Cytoplasmic tethering is involved in synergistic
inhibition of p53 by Mdmx and Mdm2

Chihiro Ohtsubo,'* Daisuke Shiokawa,'*® Masami Kodama,'? Christian Gaiddon,* Hitoshi Nakagama,?

Aart G. Jochemsen,’ Yoichi Taya'*%’ and Koji Okamoto™37

National Cancer Center Research Institute, 'Radiobiology Division, 2Early Oncogenesis Research Project, Tokyo, Japan; *SORST, Japan Science and Technology
Corporation; “INSERM U692, Laboratoire de Signalisations Moleculaires et Neurode generescence, Universite de Strasbourg, Faculte de medecine,
Strasbourg, France; *Department of Molecular and Cell Biology, Leiden University Medical Center, Leiden, The Netherlands

(Received February 17, 2009/Revised March 24, 2009/Accepted March 25, 2009/Online publication April 28, 2009)

The mdm2 and mdmx oncogenes play essential yet nonredundant roles
in synergistic inactivation of p53. However, the biochemical mechanism
by which Mdmx synergizes with Mdm2 to inhibit p53 function remains
obscure. Here we demonstrate that, using nonphosphorylatable
mutants of Mdmx, the cooperative inhibition of p53 by Mdmx and
Mdm2 was associated with cytoplasmic localization of p53, and with
an increase of the interaction of Mdmx to p53 and Mdm2 in the
cytoplasm. In addition, the Mdmx mutant cooperates with Mdm2 to
induce ubiquitination of p53 at C-terminal lysine residues, and the
integrity of the C-terminal lysines was partly required for the cooper-
ative inhibition. The expression of subcellular localization mutants of
Mdmx revealed that subcellular localization of Mdmx dictated p53
localization, and that cytoplasmic Mdmx tethered p53 in the cytoplasm
and efficiently inhibited p53 activity. RNAi-mediated inhibition of
Mdmx or introduction of the nuclear localization mutant of Mdmx
reduced cytoplasmic retention of p53 in neuroblastoma cells, in which
cytoplasmic sequestration of p53 is involved in its inactivation. Our
data indicate that cytoplasmic tethering of p53 mediated by Mdmx
contributes to p53 inactivation in some types of cancer cells. (Cancer
Sci 2009; 100: 1291-1299)

The p53 tumor suppressor plays a central role in the prevention
of tumorigenesis."? p53 exerts its function as a tumor
suppressor by transcriptionally activating numerous target genes
that are involved in inducing a variety of biological outcomes.®
It is increasingly becoming evident that two related oncogenes,
mdm?2 and mdmx, play central roles in the regulation of p53
activity.©?

Analyses of knockout mice revealed that mdmx and mdm?2
suppress p53 in a nonredundant yet synergistic manner.® Mdmx
and Mdm?2 functionally cooperate to inhibit p53©'? and these
inhibitors form a heterodimer complex through their RING finger
domains.""'? Thus, Mdmx and Mdm?2 play distinct yet coopera-
tive functions for p53 inactivation, presumably via their physical
interaction.

Mdm?2 inactivates p53 by targeting it for ubiquitin-mediated
proteasomal degradation and by promoting its transport from the
nucleus into the cytoplasm,'® and it is likely that inhibition of
pS3 by Mdm? is attributed to these functions. Both functions of
Mdm?2 require the RING finger domain, which possesses E3 ubi-
quitin ligase activity. Indeed, Mdm?2 functions as an E3 ubiquitin
ligase for p53'% although it has been reported that Mdm?2 inhibits
p53 via other mechanisms.">

In contrast to Mdm2, Mdmx lacks robust activity of an E3 ubi-
quitin ligase for p531'® although Mdmx possesses a RING finger
domain with high sequence similarity to that of Mdm?2. In accord-
ance with its inability to ubiquitinate p53 by itself, Mdmx-
dependent inhibition of the transcriptional activity of p53 is
independent of p53 degradation."” Recently, it was reported that
Mdmx can complement the E3 activity of C-terminal mutants of
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Mdm?2, suggesting that Mdmx contributes to p53 suppression in a
manner distinct from Mdm?2.1819)

In the present paper, by using nonphosphorylatable Mdmx
mutants that are resistant to degradation by Mdm?2, we showed that
Mdmx and Mdm?2 synergistically induce the cytoplasmic retention
of p53 in DNA transfection assays. We demonstrated that cyto-
plasmic Mdmx, but not nuclear Mdmx, efficiently cooperates with
Mdm?2 to keep p53 in the cytoplasm and inhibits pS3 activity.
Further, RNAi-mediated inhibition of Mdmx or introduction of
nuclear localization mutants of Mdmx reduced cytoplasmic retention
of p53 in neuroblastoma cells. It has been documented that p53
is sequestered in the cytoplasm in some types of cancer, such
as neuroblastoma, and the sequestration of p53 is likely to con-
tribute to its inactivation. We will discuss how Mdmx and Mdm?2
contribute to cytoplasmic sequestration of p53, and its implication
during development of some types of cancer.

