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Although it was originally thought of as a passive way to block
the nuclear function of p53, accumulating evidence suggests
that cytoplasmic localization of p53 plays an active role in p53-
mediated functions such as apoptosis and autophagy. Previous
studies by us and others demonstrated that Mdm2-mediated
p53 ubiquitination induces both degradation and cytoplasmic
localization. Here we describe MSL2, a novel E3 ligase for p53
that promotes ubiquitin-dependent cytoplasmic p53 localiza-
tion. Unlike Mdm2 or most other p53 E3 ligases, MSL2-medi-
ated p53 ubiquitination does not affect the stability of p53.
Moreover, the MSL2-mediated effect on p53 is Mdm2-inde-
pendent. Thus, our study identifies an important ubiquitin-li-
gase for modulating p53 subcellular localization.

The function of the tumor suppressor p53 as a sequence-
specific transcription factor controlling the expression of
numerous target genes is critical for the regulation of cellular
senescence, cell-cycle arrest, and apoptosis (1-3). During nor-
mal homeostasis, p53 is localized predominantly in the nucleus
and is maintained at low levels via ubiquitination-mediated tar-
geting for proteasomal degradation (4). Both protein levels and
transcriptional activity increase dramatically in response to
stress through an array of critical post-translational modifica-
tions (4, 5). Polyubiquitination of C-terminal lysines of p53 by
Mdm2 (6-8) and other ubiquitin-protein isopeptide ligases
(E3)? such as Pirh2 (9), COP-1 (10), and Arf-BP1 (11) controls
p53 levels by targeting p53 for proteasomal degradation in
unstressed cells or after the cellular stress is resolved (4, 12).
The stress-induced p53-dependent apoptotic response consists
of transcription-dependent and -independent functions of p53
(13-17). Although transactivation of pro-apoptotic target
genes such as PUMA, BAX, and PIG3 requires p53 to act as a
transcription factor in the nucleus, cytoplasmic p53 can elicit
an apoptotic response by localizing to the mitochondria and
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activating a direct mitochondrial death program (13, 18-26).
Mdm2-mediated p53 monoubiquitination, occurring when
Mdm?2 activity levels are low, promotes p53 nuclear export and
the generation of a cytoplasmic p53 pools (27-32). Once p53
localizes to the mitochondria, both directly activated and
enabled pathways are utilized to induce apoptosis (18). p53
interacts with anti-apoptotic members of the Bcl family such as
BclXland Bcl2 at the outer mitochondrial membrane to release
and allow the oligomerization of the pro-apoptotic factors Bak
and Bax. These in turn promote the formation of pores in the
mitochondrial membrane resulting in the release of cyto-
chrome c and other apoptotic activators from the mitochondria
(21, 22, 33-35). Alternatively, p53 can interact directly with
Bak, releasing Bak from its inhibitory interaction with Mcl1 and
thereby directly activating Bak-induced apoptosis (23, 36).
Recently, a role for cytoplasmic p53 in autophagy was
described, providing further evidence that changes on subcel-
lular localization of p53 have profound effects on the cell (37).

Although, depending on its protein levels, Mdm2 contrib-
utes to both p53 degradation and p53 subcellular localization,
all other known E3 ligases, except E4F1, have been shown to
regulate only p53 degradation (4). Instead of affecting p53 levels
by ubiquitination, E4F1-mediated oligoubiquitination in the
hinge region has been shown to stimulate the induction of p53
target genes involved in cell cycle arrest (38). Notably, if cyto-
plasmic p53 localization is crucial for p53-mediated apoptosis,
Mdm2 would act as a positive regulator of the p53 apoptotic
response by promoting said cytoplasmic localization of p53.
Such a pro-apoptotic function for Mdm2 is somewhat incon-
sistent with genetic data that identifies Mdm?2 as the primary
negative regulator of p53 (39, 40). Another interesting aspect of
the role Mdm?2 plays in establishing cytoplasmic p53 pools
arises from data describing the localization of p53<5, a p53
mutant unable to bind Mdm2 (41-44). Although p53<° local-
izes primarily to the nucleus, it has also been shown to be pres-
ent in the cytoplasm (43), which may contribute to its apoptotic
ability despite known transactivation deficiencies (42—44). p53
contains two nuclear export sequences, one in the N terminus
and one in the C terminus of the protein (45, 46), as well as a
C-terminal nuclear localization sequence (47). These intrinsic
localization sequences contribute to a basal level of cytoplasmic
shuttling of p53; however, additional factors promoting cyto-
plasmic p53 localization are thought to be required to explain
the cytoplasmic localization and apoptotic ability of p53
mutants such as p53?°, which cannot be regulated by Mdm?2.
Identifying novel mechanisms that regulate cytoplasmic p53
levels may help to explain the pro-apoptotic activity of both
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wild type p53 and p53 mutants such as p532®. Such information
should provide additional insights into the extent to which both
the transactivation-dependent and -independent functions of
p53 contribute to its overall pro-apoptotic activity. Here, we
describe a novel interacting partner for p53, MSL2 (male-spe-
cific lethal-2), which contributes to establishing cytoplasmic
pools of p53-independent of Mdm?2.

EXPERIMENTAL PROCEDURES

Cell Culture—H1299, 293, U20S, and MEF p53~/~Mdm2 ™/~
cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. Cells were trans-
fected with plasmid DNA by the calcium phosphate protocol or
by using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol.

Plasmid Construction—To generate MSL2 expression con-
structs, the full-length MSL2 ¢cDNA or deletion mutants were
amplified by PCR from Marathon-Ready HeLa ¢cDNA (Clon-
tech/BD Biosciences) and subcloned into pcDNA3.1/V5-His-
Topo vector (Invitrogen) or the pcDNA3.1/NT-GFP-TOPO vec-
tor (Invitrogen). Subsequently, MSL2 was subcloned into an
expression vector to generate pIRES-F-HA-MSL2 for the
generation of the stable line. The F-ARING-MSL2 construct,
lacking the first 107 amino acids, was amplified by PCR from
Marathon-Ready HeLa cDNA using a primer containing the
FLAG sequence to generate the pTOPO-F-MSL2 A107
expression construct. Point mutants of p53 used in the
experiments were generated using the QuikChange site-di-
rected mutagenesis kit (Stratagene) following the manufac-
turer’s protocol.

Immunoprecipitation and Immunoblot—Cells were trans-
fected with FLAG-tagged expression constructs for p53 and
MSL2 using the calcium phosphate method as described previ-
ously. To immunoprecipitate the ectopically expressed FLAG-
tagged proteins in co-immunoprecipitation assays or from the
U20S F-HA-MSL2 stable line, transfected cells or U20S con-
trol and U20S F-HA-MSL2 cells lines were lysed 24 h post-
transfection in BC100 buffer (20 mm Tris, pH 7.9, 100 mMm NaCl,
10% glycerol, 0.2 mm EDTA, 0.5% Triton X-100 and fresh pro-
teinase inhibitor mixture (Sigma)). For the co-immunoprecipi-
tation experiments between F-p53 and the GFP-MSL2 subfrag-
ments, BC200 buffer (20 mm Tris, pH 7.9, 200 mm NaCl, 10%
glycerol, 0.2 mm EDTA, 0.5% Triton X-100, and fresh protein-
ase inhibitor mixture (Sigma)) was used for cell lysis, wash
steps, and elution. In all immunoprecipitations, the whole cell
extracts were immunoprecipitated with the monoclonal anti-
FLAG antibody-conjugated M2-agarose beads (Sigma) at 4 °C
overnight. After five washes with BC100, the bound proteins
were eluted using FLAG-peptide (Sigma)/BC100 for 3h at4 °C.
The eluted material was resolved by SDS-PAGE and detected
by antibodies as indicated. Whole cell lysates for inputs in ubiq-
uitination assays and for p53 target analysis were lysed in
FLAG-lysis buffer (50 mm Tris-HCI, pH 7.9, 137 mm NacCl, 10
mMm NaF, 1 mm EDTA, 1% Triton X-100, 0.2% Sarkosyl, 10%
glycerol, and fresh proteinase inhibitor mixture (Sigma)).

