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Phosphorylation of p53 at threonine 155 is required for
Jabl-mediated nuclear export of p53
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The Jun activation-domain binding protein 1 (Jab1) induces
p53 nuclear export and cytoplasmic degradation, but the
underlying mechanism is poorly understood. Here, we show
that phosphorylation at the threonine 155 residue is essential
for Jab1-mediated p53 nuclear export. Jab1 stimulated
phosphorylation of p53 at T155 was inhibited by curcumin, an
inhibitor of COP9 signalosome (CSN)-associated kinases. The
T155E mutant, which mimics phosphorylated p53, exhibited
spontaneous cytoplasmic localization in the absence of Jab1.
This process was prevented by leptinomycin B (LMB), but not
by curcumin. The substitution of threonine 155 for valine
(T155V) abrogated Jab1-mediated p53 nuclear export, indicating
that phosphorylation at this site is essential for Jab1-mediated
regulation of p53. Although T155E can be localized in the
cytoplasm in the absence of Mdmz2, the translocation of T155E
was significantly enhanced by ectopic Hdm2 expression. Our
data suggests that Jab1-mediated phosphorylation of p53 at
Thr155 residue mediates nuclear export of p53. [BMB Reports
2017; 50(7): 373-378]

INTRODUCTION

p53 is a master transcriptional factor called a genome
gatekeeper, which suppresses cell growth and tumor formation,
and induces cellular senescence (1-3). Since exposure to
various oncogenic stresses activates p53, leading to cell cycle
arrest or apoptosis, the turn-on process of p53 is a key step in
maintaining genomic integrity, and preventing cells from
transforming into cancer cells (4-7). Since the transcriptional
role of p53 is to keep cells from growing unchecked under
DNA damaging conditions, the toxicity of p53 should be
suppressed under normal conditions. This is accomplished by
the human double minute 2 (Hdm2, or Mdm2 in mice) E3 ligase,
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which continually induces the degradation of p53 (5, 6, 8).

The Jun activation-domain binding protein 1 (Jab1) is also
called CSN5, being a fifth member of COP9 signalosome
(CSN) complexes (9). One important function of Jab1 is its
ability to mediate nuclear export and/or degradation of its
interacting proteins. For example, Jab1 couples these two
processes for the Smad7, ER, cyclin E and West-Nile virus
capsid protein and p53 (9-19). The detailed biochemical
mechanism of how Jab1 mediates nuclear export and/or
degradation has not been fully elucidated. However, Jab1
knockout mice displayed increased levels of p53, p27 and
cyclin E, supporting the physiological importance of Jab1
involvement in regulating the aforementioned proteins (20).

In this study, we identify how Jab1 mediates p53 cyto-
plasmic translocation. Jab1 induces phosphorylation at Thr155
of p53 via CSN-associated kinases, and stimulates p53
cytoplasmic localization. Phosphorylated p53 can be exported
to the cytoplasm through a CRM1-dependent nuclear export
system. This process is independent of Hdm2, but can be
facilitated by Hdm2 overexpression.

RESULTS

Curcumin prevents Jab1-mediated p53 nuclear export

Previously, we noted that p53 could be translocated to the
cytoplasm from the nucleus in a Jab1-dependent manner (14).
Jab1 is a member of CSN and functions as a platform to recruit
CSN-associated kinases (21). We therefore used curcumin, a
CSN-associated kinase inhibitor, to test whether CSN-
dependent phosphorylation is involved in Jab1-mediated p53
regulation (21, 22). When p53 is expressed in p53-null H1299
cells, around 90% of the cells have p53 localized in the
nucleus, while cells with both nuclear and cytoplasmic p53
had less than 10% (Fig. 1A, panels 1-4). Jab1 was found to be
expressed in both the cytoplasmic and nuclear areas (Fig. 1A,
panels 5-8). When Jab1 was co-expressed with p53, about
70% of the cells exhibited p53 nuclear/cytoplasmic localization,
as previously observed (Fig. 1A, panels 9-12) (15). Interestingly,
curcumin treatment significantly inhibited Jab1-mediated p53
cytoplasmic localization with only 16% of the cells displaying
p53 in the cytoplasm (Fig. 1A, panels 13-16). To further
confirm the effect of curcumin on Jab1-mediated p53 nuclear
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Fig. 1. Curcumin suppressed Jab1-mediated nuclear export of p53.
(A) H1299 cells were transfected with the plasmids expressing
HA-p53, MycJab1, or both for 24 h and then treated with 50
pM curcumin for 6 h. The cells were analyzed by fluorescence
microscopy using anti-HA and Myc antibodies. The cells were
counterstained with DAPI to visualize the nuclei. Representative
images are shown in the left panel. A total of 200 cells
expressing HA-p53 were counted according to their localization,
and the results are presented in the right panel (N: Nucleus, N/C:
Nucleus and cytoplasm). (B) Nuclear and cytoplasmic fractions of
H1299 cells transfected and treated as described in (A) were
prepared using an NE-PER extraction kit. Protein levels were
determined by western blot (WB) using anti-phospho-p53 (Thr155),
HA, or Myc antibodies. HDAC and tubulin were used as loading
controls for the nuclear and cytoplasmic proteins, respectively. (C)
U20s cells transfected with the plasmid expressing HA-Jab1 were
treated with DMSO or 50 puM curcumin for 6 h. The cells
analyzed by fluorescence microscopy as in (A). (D) Nuclear and
cytoplasmic fractions of U20S cells transfected and treated as
described in (C) were prepared using NE-PER extraction Kkit.
Protein levels were determined by WB.