Materials and Methods

Cell lines. H1299 and U20S cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum.

Antibodies. Anti-Flag antibody (M2) was purchased from Sigma.
Anti-p53 monoclonal antibody (DO-1) was purchased from
Calbiochem. Anti-HA antibody was purchased from Roche
(F Hoffmam-La Roche Ltd, Basel, Switzerland). Anti-myc-tag
antibody (9E10), anti-GFP antibody (B-2), anti-topoisomerase
I antibody (C-2), anti-y tubulin antibody (D-10), and anti-Mdmx
antibody (D-19) were purchased from Santa Cruz (Santa Cruz, CA).

DNA transfection. In DNA transfection experiments, 2 ug
DNA and 4 pL Lipofectamine 2000 reagent (Invitrogen) were
introduced per 2.0 x 10° cells. Transfected cells were then
incubated for 20 h before harvesting. In experiments in which the
subcellular localization mutants of Mdmx were transfected to
determine localization of endogenous p53, Lipofectamine LTX
(Invitrogen, Carlsbad, CA) was used instead according to the
manufacturer’s protocol.

Luciferase assay. Twenty hours after transfection, cells were lysed
and luciferase activity was measured using the Dual-Luciferase
Assay System (Promega, Madison, WI). Mean values (+SD) from
three independent experiments were determined. Basal promoter
activity expressed in the absence of HA-p53 was measured and
subtracted in each experiment.

Immunostaining. Cells were fixed in 4% paraformaldehyde in
PBS for 10 min, washed with 1x PBS, and permeabilized in 100%
methanol for 30 min at —20°C. The fixed cells were then used
for immunostaining as previously described.®”
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Non-phosphorylatable Mdmx cooperates with Mdm2 to suppress p53. (a) Schematic representation of the positions of the Mdmx mutations.

The serine residues phosphorylated after DNA damage are shown in red. The RING finger domain is shown in blue. (b,c) Inhibition of the transcriptional
activity of p53 by the nonphosphorylatable mutants of Mdmx. (b) The indicated amounts of the wild-type Flag-Mdmx or Mdmx mutants were transfected
into H1299 cells together with 0.15 ug HA-p53, 0.1 ug AIP-luc, and Renilla luciferase in the presence (left panel) or absence (right panel) of 0.2 ug myc-
Mdm2. The total amount of transfected DNA was adjusted to 2 ug with pBluescript. Luciferase activity was measured 20 h after transfection. The numbers
represent mean values + standard deviations from experiments carried out in triplicate. The presented values were calculated as follows: value of cells
transfected with the indicated amount of Mdmx/value of cells transfected without Mdmx. (c) The indicated amounts of myc-Mdm2 were transfected into
H1299 cells together with 0.15 ug HA-p53, AIP-luc, Renilla luciferase, in the presence of 0.4 ug control vector, wild-type Flag-Mdmyx, or the indicated Mdmx
mutant. Luciferase assays were carried out as described in (b). (d) H1299 cells were cotransfected as described in (b). Total RNA prepared from transfected
cells was used to measure the levels of endogenous p21 RNA by real-time RT-PCR using Tagman probe (Applied Biosciences, Foster City, CA). Levels of p21

were normalized with those of B-Actin.

shRNA infection. SH-SYS5Y cells or IMR-32 cells were infected
with lentiviruses as previously described.?" Cells were infected
with the control lentiviruses or the viruses that expressed the
specific Mdmx shRNA overnight, incubated for an additional
2 days, and used for western blot analyses or immunostaining.

Additional information on Materials and Methods is provided
in the Supporting Information.