GST Pulldown Assay—GST protein and GST-p53 (FL), GST-
p53(NT)-(1-73), GST-p53(M)-(100-290), and GST-p53(CT)-
(290-393) were purified as described previously (48). **S-La-
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beled F-HA-MSL2 was prepared by in vitro translation using
the TNT reticulocyte lysate system (Promega). 3 ug of GST
protein was preincubated with in vitro translated F-HA-MSL2
for 3 h at 4 °C in BC100 buffer containing 0.1% Triton X-100
and 1% bovine serum albumin (BSA). GST beads were then
added, and the solution was incubated overnight at 4 °C. The
beads were washed, and bound protein was eluted for 1 hat4 °C
in BC100 buffer containing 0.1% Triton X-100 and 20 mm
reduced glutathione (Sigma) and separated on an SDS-polyac-
rylamide gel for detection by autoradiography.

In Vivo Ubiquitination Assays—The p53 lysine to arginine
mutants were created using the QuikChange site-directed
mutagenesis kit (Stratagene) following the manufacturer’s pro-
tocol. For p53 ubiquitination assays, H1299 cells plated on
100-mm dishes were transfected using the calcium phosphate
method with 8 ug of pCIN4-His-HA-Ub, 2 ug of pCIN4-
FLAG-p53, and 10 ug of pIRES-F-HA-MSL2 or 2 ug of Mdm2
plasmid as indicated. 24 h post-transfection cells were treated
for 6 h with MG132 (20 uMm) before harvesting. 10% of the cell
suspension was kept for input and lysed in FLAG-lysis buffer.
The remaining cells were lysed in 1 ml of buffer I (6 M guani-
dinium-HCl, 0.1 m Na,HPO,/NaH,PO,, 0.01 m Tris-HCI pH
8.0, 0.2% Triton X-100, 10 mM f-mercaptoethanol, and 5 mm
imidazole). 30 ul of nickel-agarose beads was added, and lysates
were rotated for 4 h at room temperature. The beads were then
washed for 5 min at room temperature once in 1 ml of buffer I,
once in 1 ml of buffer II (8 m urea, 0.1 m Na,HPO,/NaH,PO,,
0.01 M Tris-HCI pH 8.0, 0.2% Triton X-100, 10 mMm 3-mercap-
toethanol, and 5 mMm imidazole), and three times in 1 ml of
buffer III (same composition as buffer II except at pH 6.3).
Bound proteins were eluted in 50 wl of 2X SDS sample buffer
containing 500 mMm imidazole and 150 mwm dithiothreitol for 30
min at room temperature and resolved on an SDS-polyacrylamide
gel. Ubiquitinated p53 species were detected by Western blot
using p53-specific DO-1 antibody. For MSL2 autoubiquitination
assays, H1299 cells plated in 100-mm dishes were transfected with
5 ug of MSL2 expression constructs and 8 ug of pCIN4-His-
HA-Ub and processed identically to the p53 ubiquitination assays.

Immunofluorescence Staining—H1299 cells were plated on
glass coverslips in 6-well plates and transfected with 0.5 ug of
the indicated p53 expression plasmids and 8 ug of the indicated
MSL2 expression constructs using the calcium phosphate
method. 24 h post-transfection, the cells were fixed with 4%
paraformaldehyde for 15 min at 37 °C and then rehydrated for 5
min at room temperature with serum-free Dulbecco’s modified
Eagle’s medium (Cellgro). The cells were then permeabilized
using 0.1% Triton X-100 (Fisher) for 10 min at room tempera-
ture. Cells were then incubated with 1% BSA (Sigma)/Dul-
becco’s phosphate-buffered salt solution (DPBS) (Cellgro)
for 1 h. Primary antibody DO-1 (Santa Cruz Biotechnology)
or full-length p53 antibody (FL-393, SC-6243, Santa Cruz
Biotechnology) in 1% BSA/DPBS was incubated with the
cells for 1 h at room temperature and then washed with 1%
BSA/DPBS for 20 min. Alexa 488-conjugated anti-mouse
antibody (Molecular Probes) or Alexa 568 anti-rabbit anti-
body for DO-1 or 393, respectively, was added and incubated
for 30 min at room temperature. Finally, after a 15-min 1%
BSA/DPBS wash, the cells were counterstained with 4,6-dia-
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FIGURE 1. MSL2, a novel interacting partner for p53. A, schematic representation of MSL2, a 577-amino acid
protein containing an N-terminal RING domain (residues 30-120) and a C-terminal metal binding domain
(residues 455-490). B, co-immunoprecipitation of MSL2 and p53.H1299 cells were transfected with expression
plasmids for F-HA-MSL2 and p53 as indicated. 24 h post-transfection, cells were lysed, and FLAG-tagged MSL2
was immunoprecipitated (IP) using M2-agarose beads. Bound proteins were eluted using FLAG-peptide.
Inputs (left panel) and elutions (right panel) were analyzed by Western blot with the indicated antibodies.
C, MSL2 interacts directly with the C-terminal region of p53 in vitro in a GST pulldown assay. The wild type
GST-p53 full-length protein (GST-p53) (lane 3), the N terminus of p53 protein (residues 1-73) (lane 4), the
middle part of p53 (residues 100-290) (lane 5), the C terminus of p53 (residues 290-393) (lane 6), or GST alone
(lane 2) was used in a GST pulldown assay with in vitro translated **S-labeled full-length F-HA-MSL2. D, stably
expressed F-HA-MSL2 immunoprecipitates endogenous p53. U20S cells and a U20S cell line that stably
expresses F-HA-MSL2 were used forimmunoprecipitations using M2-beads to capture FLAG-tagged proteins.

Inputs and eluted precipitates were analyzed by Western blot as indicated.

midino-2-phenylindole in the last wash to visualize the
nuclei. For the leptomycin B treatment, cells were incubated
24 post-transfection for 4 h with leptomycin B (Calbiochem)
at a final concentration of 25 ng/ml before fixation. Quanti-
tation of subcellular localization is based on 100 cells
counted for each sample from three separate experiments.
Subcellular localization was quantified for three separate
experiments and presented as the mean * S.D.

Preparation of Cytoplasmic and Nuclear Fractions—Cells
were harvested, rinsed with phosphate-buffered saline, and
pelleted. The cells were then suspended in 5 volumes of cold
HB buffer (10 mm Tris, pH 7.9, 1.5 mm MgCl,, 10 mm KCI,
protease inhibitor mixture (Sigma)) and allowed to swell on
ice for 15 min, after which Triton X-100 was added to a final
concentration of 0.2%. After vortexing for 5 s, the homoge-
nate was spun for 10 min at 1000 X g. The supernatant,
containing the cytoplasmic fraction, was transferred to a
fresh tube, and the salt concentration was adjusted to 200
mM with 5 M NaCl. The crude nuclear pellet was suspended
in FLAG-lysis buffer and vortexed vigorously at 4 °C for 30
min. The homogenate was centrifuged for 15 min at
20,000 X g. Nuclear and cytoplasmic factions were analyzed
by Western blot as indicated.