export, the nucleus and cytoplasm of cells were fractionated
and analyzed by western blotting. Cytoplasmic p53 expression
was found to be increased by Jab1 (Fig. 1B, lanes 2 and 6),
whereas curcumin was found to have reduced p53 expression
in the cytoplasm (Fig. 1B, lanes 6 and 8); both results are in
support of the immunofluorescence data.

CSN complexes induce p53 phosphorylation at S149, T150,
and T155 via CSN-associated kinases (21). Since Jab1 is a
component of CSN complexes, we wondered whether Jab1
itself is able to stimulate phosphorylation of p53 in our system.
The co-expression of Jab1 with p53 increased phosphorylation
at T155, particularly in the cytoplasm (Fig. 1B, lane 6), and this
process was abrogated by curcumin (Fig. 1B, lanes 6 and 8).

We next assessed the effects of curcumin on the Jab1-
mediated p53 nuclear export in the U20S osteoblastoma cell
line harboring intact p53. Notably, only Jab1-expressing cells
exhibited p53 cytoplasmic localization, while cells without
Jab1 showed p53 nuclear localization (Fig. 1C, panels 1-4).
However, most of the curcumin-treated cells had p53 in the
nucleus, regardless of Jab1 expression (Fig. 1C, panels 5-8).

374 BMB Reports

A

HA-T155E

HApS3  T1S5E
(NC) ~ < v <o

N C N C
HDAC

24
HA-T155E
N)

[ 1
oNe

B
P53 TISSE
D

& $& &
& &5 &
£ S £F
8 -y I
ane NC NC NGC
HATI55E o o | [ o] o] 55
Myc-Jabt [== [ .
P Hoac [B= == |["== ]

c

HA-T155€

HA-T155E
+ Curcumin

HA-T155E
Trsse Tuvuin (] ]l

Fig. 2. Phosphomimetic mutant p53 (T155E) is mainly localized
in the cytoplasm, in a CRM-dependent manner. (A) H1299 cells
transfected with the plasmids expressing HA-p53 WT or T155E
were analyzed by fluorescence microscopy. Representative images
are shown and summarized in the right panel. (B) Nuclear and
cytoplasmic fractions of H1299 cells expressing HA-p53 WT and
T155 were subjected to WB. (C, D) H1299 cells expressing
HA-p53 T155 were treated with 50 uM curcumin for 6 h or 10
nM leptomycin B (LMB) for 12 h. Immunofluorescence (C) and
WB (D) analysis were performed as described above. (E) H1299
cells were transfected with the plasmid expressing Jab1 and p53
wild-type (WT) or mutants. Whole cell extracts (WCE) were
immunoprecipitated with an anti-Myc antibody, followed by WB
using anti-HA and Myc antibody. (F) H1299 cells were transfected
as indicated, then treated with or without 50 uM curcumin for 6
h. The cells analyzed by fluorescence microscopy. Representative
images are shown in the supplementary Fig. 2.

Cell fractionation analysis further supported our finding that
ectopic Jab1 expression induced p53 accumulation in the
cytoplasm, and this was reversed by curcumin treatment (Fig.
1D). Consistent with Fig. 1B, phospho-p53 was mostly found
in the cytoplasmic fraction, but cytoplasmic phospho-p53 was
mostly disappeared in the presence of curcumin (Fig. 1D).
Overall, our data suggests that Jab1 stimulates p53 phosphory-
lation at Thr155 by CSN-associated kinase, leading to p53
nuclear export.