Results

Non-phosphorylatable Mdmx effectively cooperates with Mdm2 to
suppress p53 activity in H1299. Cellular stresses such as DNA
damage cause degradation of Mdmx, via its phosphorylation by
damage-induced kinases.®? Serine 367 (S367) of Mdmx is phos-
phorylated after DNA damage, and alanine substitution of S367
(S367A), which mimics the nonphosphorylated form, promotes the
cooperation between Mdmx and Mdm?2 to inhibit p53 activity.®¥
In addition to S367, two other serine residues comprise the major
phosphorylation sites of Mdmx after DNA damage.®” One of these
sites, serine 403 (S403), is phosphorylated by ATM kinase,?
whereas its downstream kinases, Chk1 or Chk2, phosphorylate
serine 342 (S342) and S367, and facilitate the binding of 14-3-3
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to Mdmx©@>2429 (Fig. 1a). Phosphorylation of each site stimulates
the proteasome-mediated degradation of Mdmx via its ubiquiti-
nation by Mdm2.%%2325

Assuming that the phosphorylation of S342 and S403, in addi-
tion to S367, also compromises p53 suppression by Mdmx, we
speculated that additional alanine substitution of S342 and S403
would allow Mdmx to inhibit p53 more effectively. We created
the Mdmx mutants with the alanine substitution at S342 (Mdmx-
2A) or at S342 plus S403 (Mdmx-3A) in addition to S367A, and
introduced each mutant into p53-deficient H1299 cells together
with p53 and the p53-responsive luciferase reporter (AIP-luc), in
the presence or absence of the transfected Mdm?2. Subsequently,
the inhibitory effect of each Mdmx mutant on p53 activity was
examined (Fig. 1b,c). Low amounts of Mdm?2 were transfected
so that introduction of Mdm?2 alone did not inhibit p53 activity
(Fig. 1¢). As we reported previously,?® the S367A mutation aug-
mented the inhibition of p53 activity by Mdmx in the presence
of transfected Mdm?2 (Fig. 1b,c). The additional alanine substitu-
tion at S342 and S403 enhanced the ability of Mdmx to suppress
p53 (Fig. 1b,c). In contrast, none of these mutants showed an
inhibitory effect on p53 activity in the absence of the transfected
Mdm?2 (Fig. 1b). We observed similar Mdm?2-dependent inhibition
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Fig. 2. Non-phosphorylatable Mdmx cooperates with Mdm2 to induce cytoplasmic localization of p53 in H1299. (a) H1299 cells were cotransfected with
HA-p53 and myc-Mdm2, in the presence or absence of Mdmx-3A, and used for staining with DAPI and anti-HA antibody. Representative staining of
the transfected cells is shown. (b) H1299 cells were cotransfected with the indicated Flag-Mdmx mutants and HA-p53 in the absence (columns 1 and
2) or presence (columns 3-7) of myc-Mdm2, and used for staining with anti-HA antibody. Subcellular localization of p53 of 100 transfected cells was
evaluated in triplicate, and the average percentage of cells with the indicated staining pattern of p53 is shown. (c) Wild-type HA-p53 or HA-p53-K6R
was transfected into H1299 cells together with myc-Mdm2 in the presence or absence of Flag-Mdmx-3A. Immunostaining analyses were carried out
as described in (b). Asterisks indicate statistically significant differences (P < 0.05) as given by a one-way ANOVA followed by Tukey post-test. (d) HA-
p53, myc-Mdmz2, and GFP were transfected into H1299 together with the indicated Flag-tagged Mdmx as described in (b), and lysates prepared from
transfected cells were used for immunoprecipitation (IP) with anti-Flag antibody (lanes 4-6) or anti-p53 (DO-1) antibody (lanes 7-9). The total lysates
(lanes 1-3) and the immunoprecipitates were analysed by western blot analyses with the indicated antibodies.

of p53 activity by Mdmx-3A on another pS3-responsive promoter
(Bax-luc) (Supporting Information Fig. S1a). Wild-type Mdmx
had an inhibitory effect that was comparable to that of Mdmx-
3A in the presence of a chk2 inhibitor (Supporting Information
Fig. S1b), suggesting that wild-type Mdmx is capable of inhibiting
pS3 in the absence of inhibitory phosphorylation.

Cotransfection of Mdm2 with these mutants suppressed the
inhibitory effects of p53 on cell growth (Supporting Information
Fig. S1c). In accordance with the inhibition of cell growth, Mdmx-
3A, but not wild-type Mdmyx, inhibits RNA expression of endog-
enous p21, which is a crucial target of p53 and inhibits cell cycle
progression (Fig. 1d). Taken together, these data suggest that non-
phosphorylated forms of Mdmx effectively cooperate with Mdm?2
to inhibit p53 function.