SiRNA-mediated Knockdown of MSL2 and DNA Damage
Treatment—The ablation of MSL2 was performed by transfec-
tion of U20S cells with ON-TARGET plus SMARTpool oligo-
set by Dharmacon (Dharmacon L020828-01), consisting of four
different oligos targeting four different regions of MSL2.
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RESULTS

MSL2 Is a Novel Binding Partner
of p53—Human MSL2 is the homo-
log to the Drosophila melanogaster
protein male-specific lethal-2, a
member of the fruit fly dosage
compensation complex (49-51).
Human MSL2 is a 577-
amino acid, 70-kDa protein that
contains an N-terminal RING
domain and a C-terminal metal-
binding domain (Fig. 1A4) (52).
hMOF, another member of the
mammalian MSL complex (49 -51),
has been shown to interact, modify,
and regulate p53 (53), suggesting a
potential regulatory node between
the mammalian dosage compensa-
tion complex and p53. MSL2 is the
only member of the mammalian dosage compensation complex
containing a RING domain with potential E3 ligase function
(49, 50), leading us to determine whether p53 interacts with this
member of the complex in addition to the known interaction
between p53 and hMOF (53). p53 null H1299 cells were trans-
fected with expression plasmids for p53 and F-HA-MSL2,
cells were harvested and lysed 24 h post-transfection, and
tagged MSL2 was immunoprecipitated. Western blot analy-
sis of inputs (Fig. 1B, lanes 1-3) and immunoprecipitates
(Fig. 1B, lanes 4—6) shows that MSL2 immunoprecipitates
co-expressed p53 in vivo (Fig. 1B, lane 5). An in vitro GST
pulldown assay was used to determine whether the p53
interaction with MSL2 is direct and to map the specific p53
domain involved in the interaction (Fig. 1C). Recombinant
full-length GST-p53 (Fig. 1C, lane 3), as well as a C-terminal
GST-p53 fragment (Fig. 1C, lane 6), was able to interact with
in vitro translated, 2°S-labeled F-HA-MSL2 in vitro. Neither
GST-protein alone nor the GST-p53(NT) and GST-p53(M)
subfragments were able to interact with MSL2 (Fig. 1C, lanes
2, 4, and 5, respectively). Currently, no commercial antibod-
ies are available that can detect human MSL2. To support the
in vivo interaction data obtained from cotransfection exper-
iments, a U20S cell line was established that stably expresses
low levels of F-HA-MSL2. Using U20S wild type cells as
controls together with the F-HA-MSL2 U2O0S stable line, an
interaction between endogenous p53 and the stably
expressed F-HA-MSL2 was observed in co-immunoprecipi-
tation experiments. Low levels of stably expressed F-HA-
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FIGURE 2. Effect of the MSL2-RING domain on intrinsic E3 ligase activity and subcellular localization of
MSL2. A, schematic representation of full-length MSL2 and ARING-MSL2, a truncation mutant with the N-ter-
minal 107 amino acids deleted to remove the active RING domain. B, MSL2 has ubiquitination activity. 293
cells were transfected with tagged wild type MSL2 and ARING-MSL2 constructs in the presence of His-HA-
ubiquitin (UB). After treatment with the proteasome inhibitor MG132 for 4 h, cells were lysed and ubig-
uitinated proteins purified using Ni-NTA beads. Elutions were analyzed by Western blot as indicated. AB,
antibody. C, MSL2 and ARING-MSL2 localize to the nucleus. H1299 cells were transfected with GFP-tagged
full-length MSL2 and ARING-MSL2, and their subcellular localization was observed by fluorescent micros-

copy. DAPI, 4,6-diamidino-2-phenylindole.

MSL2 co-immunoprecipitate endogenous p53 from F-HA-
U20S cells (Fig. 1D, lane 4), whereas no p53 was detected
after control immunoprecipitation from wild type U20S
cells (Fig. 1D, lane 3). Although the use of a stable line does
not entirely substitute for co-immunoprecipitations of
endogenous proteins, the observed interaction in the stable
cell line supports the overexpression and iz vitro interaction
data presented in Fig. 1, B and C, respectively. Together,
these experiments identify MSL2 as a novel interacting part-
ner for p53 both in vivo and in vitro.

Effect of the MSL2-RING Domain on Intrinsic E3 Ligase
Activity and Subcellular Localization of MSL2—Proteins con-
taining a RING domain commonly possess intrinsic E3 ligase
activity (54). To establish whether MSL2 has a functional RING
domain capable of promoting ubiquitination, we generated a
truncation mutant that has the RING domain deleted (ARING-
MSL2) (Fig. 2A). To test whether MSL2 has intrinsic E3 ligase
activity and whether this activity is dependent on the RING
domain, a His,-tagged ubiquitin construct was cotransfected
with MSL2 or ARING-MSL2, and their ability to autoubiquiti-
nate was analyzed. Ubiquitinated proteins were purified using
Ni-NTA beads, and Western blot analysis of the elutions
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the subcellular localization of
MSL2, GFP-tagged full-length
MSL2 and ARING-MSL2 were
transfected into U20S cells, and the
localization of transfected MSL2
constructs was observed by fluores-
cent microscopy. As shown in Fig.
2C, full-length GFP-MSL2 (upper
panel) and GFP-ARING-MSL2
(lower panel) localize to the nucleus
when expressed exogenously, indi-
cating that the MSL2-RING do-
main, although required for the
ubiquitination activity of MSL2,
does not affect the subcellular local-
ization of MSL2.

MSL2 Is an E3 Ligase for pS3—To
determine whether MSL2 can act as
an E3 ubiquitin ligase for p53,
H1299 cells were transfected with
p53 and either wild type MSL2 or
ARING-MSL2 in the presence of
His-tagged ubiquitin. After purifi-
cation of ubiquitinated proteins,
Western blot analysis showed that
MSL2, but not ARING-MSL2, could
ubiquitinate p53 in vivo (Fig. 34,
lanes 3 and 5, respectively). To
ensure that the loss of p53 ubig-
uitination by the ARING-MSL2
construct was not due to a loss of
interaction between p53 and the MSL2 constructs, H1299
cells were transfected with HA-tagged p53 alone (Fig. 3B,
lanes 1 and 6) or in the presence of either FLAG-tagged
full-length MSL2 (lanes 2 and 7) or FLAG-tagged ARING-
MSL2 (lanes 3 and 8). As shown in Fig. 3B, lanes 7 and 9,
respectively, both full-length MSL2 and ARING-MSL2 were
able to co-immunoprecipitate HA-p53. Therefore, the loss
of ubiquitination by ARING-MSL2 observed in Fig. 34, lane
5, was caused by the absence of the MSL2-RING domain
rather than a lost interaction between p53 and ARING-MSL2.
With the exception of Mdm2-mediated p53 monoubiquitina-
tion, occurring at low Mdm?2 levels (28), and E4F1 ubiquitina-
tion in the hinge region (38), p53 polyubiquitination is associ-
ated primarily with targeting p53 for proteasomal degradation.
Cotransfection of the various p53-specific E3 ligases with p53
leads to significant reduction of p53 levels (4). To determine
whether MSL2 affects p53 levels, H1299 cells were transfected
with p53 alone (Fig. 3C, lane 2) and in combination with either
wild type MSL2 or ARING-MSL2 (Fig. 3C, lanes 3-5). Neither
overexpression of MSL2 (Fig. 3C, lanes 3 and 4) or of ARING-
MSL2 (Fig. 3C, lane 5) affected p53 levels after cotransfection
(Fig. 3C, lane 2 versus lanes 3-5), indicating that MSL2-medi-
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FIGURE 3. MSL2 is an E3 ubiquitin ligase for p53 that does not regulate p53 levels. A, MSL2 ubiquitinates
p53. H1299 cells were transfected with p53, MSL2, ARING-MSL2, and His-HA-Ub as indicted. After MG132
treatment for 4 h, cells were lysed and ubiquitinated proteins purified using Ni-NTA beads. Inputs and eluates
were analyzes by Western blot as indicated. AB, antibody. B, full-length MSL2 and ARING-MSL2 interact with
p53. H1299 cells were cotransfected with HA-p53 in the presence or absence of FLAG-tagged expression
constructs for full-length MSL2 or ARING-MSL2. Using M2-beads, FLAG-tagged MSL2 constructs were immu-
noprecipitated (/P), and elutions were analyzed for co-immunoprecipitation of HA-p53 by Western blot as
indicated. C, MSL2 expression does not affect p53 levels. H1299 cells were transfected with p53 in combination
with either wild type or ARING truncation constructs of MSL2. Whole cell lysates were analyzed by Western blot

