p53 also has important roles in

the maintenance of chromosome stability in mammalian cells.
The interaction between MDMX and CK1� again raises the
question of whether mammalian CK1� functions in DNA re-
pair and maintenance of genomic stability, in part through its
role in regulating MDMX and p53.
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