Ohtsubo et al.

Non-phosphorylatable Mdmx cooperates with Mdm2 to induce
cytoplasmic localization of p53 in H1299. It has been demonstrated
that low levels of Mdm2 inhibit p53 by inducing nuclear export.”
In order to determine whether the nonphosphorylatable mutants
of Mdmx cooperate with Mdm?2 to inhibit p53 activity by stimu-
lating cytoplasmic localization of p53, we next examined the
subcellular localization of p53 after cotransfection of Mdmx,
Mdm?2, and p53 under the same conditions described in Figure 1(b).
Introduction of Mdm?2 alone did not significantly affect nuclear
localization of p53 (Fig. 2a,b). Although cointroduction of Mdm?2
and wild-type Mdmx had only a marginal effect on enhancement
of cytoplasmic localization of p53 (Fig. 2b), cointroduction of
Mdm?2 and Mdmx-3A markedly enhanced a fraction of transfected
cells with cytoplasmic p53 staining (Fig. 2a,b). Cytoplasmic
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localization of p53 induced by Mdmx-3A alone was much less
striking if compared to that induced by Mdm2 and Mdmx-3A
(Fig. 2b), indicating that the effect of Mdmx-3A on the subcellular
localization is largely dependent on the cointroduced Mdm?2.
Of note, there was a gradual enhancement of the cytoplasmic
localization of p53 as Mdmx harbored an increasing number
of alanine mutations at the phosphorylation sites (i.e. Mdmx-
wt < S367A <2A <3A) (Fig. 2b), indicating that the extent of
the stimulation of the cytoplasmic localization by the nonpho-
sphorylatable mutations parallels their inhibitory effect on p53
activity (Fig. 1b). The cooperative effect of Mdmx-3A and Mdm2
to stimulate cytoplasmic localization of p53 was also observed
in U20S cells (Supporting Information Fig. S2a).

Cellular stresses such as DNA damage cause degradation of
Mdmx via its phosphorylation by damage-induced kinases.®>?
Mdmx was highly phosphorylated at S367 in transfected H1299%%
(K. Okamoto, unpublished data). In the presence of a chk2
inhibitor, wild-type Mdmx is capable of inducing cytoplasmic
localization of p53 to an extent comparable to that of Mdmx-3A
(Supporting Information Fig. S2b), indicating that in the absence
of the inhibitory kinase, wild-type Mdmx is capable of inhibiting
p53 activity (Supporting Information Fig. S1b) and inducing
cytoplasmic localization of p53. These observations suggest
that Mdmx phosphorylation may occur during the procedure of
DNA transfection, and that the nonphosphorylatable Mdmx
mutation facilitates clear observation of the cooperative effects
of Mdmx and Mdm?2 on p53 inhibition, by negating the inhibitory
effects of Mdmx phosphorylation.

Mutation at the C-terminal lysines of p53 partially compromises the
inhibitory effects of Mdmx-mediated enhancement of ubiquitination
and inhibition of p53. It has been documented that Mdm?2 ubiqui-
tinates p53 at the six C-terminal lysines, the integrity of which are
required for its nuclear export.?**® In addition to ubiquitination,
some of these lysines are targeted for other types of modification,
including neddylation, acetylation, and methylation.®!? Recent
publications have indicated that Mdmx rescues the catalytic activity
of Mdm?2 mutants for ubiquitination and neddylation of p53
in vivo.131933 Tn order to determine whether Mdmx-3A enhances
Mdm2-dependent p53 ubiquitination, we examined whether Mdmx
enhances Mdm2-mediated ubiquitination in transfected H1299.
Indeed, Mdmx-3A synergized with Mdm?2 to induce p53 ubiquitina-
tion (Supporting Information Fig. S2¢). In order to determine
whether cooperative ubiquitination targets the C-terminal lysines
of p53 by Mdmx and Mdm?2, we created a mutant p53 in which
all six lysines at the C-terminal domain were substituted with
arginine (p53-K6R). In vivo ubiquitination assays confirmed that
the K6R mutation eliminates the majority of p53 ubiquitination
in transfected H1299 (data not shown). The K6R mutation partially
inhibited Mdmx-3A-mediated cytoplasmic localization of p53
(Fig. 2¢) and transcriptional inhibition of p53 (Supporting Infor-
mation Fig. S2d). Thus, modification of the six lysines is partly
required for Mdmx-dependent cytoplasmic localization and inacti-
vation of p53, yet there exist other mechanisms by which Mdmx
and Mdm?2 cooperate to suppress pS3 function.