as indicated.

ated ubiquitination does not result in proteasomal degradation
of p53 and hence does not regulate p53 stability in vivo.
MSL2-mediated Ubiquitination of p53 Promotes Cytoplas-
mic Localization of p53—At low levels, Mdm2-mediated p53
monoubiquitination promotes cytoplasmic localization of p53,
whereas high Mdm?2 levels target p53 for proteasomal degrada-
tion (28). Cotransfection of MSL2 in excess of p53 did not affect
p53 levels (Fig. 3C), suggesting that MSL2-mediated p53 ubigq-
uitination has functional consequences independent of protea-
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somal control of p53 stability. In
addition to targeting proteins for
degradation, ubiquitination has
been described as a signal for
various  degradation-independent
events such as endocytosis, virus bud-
ding, changes in subcellular localiza-
tion, and transcriptional regulation
(55, 56). Because the majority of deg-
radation-independent functions of
ubiquitin affect the targets subcellular
localization, the subcellular localiza-
tion of p53 in the presence of MSL2
or ARING-MSL2 was analyzed (Fig.
4A). H1299 cells were transfected
with p53 either alone (Fig. 44, panel
I), together with MSL2 (II), or
ARING-MSL2 (III), and the local-
ization of p53 was determined by
immunofluorescent staining. When
p53 was transfected alone (Fig. 44,
panel I) or in the presence of
ARING-MSL2 (I1I), 85 and 86% of
the transfected cells showed nuclear
staining respectively (Fig. 4B). How-
ever, when p53 was cotransfected
with MSL2 (Fig. 4A, panel III), only
54% of the transfected cells showed
nuclear staining, whereas 46%
showed cytoplasmic staining (Fig.
4B). This marked increase in cyto-
plasmic staining was dependent on
the nuclear export machinery, as
treatment with leptomycin B pre-
vented the change in subcellular
localization (Fig. 4A, panel 1V, 83%
nuclear staining). The observed
change in subcellular localization
was supported by fractionation
experiments showing an increase in
cytoplasmic p53 levels upon MSL2
cotransfection, whereas ARING-
MSL2 did not promote such a
change (Fig. 4C). Treatment with
leptomycin B again confirms in
fractionation experiments that the
nuclear export machinery is
required for MSL2-mediated p53
export (Fig. 4D). Together, these
data show that MSL2-mediated ubiquitination promotes cyto-
plasmic localization of p53 that is dependent on the nuclear
export machinery.

AB: MSL2 (HA)

AB: p53 (DO1)

MSL2 Ubiquitinates p53 at Two Novel Ubiquitination Sites,
Lys-351 and Lys-357, Instead of the Canonical Six C-terminal
Lysines Ubiquitinated by Mdm2

The major sites of Mdm2-mediated ubiquitination of p53 are
located in the C-terminal transactivation domain (4); these six
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FIGURE 4. MSL2-mediated ubiquitination of p53 promotes cytoplasmic localization of p53. A, MSL2-
mediated p53 ubiquitination promotes p53 cytoplasmic localization. H1299 cells were transfected with p53
alone (/) or in combination with wild type (//) or truncated MSL2 (/ll). Treatment with leptomycin B for 4 h prior
tofixation inhibited MSL2-mediated cytoplasmic localization of p53 (/V). Cells were stained using antibodies for
p53 as indicated and counterstained with 4,6-diamidino-2-phenylindole (DAPI). B, quantitation of subcellular
localization shown in Fig. 3A. Subcellular localization was quantified for three separate experiments and pre-
sented as the mean = S.D. C, fractionation of H1299 cells transfected with p53 alone or in combination with
wild type MSL2 or ARING-MSL2. Cells were fractionated and analyzed by Western blot as indicted. AB, antibody.
D, fractionation of control or leptomycin B-treated H1299 cells transfected with p53 alone or in combination
with MSL2. Nuclear (N) and cytoplasmic (C) fractions were analyzed by Western blot as indicated.

C-terminal lysines are shown to be required for Mdm2-medi-
ated cytoplasmic localization of p53 (27, 28, 31). Additionally,
more recent studies have shown that these lysines contribute to
p53 cytoplasmic localization not only because they act as accep-
tor sites for ubiquitination but also because ubiquitination at
these sites results in the exposure of a C-terminal nuclear
export signal and promotes dissociation from Mdm?2 (30). To
map the sites of MSL2-dependent ubiquitination, p53—6KR
and p53-8KR (6KR + K351R/K357R) mutant constructs with
the six or eight C-terminal lysines mutated to arginine, respec-
tively, were analyzed (Fig. 5A). To map the ubiquitination sites
used by MSL2 and to compare the location of these lysines to
those utilized by Mdm2, H1299 cells were transected with the
different p53 constructs and His-tagged ubiquitin either alone
or in combination with Mdm2 or MSL2 (Fig. 5B). Although
Mdm?2-mediated ubiquitination of p53—6KR was significantly
reduced (Fig. 5B, lane 3 versus lane 6), MSL2-mediated ubiq-
uitination levels were comparable between p53 and p53—6KR
(lane 2 versus lane 5). However, MSL2-mediated ubiquitination
was completely abrogated when the p53—8KR mutant con-
struct was used (Fig. 5B, lane 8), whereas ubiquitination levels
of p53—6KR and p53— 8KR by Mdm2 were similar (lane 6 versus
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e e AB: Tubulin

N C N C

AB: p53
(DO1)

lysines within this region could
inhibit this interaction, potentially
causing the observed loss of MSL2-
mediated ubiquitination of the
AB: MAX p53K3PIR/KSS7R - mytant. To  test
whether p53%3°1R/K357R g still able
to interact with MSL2, FLAG-
tagged p53 and p53 3> 1RA357R yrere
cotransfected with GFP-MSL2, and
their interaction was assayed by co-
immunoprecipitation. As shown in
Fig. 5D, both FLAG-p53 and FLAG-
p53K 3P IRKISTR were able to co-im-
munoprecipitate GFP-MSL2 (Fig.
5D, lanes 7 and 9, respectively), indi-
cating that these lysines are indeed
ubiquitination sites for MSL2 and
that loss of p53™ 3> R/I357R y1biquiti-
nation by MSL2 is not due to a
reduced interaction between the
mutant p53 and MSL2. Together
these in vivo data suggest that MSL2
ubiquitination of p53 targets the residues Lys-351 and Lys-357
instead of the six C-terminal lysines primarily targeted by
Mdm?2.

MSL2-mediated Ubiquitination at Lys-351 and Lys-357 Is
Required for p53 Cytoplasmic Localization—Establishing cyto-
plasmic pools of p53 is thought to rely predominantly on p53
monoubiquitination of the C-terminal lysines by Mdma2.
Although Mdm2-mediated cytoplasmic localization of p53
requires the availability of the six C-terminal lysines (27,
57-59), the ubiquitination site mapping presented in Fig. 5 sug-
gests that MSL2-mediated cytoplasmic localization requires
Lys-351 and Lys-357. Therefore, if MSL2-mediated ubiquitina-
tion of p53 is required for the cytoplasmic localization of p53
shown in Fig. 4, MSL2 would be expected to promote cytoplas-
mic localization of p53— 6KR, whereas the subcellular localiza-
tion of p53—8KR or p53¥3°1R/K357R should not be affected. In
contrast, Mdm2-mediated ubiquitination should promote
cytoplasmic localization of p53¥**1R/K357R " \hereas neither
p53—6KR nor p53-8KR should be affected. To test this differ-
ential regulation of the various p53 mutants, H1299 cells were
transfected with the indicated p53 mutants constructs alone or
in combination with MSL2 or Mdm?2 (Fig. 6). A comparison of
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FIGURE 5. Mapping the site of MSL2-mediated p53 ubiquitination. A, schematic representation of p53
domain structure (transactivation domain (TAD) 1-42; DNA-binding domain 100-300; tetramerization (TET)
domain 300-355; C-terminal transactivation (CT) domain 363-393) and location of amino acid mutations
introduced in p53 expression constructs that were analyzed in ubiquitination and localization experiments.
B, mapping of the site of MSL2-mediated ubiquitination of p53. H1299 cells were transfected with wild type
p53, p53-6KR, or p53-8KR (6KR + K351/K357R) and His-HA-Ub alone or together with either MSL2 or Mdm2 as
indicated. Ubiquitinated p53 was purified using Ni-NTA beads after MG132 treatment for 4 h, and inputs and
precipitates were analyzed by Western blot as indicated. AB, antibody. C, mutation of p53 lysines K351R/K357R
prevents MSL2-mediated ubiquitination. H1299 cells were transfected with wild type or mutant p53 and
His-HA-Ub, MSL2, and Mdm?2 as indicated. Inputs and Ni-NTA-purified immunoprecipitates (IP) were anaLyzed
by Western blot as indicated. D, co-immunoprecipitation of GFP-MSL2 by wild type p53 and p53K3°1R/K357R
H1299 cells were cotransfected with GFP-MSL2 and FLAG-tagged wild type and mutant p53 constructs. FLAG-
tagged p53 constructs were immunoprecipitated using M2-beads, and eluates were analyzed by Western blot
as indicated.

p53—6KR localization alone, in combination with MSL2, or in
combination with Mdm?2 (Fig. 64, I—III, respectively) shows
that unlike Mdm?2, MSL2 retains the ability to promote cyto-
plasmic localization of p53—6KR. Although only 17% of the

3256 JOURNAL OF BIOLOGICAL CHEMISTRY

transfected cells showed cytoplas-
mic staining for p53—6KR in the
presence of Mdm?2 (compared with
15% when p53-6KR was trans-
fected alone), cotransfection of
p53—-6KR in combination with
MSL2 resulted in cytoplasmic local-
ization of p53—6KR in 46% of the
transfected cells (Fig. 6B, bars 1-3).
However, this effect was lost when
p53—-8KR was used, as p53—8KR
cannot be ubiquitinated by MSL2
(Fig. 6, A, panels IV-VI, and B, bars
4-6). Although also unable to pro-
mote cytoplasmic localization of
p53—8KR (Fig. 6, A, panel VI, and B,
bar 6), Mdm2 was able to in-
duce cytoplasmic localization of
p53K3PIR/K3S7R iy 36% of the stained
cells (Fig. 6, A, panel IX, and B, bar
9). However, MSL2 was unable to
promote cytoplasmic localization of
p53K 3P IRKISTR 55 expected from the
ubiquitination experiments (Fig. 6,
A, panel VIII, and B, bar 8).
Together, these data show that
Mdm2 and MSL2 are both able to
promote ubiquitin-mediated cyto-
plasmic localization of p53 by tar-
geting different sets of lysines and
that ubiquitination is required for
such changes in p53 subcellular
localization.

The MSL2 Interaction with p53 Is
Required for MSL2-mediated
Ubiquitination of p53 and the
Resulting Change in Subcellular
Localization

The data presented for the exper-
iments using the ARING-MSL2
mutant (Figs. 2 and 4) and the
p53K 3P R/K3S7R mutant (Figs. 5 and
6) indicate that MSL2-mediated
ubiquitination of p53 is required for
its ability to promote cytoplasmic
localization of p53. However, to
provide further evidence that
MSL2-mediated ubiquitination of
p53is direct and that the interaction
between p53 and MSL2 is required
for p53 ubiquitination and changes
in subcellular localization, the
effects of additional MSL2 trunca-

tion mutants on p53 ubiquitination and subcellular localization
were tested (Fig. 7). As shown in Figs. 2C and 3B, the ARING-
MSL2 mutant was still able to localize to the nucleus and inter-
act with p53, indicating that other regions of MSL2 are required
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FIGURE 6. MSL2 ubiquitination of p53 is required for p53 cytoplasmic localization. A, analysis of MSL2-
mediated cytoplasmic p53 localization of p53 mutants. H1299 cells were transfected with the p53 mutants
alone or in combination with MSL2 or Mdm?2 as indicated, and subcellular localization of p53 was detected by
fluorescent microscopy after immunostaining. AB, antibody; DAPI, 4,6-diamidino-2-phenylindole. B, quantita-
tion of subcellular localization of p53 mutants as determined by immunostaining. Values shown represent the
average value obtained from three separate experiments. Subcellular localization was quantified for three

separate experiments and presented as the mean = S.D.

for MSL2-p53 interaction. Therefore, C-terminal MSL2 trun-
cation mutants were generated (Fig. 7A), and their subcellular
localization was analyzed. As shown in Fig. 7B, although full-
length GFP-MSL2 and GFP-MSL2-(1-400) localized to the
nucleus (upper and lower panels), the shorter GFP-MSL2-(1-
200) showed a diffuse staining throughout the cell (middle
panel). To determine whether the direct interaction between
p53 and the MSL2 constructs is required for in vivo ubiquitina-
tion of p53, the interaction of the individual MSL2 constructs
with p53 was tested by co-immunoprecipitation. FLAG-tagged
p53 was cotransfected with the three GFP-MSL2 constructs,
and tagged p53 was able to co-immunoprecipitate both full-
length GFP-MSL2 and GFP-MSL2-(1-400) (Fig. 7C, lanes 7
and 8) while being unable to co-immunoprecipitate significant
GFP-MSL2-(1-200) amounts detectable by Western blot (Fig.
7C, lane 6). These data, in combination with the co-immuno-
precipitation data for the ARING-MSL2 constructs (Fig. 3B),
suggest that the middle region of MSL2 is required for the inter-
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results from immunostaining ex-
periments were confirmed by frac-
tionation experiments after
cotransfection of p53 with the
MSL2 constructs (Fig. 7G). Co-
transfection of p53 with full-length
GFP-MSL2 and GFP-MSL2-(1-
400) led to increased p53 levels detected in cytoplasmic frac-
tions (Fig. 7G, lanes 4 and 8), whereas cotransfection with GFP-
MSL2-(1-200) had no effect on the levels of cytoplasmic p53
detected after fractionation (Fig. 7G, lane 6). Together, the
studies using MSL2 truncation mutants provide additional
proof that the interaction between MSL2 and p53 is required
for MSL2-mediated ubiquitination and the resulting changes in
p53 subcellular localization. However, in addition to the inter-
action between the two proteins, ubiquitination of p53 is
required for the changes in subcellular localization, as the loss
of ubiquitination prevents changes in subcellular localization
regardless of the interaction, as shown by studies using the
ARING-MSL2 construct or p53<3>1R/K357R,