Non-phosphorylatable mutations of Mdmx increase levels of the
association of Mdmx to Mdm2 and p53. Next we determined whether
the nonphosphorylatable mutations of Mdmx affect the levels of
transfected p53, Mdm2, and Mdmx as well as the interaction
among them (Fig. 2d). Mdmx-2A or Mdmx-3A expression did not
markedly decrease the levels of p53 (Fig. 2d). In contrast, both the
Mdmx-2A and Mdmx-3A mutations clearly increased the levels
of introduced Mdmx (Fig. 2d). The levels of wild-type Mdmx and
the Mdmx mutants were comparable in the presence of a pro-
teasomal inhibitor MG132 (Supporting Information Fig. S2e),
suggesting that the nonphosphorylatable mutations render Mdmx
less sensitive to Mdm2-dependent proteasomal degradation.?
In accordance with increased levels of Mdmx-2A and Mdmx-3A,
the Mdmx mutations led to increased levels of the association of
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Mdmx to Mdm2 and p53 (Fig. 2d). These results indicate that
the nonphosphorylatable mutations, by protecting Mdmx from
Mdm?2-dependent degradation, increase levels of the association
of Mdmx to Mdm?2 and p53.

Mdmx-3A mutation stimulates the association of Mdmx with Mdm2
and p53 predominantly in the cytoplasm. In order to examine whether
the Mdmx-3A mutation affects subcellular localization of Mdmx
and/or Mdm?2 as well as p53, we next carried out immunostaining
analyses of transfected Mdm?2 and Mdmx. In agreement with a
previous report,'? transfected wild-type Mdmx was predominantly
localized to the cytoplasm (Fig. 3a). Both wild-type Mdmx and
Mdmx-3A mainly remained in the cytoplasm either in the presence
or absence of cotransfected Mdm?2 (Fig. 3a). Mdm2 predominantly
localized to the nucleus in the absence of transfected Mdmx
(Fig. 3b). Cotranfection of wild-type Mdmx mildly enhanced cyto-
plasmic localization of introduced Mdm?2, and the extent of the
cytoplasmic localization was markedly augmented by the Mdmx-
3A mutation (Fig. 3b). Thus, the Mdmx-3A mutation facilitates
cytoplasmic localization of cointroduced Mdm?2.

The positive effects of Mdmx-3A mutation on the levels of the
Mdmx-Mdm?2 complex (Fig. 2d) and on the cytoplasmic locali-
zation of Mdm?2 (Fig. 3b) suggest that the mutation leads to an
increase of the Mdmx—Mdm?2 complex in cytoplasm. Therefore,
we next examined the extent of their interaction in each sub-
cellular compartment after subcellular fractionation. In agreement
with the results of the immunostaining (Fig. 3a,b), both Mdmx-
3A and Mdm?2 were mainly localized to the cytoplasm, and the
Mdmx-3A-Mdm2 complex was predominantly formed in the
cytoplasm (Fig. 3c). Cytoplasmic Mdmx-3A clearly colocalized
with not only Mdm?2 (data not shown) but also with p53 (Fig. 3d).
Analyses of the subcellular localization of Mdmx-3A and p53 or
of Mdmx-3A and Mdm? in individual cells revealed that locali-
zation of Mdmx-3A in the cytoplasm was clearly associated with
cytoplasmic localization of p53 (Supporting Information Fig. S3a)
and Mdm?2 (Supporting Information Fig. S3b). These data indicate
that the Mdmx-3A mutation leads to an increase in the associa-
tion of Mdmx with p53 and Mdm?2 in the cytoplasm.

Cytoplasmic Mdmx is responsible for p53 localization in cytoplasm.
In order to determine whether cytoplasmic Mdmx-3A induces
localization of p53 to the cytoplasm, we generated Mdmx mutants
in which either a peptide that corresponds to a nuclear localization
signal of SV40 large T antigen (PKKKRKYV) or a nuclear export
signal of Rev of human immunodeficiency virus type-1
(LQLPPLERLTL) was connected to Mdmx-3A (NLS-Mdmx-3A
or NES-Mdmx-3A). Subsequently, we introduced these Mdmx
mutants together with Mdm?2 and p53, and evaluated the effect
of subcellular localization of Mdmx-3A on Mdm?2 and p53. As
expected, NLS-Mdmx-3A and NES-Mdmx-3A showed predo-
minant localization to nuclei and cytoplasm respectively (Fig. 4a,b).
Clear cytoplasmic localization of Mdm?2 (Fig. 4c) and p53 (Fig. 4d)
was induced by NES-Mdmx-3A, but not by NLS-Mdmx-3A.
Inhibition of transcriptional activity of p53 by Mdmx-3A was
enhanced by NES-Mdmx-3A and rather reduced by NLS-Mdmx-
3A (Fig. 4e). Thus, cytoplasmic Mdmx-3A tethers p53 to the
cytoplasm, whereas it effectively inhibits p53 activity in transfected
H1299 cells.

Mdmx in the cytoplasm promotes cytoplasmic retention of endo-
genous p53. Next we examined whether subcellular localization
of Mdmx-3A dictates localization of endogenous p53. Wild-type
Mdmx, Mdmx-3A, NES-Mdmx-3A, or NLS-Mdmx-3A was intro-
duced into U20S cells, in which wild-type p53 is expressed pre-
dominantly in nuclei,®” and we determined whether the mutants
affect the subcellular localization of endogenous p53. The Mdmx-
3A mutants were expressed at comparable levels (Fig. 4f). As
we observed in H1299, NLS-Mdmx-3A and NES-Mdmx-3A
predominantly localized to nuclei and cytoplasm respectively (data
not shown). Introduction of wild-type Mdmx did not significantly
affect nuclear localization of p53. In contrast, introduction of the
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Mdmx-3A mutants induced localization of p53 to the cytoplasm,
and a striking enhancement of cytoplasmic localization of p53
was observed in the presence of NES-Mdmx-3A (Fig. 4f). Taken
together, these data indicate that cytoplasmically located Mdmx,
presumably by tethering p53, induces localization of endogenous
pS3 to the cytoplasm.

Both Mdmx and Mdm2 predominantly localize to the cytoplasm of
neuroblastoma cells. Inactivation of p53 via its cytoplasmic locali-
zation is frequently observed in some types of cancer such as
neuroblastoma,®” and yet the precise mechanism by which p53
is sequestered in cytoplasm remains obscure. It was reported that
Mdm?2 mediates the cytoplasmic retention of p53 in neuroblas-
toma.®*3" In order to examine whether Mdmx as well as Mdm?2
is involved in p53 inactivation via cytoplasmic sequestration in
neuroblastoma, we analyzed SH-SYS5Y and IMR-32 cells that, like
most other neuroblastoma cells, harbor wild-type p53 with cyto-
plasmic localization (Fig. 5a; Supporting Information Fig. S4a).
Expression levels of Mdmx in SH-SY5Y were much higher than
those in normal human fibroblasts, and even higher than those
in MCF-7 (data not shown), breast cancer cells in which the mdmx
gene is amplified and Mdmx is expressed at high levels.®® Both
Mdmx and Mdm2 predominantly localized to the cytoplasm in
SH-SYS5Y cells (Supporting Information Fig. S4a). The extent of

Ohtsubo et al.

S367 phosphorylation in SH-5YSY cells was much lower than that
in the transfected H1299 cells (Supporting Information Fig. S4c).
These observations suggest that Mdmx is expressed, probably in
nonphosphorylated forms, at high levels in the cytoplasm in
unstressed SH-SYSY cells.

Nuclear Mdmx inhibits cytoplasmic retention of p53 in SH-SY5Y.
In order to determine whether subcellular localization of Mdmx-
3A dictates localization of endogenous p53 in neuroblastoma cells
as well as in U20S cells, the effects of subcellular localization
of wild-type Mdmx or the Mdmx mutants on endogenous p53
localization were evaluated as described in Figure 4(f). The Mdmx-
3A mutants were expressed at comparable levels (Fig. 5b). In
accordance with cytoplasmic localization of endogenous Mdmx
(Supporting Information Fig. S4a), Mdmx-3A and wild-type Mdmx
exclusively localized to the cytoplasm (Fig. 5b). As expected,
the majority of NLS-Mdmx-3A localized to nuclei (87%) and
NES-Mdmx-3A totally localized to the cytoplasm. Immunostaining
of transfected SH-SYSY cells revealed that the expression of
NLS-Mdmx-3A, but not NES-Mdmx-3A, reduced cytoplasmic
localization of p53 (Fig. 5b), indicating that nuclear expression
of Mdmx-3A inhibits cytoplasmic retention of p53 in SH-SYSY.