Unlike Mdm?2, MSL2 Is Able to Promote Ubiquitination and
Cytoplasmic Localization of p53°*—As is the case for p53—
6KR, p53%/235 (p532%), a well established p53 mutant that lost
its ability to interact with Mdm2 due to mutation in the N-ter-
minal Mdm2 binding site (43), should not be able to form
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FIGURE 7. MSL2-mediated ubiquitination and changes in subcellular localization require the MSL2-p53 interaction. A, schematic representation of
GFP-tagged MSL2 truncation constructs used in the interaction, localization and ubiquitination experiments. B, subcellular localization of the GFP-MSL2
truncation constructs. U20S cells were transfected with the different GFP-MSL2 constructs and their subcellular localization was analyzed by fluorescent
microscopy. DAPI, 4,6-diamidino-2-phenylindole. C, interaction of F-p53 with GFP-MSL2 truncation constructs in vivo. H1299 cells were transfected with F-p53
alone or in combination with the different GFP-tagged MSL2 truncation constructs. After M2 immunoprecipitation, inputs and eluates were analyzed by
Western blot as indicated. AB, antibody. D, ubiquitination of p53 by GFP-MSL2 constructs in vivo. H1299 cells were transfected with wild type p53 alone or in
combination with His-HA-Ub and the GFP-MSL2 truncation constructs as indicated. Ubiquitinated p53 was purified using Ni-NTA beads after MG132 treatment,
and precipitates were analyzed by Western blot as indicated. E, effect of GFP-MSL2 truncation constructs on p53 subcellular localization. U20S cells were
transfected with p53 alone or in combination with the various GFP constructs as indicated. Subcellular localization of p53 and GFP-MSL2 was detected by
fluorescent microscopy. F, quantitation of subcellular localization of p53 after cotransfection with GFP-MSL2 constructs as determined by immunostaining.
Values shown represent the average value obtained from three separate experiments. Subcellular localization was quantified for three separate experiments
and presented as the mean = S.D. G, effect of GFP-MSL2 constructs on p53 subcellular localization determined by fractionation. H1299 cells were transected
with p53 alone or in combination with the different GFP-MSL2 constructs as indicated. After fractionation, samples were analyzes by Western blot as indicated.
N, nuclear fraction; C, cytoplasmic fraction.

Mdm2-mediated ubiquitination-dependent cytoplasmic pools.  plasmic staining was also reported (43). To provide further evi-
Although p532° was found in the nucleus in the majority of dence that MSL2-mediated p53 ubiquitination affects p53
MEEF cells derived from p532° mutant mice, significant cyto- localization independent of Mdmz2, we tested whether MSL2
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FIGURE 8. Regulation of p53 by MSL2 is Mdm2-independent. The effect of MSL2 on p532%° is shown. A, co-immunoprecipitation of wild type and mutant p53
by F-HA-MSL2.293 cells were cotransfected as indicated, and FLAG-tagged MSL2 was immunoprecipitated using M2-beads. Eluates were analyzed by Western
blot as indicated. AB, antibody. B, MSL2, but not Mdm?2, ubiquitinates p53°° in vivo. H1299 cells were transfected with wild type or mutant p53 alone or in
combination with His-HA-Ub and either Mdm2 or MSL2 constructs as indicated. Ubiquitinated p53 was purified using Ni-NTA beads after MG132 treatment,
and precipitates were analyzed by Western blot as indicated. C, effect of MSL2 or Mdm2 on p532° subcellular localization. H1299 cells were transfected with
p532° alone or in combination with MSL2 and Mdm?2 as indicated. Subcellular localization of p53 was analyzed by fluorescent microscopy after immuno-
staining for p53. D, quantitation of subcellular localization of p53 wt and p53® after cotransfection with MSL2 or MDM2 as determined by immunostaining.
Values shown represent the average value obtained from three separate experiments. Subcellular localization was quantified for three separate experiments
and presented as the mean = S.D. E, effect of MSL2 or Mdm2 constructs on p53 wild type and mutant subcellular localization determined by fractionation.
H1299 cells were transected with wild type or mutant p53 alone or in combination with MSL2 as indicated. After fractionation, samples were analyzed by
Western blot as indicated. N, nuclear fraction; C, cytoplasmic fraction.

could regulate the cytoplasmic localization of p53<® (Fig. 8). As
demonstrated above, MSL2 needs to interact with p53 in order
to promote its ubiquitination and cytoplasmic localization. To
test the interaction between MSL2 and p53%®, tagged MSL2
was cotransfected with wild type p53 or p53<®, and their inter-
action was analyzed by co-immunoprecipitation. MSL2 was
able to co-immunoprecipitate both wild type p53 (Fig. 84, lane
7) and p53?° (Fig. 84, lane 9), demonstrating that MSL2 and
p53<° are able to interact in vivo. Ubiquitination assays show
that although both Mdm?2 and MSL2 are able to ubiquitinate
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wild type p53 (Fig. 8B, lanes 3 and 4), only MSL2 is able to
ubiquitinate p53<° (Fig. 8B, lane 7). As expected, analogous to
the observed increase in cytoplasmic localization for p53— 6KR,
MSL2 promotes cytoplasmic localization of p53<® in 46% of
cotransfected cells, whereas Mdm?2 loses its ability to promote
cytoplasmic localization of this mutant (Fig. 8, C, panels II and
111, and D (bars 5 and 6); staining for wild type p53 is not shown,
see Fig. 4A for representative staining). Changes in subcellular
localization of p532° when cotransfected with MSL2 were con-
firmed by fractionation experiments (Fig. 8E). MSL2 cotrans-
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fection resulted in a marked
increase in wild type p53 and p53<®
in the cytoplasmic fraction (Fig. 8E,
lanes 6 and 8 compared with lanes 2
and 4). In summary, unlike Mdm2,
MSL2 is able to interact with p53<,
promote its ubiquitination, and
increase cytoplasmic levels of
p53<%.