Mdmx is required for inactivation of p53 in neuroblastoma cells.
In order to further examine the role of Mdmx in p53 inactivation

CancerSci | July2009 | vol.100 | no.7 | 1295

© 2009 Japanese Cancer Association



a d

NES- NLS- Flag- Flag- Localization of HA-p53
Flag-MdmX  3A 3o 3 NES-3A NLS-3A (%)
100 -
a-Myc m . nuclear
B [ cytoplasmic
Z’ D cytoplasmic
DAPI L
20 - — — L
ol s "
Tranfected NES- NLS-

Mdmx-3A
Flag-Mdmx MY Mdmx-3A Mdmx-3A

b e —l— w/o Mdmx
Localization of Flag-Mdmx —— 3A
o 100 1.0 —/\— Nes-3a
T EA —O— NLs-3A
2 80 L . nuclear e §
2 8z
g nuclear 8z 08
g 60 - + g 0
% cytoplasmic -
§
5 0T T T l:’ cytoplasmic 0 } } f
ES (] 0.05 0.1 0.2 (ng)
20 - Mdm2
0 Flag NES- NLS-
Tranfected Mdmx-3a _ NES- NLS- f Mamx W' SA A 3a
Flag-Mdmx MX9A " Mdmx-3A Mdmx-3A Flag ”
Actin | A——
Localization of myc-Mdm2 50
(%)
| L
(%) . nucilear - 40
) 60 | 2
§ nuclear o
3 [] + E 30
= cytoplasmic @
g w 5
g i T 20
& cytoplasmic )
- £
5 20 H
B L2 10
: i
s g
ranfecte NES- NLS-
Flag-Mdmx  Mdmx3A dmx3A  Mdnmx-3A Flag-Mdmx wt 3A NES-3A NLS-3A

cells with nuclear
Flag-Mdmx (%) 0 0 0 88

Fig. 4. Cytoplasmic Mdmx tethers p53 and Mdm2 to the cytoplasm and stimulates p53 inhibition. (a) H1299 cells were cotransfected with HA-p53, myc-
Mdm2, GFP, and the indicated Flag-tagged Mdmx. Left panel, western blot analyses with the indicated antibodies. Right panel, representative staining
with anti-Flag antibody and DAPI. (b—d) H1299 cells were transfected with the indicated Mdmx, together with myc-Mdm2, and immunostained with
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was quantified.

in neuroblastoma cells, we inhibited Mdmx expression by infecting  and reduced the cytoplasmic localization of p53 (Fig. 5d,e). The
cells with the lentiviruses expressing Mdmx shRNA. Mdmx inhibi-  positive role of Mdmx in cytoplasmic localization of p53 was
tion by the specific sShRNA, while not significantly affecting levels  confirmed by western blot analyses of nuclear and cytoplasmic
of p53, induced expression of p21, a crucial p53 target (Fig. 5c)  lysates prepared from the infected cells. Depletion of Mdmx

1296 doi: 10.1111/j.1349-7006.2009.01180.x
© 2009 Japanese Cancer Association



a SH-SY5Y IMR-32 b Flag- NES- NLS- c

wt  3A
M A I
Flag | ™ sus s = Mdmx E
p53 Actin |WEE-——— Mdm2 @
(%)
8 x
e e h-RNA 2 §
£ sh- €
S 40 ¥ § o
DAPI 2 ®
%
£
3 20
@
3
0
Flag-Mdmx wt 3A NES-3A NLS-3A
cells with nuclear
Flag-Mdmx (%) 0 0 0 87
d e
(%)
e 10—
wn
o
L 80
£
8
?°x60 control
&
2%
E
»w 20
8
0 >
e E sh-Mdmx
sh-RNA *S-' g
o £
[7]
f Jd %) h 5
£ sh-Mdmx
1 2 3 4 o 100 sh-RNA E ——
o
£
Momx [ww | : ps3 | - -
3 60
o
S a0
Topol [ _wm W] g Mm2 [ S |
o
C NCN 0 p21 [
sh-RNA cont Mdmx S #n #2 1 2 3
sh-RNA § —_—
© sh-Mdmx