MSL2-mediated Cytoplasmic Lo-
calization of p53 Is MdmZ2-indepen-
dent—To further establish that
changes in p53 subcellular localiza-
tion were entirely specific to MSL2
and not from any nonspecific effects
of Mdm2, we used a MEF p53~/~
Mdm2 " cell line for cotransfec-
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FIGURE 9. Changes in MSL2-mediated p53 subcellular localization are Mdm2-independent. A, MSL2 can

promote cytoplasmic localization of p53 in MEF p53~/~,Mdm2 "~ cells. Mdm2/p53 double null MEF cells were
transfected and stained for p53 localization as indicated. DAPI, 4,6-diamidino-2-phenylindole. B, quantitation
of subcellular localization of p53 alone or in combination with MSL2 in MEF p53~
shown represent the average value obtained from three separate experiments. Subcellular localization was

quantified for three separate experiments and presented as the mean =+ S.D.
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FIGURE 10. Effect of MSL2 on endogenous p53 subcellular localization in
U20S parental compared with U20S-F-HA-MSL2 stable line. A, subcellu-
lar localization of endogenous p53 in U20S parental and U20S-F-HA-MSL2
stable line. Parental U20S cells and U20S cells stably expressing F-HA-MSL2
were fractionated to obtain nuclear (N) and cytoplasmic (C) fractions, and
these were analyzed by Western blot as indicated. AB, antibody. B, effect of
siRNA-mediated knockdown of MSL2 on p53 subcellular localization. Parental
U20S and U20S-F-HA-MSL2 stable line were transfected with control siRNA
oligos or oligos specific for MSL2 knockdown. After three rounds of transfec-
tion, cells were fractionated to obtain nuclear and cytoplasmic extracts, and
fractions were analyzed by Western blot as indicated.

3260 JOURNAL OF BIOLOGICAL CHEMISTRY

tion assays with p53 and MSL2 (Fig.
9). As in the case of H1299 cells
described earlier, transfection of
p53 alone into MEF pS53 7
Mdm2~"~ cells resulted in cytoplas-
mic localization of p53 in only 16% of the transfected cells (Fig.
9, A, panel I, and B, bar I), whereas cotransfection with MSL2
resulted in 43% of the cells with cytoplasmic p53 localization
(Fig. 9, A, panel II, and B, bar 2). Together with its ability to
promote cytoplasmic localization of the p53—-6KR and the
P53 mutants, which could not be shuttled to the cytoplasm
by Mdm?2, these data from Mdm2~"~ cells demonstrate that
MSL2-mediated cytoplasmic localization of p53 is Mdm2-in-
dependent.

Stable Expression of F-HA-MSL2 Promotes Increased Cyto-
plasmic Localization of Endogenous p53 in U20S Cells—The
majority of p53 is commonly localized in the nucleus. To
address whether MSL2 has an effect on the localization of
endogenous p53, fractionation experiments were carried out in
U20S parental wild type cells and U20S cells that stably
express low levels of F-HA-MSL2. As shown in Fig. 104,
although virtually no endogenous p53 was detected in parental
U20S cells (Fig. 10A, lanes 1 and 2), cytoplasmic p53 was
detected in U20S cells that stably express F-HA-MSL2 (Fig.
104, lanes 3 and 4). However, stable expression of a transgene
can have multiple effects on the cells, and the increase in cyto-
plasmic p53 could potentially be caused by undetected adaptive
mechanisms acquired during selection and stable expression of
MSL2. To conclude that the cytoplasmic p53 detected in the
U20S-F-HA-MSL2 stable line is indeed caused by MSL2
expression and not by an undetected adaptive mechanism, we
preformed RNA interference experiments to knock down the
levels of F-HA-MSL2 in the stable line (Fig. 10B). Concomitant
experiments were performed in parental U20S cells to ensure
that no additional off-target effects were induced by the siRNA
treatment. Successful knockdown of the stably expressed
F-HA-MSL2 was detected by Western blot with HA antibody
(Fig. 10B, upper panel, lanes 5 and 7). Although knockdown of
MSL2 had no detectable effect in the parental U20S cells,
reduction of MSL2 in the stable line significantly reduced the
levels of cytoplasmic p53 detected in these cells (Fig. 108, lane 6

/=, Mdm2~"~ cell lines. Values
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FIGURE 11. Effect of stably expressed F-HA-MSL2 on p53 subcellular local-
ization after DNA damage. A, effect of etoposide treatment on p53 levels
and subcellular localization in U20S parental cells and U20S-F-HA-MSL2 sta-
ble line. U20S parental and U20S-F-HA-MSL2 stable cells were treated with
etoposide (Eto) for 6 h. Untreated control cells and etoposide-treated cells
were fractionated, and nuclear (N) and cytoplasmic (C) fractions were ana-
lyzed by Western blot as indicated. B, effect of RNA interference-mediated
knockdown of F-HA-MSL2 on p53 subcellular localization in U20S-F-HA-
MSL2 stable line after DNA damage. Stably expressed F-HA-MSL2 was
knocked down by three rounds of transfection with control oligos (lanes 1-4)
or MSL2-specific oligos (lanes 5-8). After knockdown, cells were split, and
after 24 h they were treated with etoposide for 6 h prior to fractionation and
analysis by Western blot as indicated. AB, antibody.

versus 8). The increase in cytoplasmic p53 in the stable line and
the MSL2-siRNA-mediated reduction of the detected cytoplas-
mic p53 indicate that MSL2 is able to regulate changes in sub-
cellular localization of endogenous p53.

Effect of Stably Expressed F-HA-MSL2 on p53 Subcellular
Localization after DNA Damage—p53 levels are stabilized
upon DNA damage, a process believed to depend primarily on
inhibiting the p53-Mdm?2 interaction and thereby preventing
p53 ubiquitination by Mdm2 (4, 60). To determine what effect
the expression of MSL2 might have on the stabilization and
localization of endogenous p53, we treated U20S parental cells
and the U20S-F-HA-MSL2 stable line with etoposide for 6 h to
induce DNA damage (Fig. 11A). After etoposide treatment,
untreated and treated cells were harvested and fractionated to
determine the extent of p53 stabilization and subcellular local-
ization. In parental U20S cells, nuclear p53 was readily stabi-
lized upon DNA damage, as expected (Fig. 114, lane 1 versus
lane 3). Under the conditions used for DNA damage treatment
and fractionation, almost no cytoplasmic p53 was detected in
the parental cells regardless of the treatment. As expected,
nuclear p53 was readily stabilized by etoposide treatment in the
U20S-F-HA-MSL2 as well (Fig. 11A4, lane 5 versus lane 7). Fur-
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thermore, the cytoplasmic p53 that can be detected in the
MSL2 stable line was also stabilized by etoposide treatment
(Fig. 11A, lane 6 versus lane 8), supporting the previously pub-
lished notion that nuclear and cytoplasmic p53 can be stabilized
independently (29). To demonstrate that the effects of DNA
damage on stabilization and localization of p53 are MSL2-de-
pendent, the stably expressed F-HA-MSL2 was knocked down
by three round of transfection with MSL2-specific siRNA oligos
prior to DNA damage treatment (Fig. 11B). Although treat-
ment of cells transfected with control oligos (Fig. 11B, lanes
1-4) showed the same increases in both nuclear and cytoplas-
mic p53 as described in Fig. 114, knockdown of the stably
expressed F-HA-MSL2 (Fig. 11B, lanes 5-8) resulted in the
reduction of cytoplasmic p53, as shown in Fig. 10B, and only
nuclear p53 was stabilized by etoposide treatment. Together
these data indicate that p53 localized in the cytoplasm due to
MSL2-mediated ubiquitination can be stabilized by DNA dam-
age and that MSL2 expression affects p53 localization but not
p53 stabilization.