Fig. 5. Mdmx is required for cytoplasmic retention of p53 in neuroblastoma cells. (a) Cytoplasmic retention of p53 in neuroblastoma. SH-SY5Y or IMR-
32 cells were stained with antip53 antibody (CM1) and DAPI. (b) SH-SY5Y cells were transfected with the indicated Flag-tagged Mdmx. Western blot
analyses and quantification of a fraction of cells with cytoplasmic p53 were carried out as described in Figure 4(f). (c—f) SH-SY5Y cells were infected with
the control lentivirus or the viruses expressing Mdmx shRNA. (c) Lysates prepared from the infected cells were used for western blot analyses with the
indicated antibodies. (d) The infected cells were immunostained with antip53 polyclonal antibody (CM1) and DAPI. The average percentage of the infected
cells with cytoplasmic staining of p53 was presented after evaluating subcellular localization of p53 of 100 cells in triplicate. (e) Representative pictures
of staining of cells that were infected with the control lentiviruses or the viruses that express Mdmx shRNA. Note that the viruses express GFP, and infection
efficiency is ~100% judging from GFP expression. (f) Subcellular fractionation and western blot analyses were carried out with the indicated antibodies.
(9,h) IMR-32 cells were infected with the control lentiviruses or the viruses that express Mdmx shRNA, and (g) western blot analyses or (h) the
quantification of subcellular distribution of p53 was carried out as described in (c) and (d) respectively.

Ohtsubo et al. CancerSci | July2009 | vol.100 | no.7 | 1297
© 2009 Japanese Cancer Association



decreased p53 levels in the cytoplasm and increased those in
nuclei, while the depletion did not significantly affect cytoplasmic
localization of Mdm?2 (Fig. 5f).

Similarly, inhibition of Mdmx by the specific sShRNA led to
induction of p21 expression and inhibition of cytoplasmic local-
ization of p53 in IMR-32, another neuroblastoma cell line (Fig. 5g,h;
Supporting Information Fig. S4c). Thus, Mdmx contributes to
cytoplasmic retention of pS3 in neuroblastoma cells.

Discussion

Genetic evidence indicates that mdmx is a crucial inhibitor of
p53 and that mdmx and mdm2 cooperatively function to inhibit
p53. However, the mechanical basis of the cooperation of the
oncogenes is not clearly established. In an attempt to recapitulate
synergistic inhibition of p5S3 by Mdmx and Mdm2, we took advant-
age of our observation that the nonphosphorylatable mutations
confer Mdmx resistance against Mdm2-mediated degradation.
We demonstrated that nonphosphorylatable mutations of Mdmx
markedly enhance the ability of Mdmx to cooperate with Mdm2
for inhibition of p53, suggesting that the stress-induced phosphory-
lation of Mdmx is important for its ability to suppress p53. The
importance of the Mdmx phosphorylation was further supported
by the functionality of wild-type Mdmx on p53 suppression in
the presence of a chk2 inhibitor (Supporting Information Figs S1b
and 2b).

Through the analyses of the function of the Mdmx mutants, we
found that the nonphosphorylatable mutant of Mdmx effectively
cooperates with Mdm?2 to induce p53 ubiquitination. The ability
of the nonphosphorylatable mutations of Mdmx to inhibit p53
activity was associated with enhanced cytoplasmic retention of
pS3 and with increased levels of the interaction of Mdmx to p53
and Mdm? in cytoplasm. A causal role of cytoplasmic Mdmx to
induce localization of p53 in the cytoplasm was demonstrated
using the Mdmx mutants that harbor autonomous subcellular
localization signals.

p53 is sequestered in the cytoplasm in some types of cancer,
and it is assumed that the sequestration of pS3 contributes to p53
inactivation.®>*® Mdm?2 is essential for inhibition and cytoplasmic
sequestration of p53 in neuroblastoma cells,®%*” and the co-
operative function of Mdmx and Mdm?2 to induce p53 retention
in the cytoplasm may contribute to its inactivation in some of
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Non-phosphorylatable Mdmx cooperates with Mdm?2 to suppress p53.

Non-phosphorylatable Mdmx cooperates with Mdm?2 to induce cytoplasmic localization of p53 in H1299.
The Mdmx-3A mutation stimulates the localization of Mdm?2 and p53 predominantly to the cytoplasm.

Mdmx is required for cytoplasmic retention of p53 in neuroblastoma cells.
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