DISCUSSION

P53 plays a central role in determining cell fate after stress,
with growth arrest and apoptosis the two major outcomes of
p53 activation (1-3, 13, 14). Although growth arrest is induced
predominantly through transcription of p53 target genes such
as p21 and GADD45 (61), multiple mechanisms exist for p53-
mediated apoptosis, including transcription of pro-apoptotic
target genes (62) and activation of the mitochondrial apoptotic
pathway (13, 15, 18). However, the exact contribution of these
individual pathways remains unresolved (2, 13, 18). The role of
Mdm?2 in the regulation of p53-mediated apoptosis remains
equally puzzling. The well established genetic data clearly iden-
tify Mdm?2 as a negative regulator of p53 (39, 40). However, this
negative regulation of p53 is somewhat at odds with convincing
data that clearly demonstrate the role Mdm2 plays in promot-
ing p53 cytoplasmic localization (28, 30) and subsequent p53-
dependent pro-apoptotic activity (18, 27). The relationship
between Mdm?2 and p53 is extremely complicated because of
the regulatory feedback loop that exists between the two and
the fact that Mdm2-mediated ubiquitination of p53 can have
multiple effects in the cell (4). A recent mechanistic study of the
degradation-independent roles played by Mdm2-mediated
ubiquitination of p53 revealed that ubiquitination does not
affect tetramerization and oligomerization of p53 (63). That
study demonstrated that ubiquitin-mediated repression of p53
transactivational activity by Mdm2 required not only its
sequestration into the cytoplasm but also an inhibition of its
sequence-specific binding activity. Additional mechanistic
insights into the ubiquitin-mediated regulation of subcellular
p53 localization were obtained by studying p53-ubiquitin
fusion proteins (30). Monoubiquitination of p53 acts to expose
a C-terminal nuclear export sequence and promotes the disso-
ciation of Mdm?2, thereby allowing further post-translational
modifications of the C-terminal lysines, such as sumoylation,
which promote nuclear export of p53 (30). Interestingly, stress-
induced increases in cytoplasmic p53 have been attributed pri-
marily to the stabilization of existing cytoplasmic p53 pools
instead of the shuttling of nuclear p53 into the cytoplasm (18,
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29). Careful fractionation experiments suggest that both
nuclear and cytoplasmic p53 pools are stabilized independ-
ently. Stabilization of cytoplasmic p53 depends, at least in part,
on allowing the accumulation of monoubiquitinated p53 in the
cytoplasm. Monoubiquitination, stabilization, and subsequent
localization to the mitochondria are thought to depend on
Mdm?2 activity, yet Mdm?2 itself does not act as a shuttle for the
mitochondrial localization of p53. This model depends on a
delicate balance of Mdm?2 levels in unstressed and stress-in-
duced states. It will be interesting to see how MSL2, which was
shown here to promote cytoplasmic p53 localization without
affecting p53 stability, contributes to both steady state and
stress-induced levels of cytoplasmic and mitochondrial p53 and
whether MSL2 contributes to p53-dependent apoptosis.

In addition to the role played by MSL2 in establishing and
maintaining cytoplasmic levels of wild type p53, MSL2 may
help to explain the results obtained by p53 mutants with trans-
activation deficiencies such as p53<® and p53— 6KR, which can-
not be regulated by Mdm?2 and yet retain significant apoptotic
ability (43, 57). In the case of the p532° mutant, early cell cul-
ture studies demonstrated that p532® is able to trigger apopto-
sis in HeLa cells despite failing to significantly activate many of
the relevant p53 target promoters, suggesting transactivation-
independent ways for p53 to induce apoptosis (42). Recently,
work conducted in H1299 cells showed that p53<° was able to
promote expression of some pro-apoptotic target genes such as
PIDD and AIPI and was able to induce apoptosis, although at a
slower rate than wild type p53 (64). The study also reported
that, even though many downstream apoptotic effectors are not
induced by p53<®, caspase-2 activation occurs, leading to cyto-
chrome c release (64). Although MSL2 was shown to induce
cytoplasmic localization of p532%, future studies may also focus
on the regulation of some of these p53 target genes and the
resulting activation of caspase-2 by MSL2. Such studies may
help to dissect which role and to what extent individual pro-
apoptotic functions of p53 contribute to the cellular responses
to stress. Although the pro-apoptotic capability of the p53%®
mutant was demonstrated quite early in cell lines, studies using
transgenic animals initially suggested that cells carrying a
p53<° mutant protein could not undergo damage-induced apo-
ptosis (65). Two subsequent transgenic approaches, however,
demonstrated that animals and cell lines derived from trans-
genic animals that carry the p532° mutant do retain some of the
transcriptional and pro-apoptotic capabilities, lending strong
support to the early cell culture studies (43, 44). Cytoplasmic
localization of p53<® was described in MEF cells derived from
the p53<° transgenics upon stress induction (43), further sup-
porting the requirement for additional factors other than
Mdm?2 for establishing cytoplasmic pools. Here, it has been
shown that MSL2 promotes cytoplasmic localization of p53<®
and p53-6KR mutants and that the changes in subcellular
localization of p53 are independent of Mdm?2. It will be of future
interest to determine how MSL2 contributes to the regulation
of p53<° both in animals and in cells lines derived from these
mice.

Unlike Mdm2, MSL2 is an evolutionarily conserved protein
(50). Lower organisms such as D. melanogaster and Caenorh-
abditis elegans, which lack Mdm?2 but have conserved MSL2,
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have functional p53 that is critically involved in their stress-
induced apoptotic response (66). It will be interesting to deter-
mine whether MLS2 orthologs play a role in regulating the sub-
cellular localization of p53 in these organisms or whether MSL2
performs some of the other upstream regulatory functions that
Mdm?2 performs in mammals. An additional interesting aspect
arises from the evolutionarily conserved presence of MSL2 and
MOF in dosage compensation complexes (50). hMOF can acet-
ylate p53 within the DNA-binding domain to specifically regu-
late its transcriptional activity on pro-apoptotic targets (53).
Mutation of Lys-120 within p53 has been found in human
tumors, and p53-K120R mutations selectively block transacti-
vation of pro-apoptotic target genes (53). As MSL2 and MOF,
two components of the dosage compensation complex, can reg-
ulate p53, it will be interesting to determine whether additional
cross-talk between these two regulatory mechanisms exists.

Depending on which specific E3 ligase promotes the ubiq-
uitination of p53, a different functional consequence arises,
providing a basis for differential classification of these enzymes.
The first class describes E3 ligases that can promote both
mono- and polyubiquitination and thereby evoke differential
functional consequences such as changes in subcellular local-
ization, inhibition of DNA binding, or targeting for proteaso-
mal degradation. Thus far, Mdm?2 is the only p53-specific E3
ligase that has been found able to perform such differential
regulation (4, 12, 67). Based on their ability to target p53 for
degradation by polyubiquitination, ARF-BP1, COP-1, and
Pirh2 comprise the second group of E3 ligases (4). Regulating
subcellular localization by ubiquitination without affecting p53
stability, as shown here by MSL2, identifies a third class of func-
tional consequences of p53 ubiquitination. The E4F1-mediated
ubiquitination of p53, regulates transactivation, providing
another example of specific functional consequences resulting
from p53 ubiquitination. Together, these different classes of E3
ligases provide a regulatory network for p53 that is able to con-
trol a multitude of specific p53 functions. It will be of future
interest to determine which E3 ligases act, under basal or stress-
induced conditions, to regulate p53. Finally, although our study
has identified MSL2 as an important ubiquitin ligase for
Mdmz2-independent cytoplasmic localization of p53, future
studies will be required to address whether MSL2 can act as a
regulator of p53-mediated apoptosis or other cytoplasmic p53
functions.
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