Phosphorylation of Thr 155 on p53 is required for
Jab1-mediated p53 nuclear export

As Jab1 induced p53 phosphorylation at Thr155 and cyto-
plasmic localization (Fig. 1 and Supplementary Fig. 1A), we
next wondered whether p53 phosphorylation is sufficient for
p53 nuclear export. To test this, we constructed S149D,
T150E, T155E, and S149D/T150E/ T155E (triple-point mutant;
TM) as p53 phospho-mimetics. When each mutant was
expressed in cells, there was no difference among wild-type
(WT) p53, S149D and T150E in their cellular distribution
(Supplementary Fig. 1B). Interestingly, around 75% of cells
expressing T155E or TM have p53 in the cytoplasm (Fig. 2A
and Supplementary Fig. 1B). Cellular fractionation analyses
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showed that while WT p53 was mostly detected in the
nucleus, 50% of T155E was found in the cytoplasmic fractions
(Fig. 2B). In particular, the spontaneous cytoplasmic localiza-
tion of T155E was not inhibited by curcumin (Fig. 2C and D),
but was suppressed by leptinomycin B (LMB), an inhibitor of
the nuclear export system (Fig. 2C and D). These results
suggest that cytoplasmic localization of T155E is no longer
controlled by CSN-kinases, but requires a CRM1-dependent
nuclear export system.

We next investigated the effect of Jab1 on the p53 mutants.
All these mutants were able to bind to Jab1 (Fig. 2E). When
Jab1 was co-expressed with S149D and T150E, their nuclear
export pattern was similar to wild-type p53, and was inhibited
by curcumin, suggesting that S149 and T150 on p53 are
dispensable for Jab1-mediated p53 translocation (Fig. 2F and
Supplementary Fig. 2, panels 1-12 and 21-32). On the other
hand, T155E and TM, co-expressed with Jab1, displayed
around 75% of cytoplasmic localization, which is similar to
the spontaneous cytoplasmic localization, indicating that they
were little affected by Jab1 (Fig. 2F and Supplementary Fig. 2,
panels 13-20 and 33-40). These data suggest that the nuclear
export of p53 is influenced by the change of electronic charge
on Thr155 that occurs upon phosphorylation, and not by Jab1.
In summary, Jab1 was able to stimulate phosphorylation of
p53 at Thr155. The mutant, T155E, which mimics the charged
structure of phosphorylated p53, was able to localize to the
cytoplasmic area spontaneously in a CRM1-dependent manner.
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Fig. 3. The Thr155 residue on p53 are indispensable for Jab1-
mediated cytoplasmic localization and degradation. (A) Extracts
from H1299 cells transfected as indicated were immunoprecipi-
tated with an anti-Myc antibody, followed by WB using anti-HA
and Myc antibody. (B) H1299 cells transfected with the plasmids
expressing HA-p53 WT and T155V in the absence and presence
of MycJabl. Protein levels were determined by western blot
(WB). (O H1299 cells transfected with the indicated plasmids
were analyzed by fluorescence microscopy. Representative images
are shown and summarized in the right panel. (D) Nuclear and
cytoplasmic fractions of H1299 cells transfected as indicated were
subjected to WB.
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p53 T155V point mutant is resistant to Jab1-mediated nuclear
export

Since T155E is effectively localized into the cytoplasm even
without overexpressed Jab1, the T155V mutant was construc-
ted to determine whether Thr155 is indeed crucial for
Jab1-mediated transport of p53. Despite its ability to bind to
Jab1, Jab1-induced phosphorylation of T155V mutant was not
observed (Fig. 3A and B). Using immunofluorescence analyses,
we found that Jabl-mediated nuclear export of T155V was
almost completely prevented (Fig. 3C, panels 5-8 and 13-16,
graph). Cellular fractionation assays showed that only small
fraction of T155V was observed in the cytoplasm, in the
presence of Jab1 (Fig. 3D). Overall, the data showed that
export of the p53 mutant defective in phosphorylation at
Thr155 residue to the cytoplasm was prevented by Jab1,
suggesting that the phosphorylation at Thr155 residue might
be essential for p53 nuclear export.

Phosphorylation at T155 of p53 is required for efficient
nuclear export by Hdm2

The canonical pathway of p53 cytoplasmic translocation
requires Hdm2-mediated mono-ubiquitination at the C-terminal
six lysine sites, followed by CRM1-dependent nuclear export
(23, 24). The mutation or deletion of these sites prevents
Hdm2-mediated nuclear export of p53. To examine whether
the Hdm2-mediated pathway is involved for the cytoplasmic
localization or T155E, we constructed a T155E6KR mutant in
which Thr155 mutated to Glu, and six lysines to arginines.
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Fig. 4. Phosphorylation at the Thr155 residue and ubiquitination
at the six lysine residues on p53 cooperatively facilitate cyto-
plasmic localization. (A) H1299 cells transfected with HA-p53 6KR,
T155E, or T155E6KR were analyzed by fluorescence microscopy.
Representative images are shown and summarized in the right
panel. (B) H1299 cells were transfected with the plasmids ex-
pressing HA-p53 and Hdm2, and then treated with 50 pM
curcumin for 6 h. The cells were analyzed by fluorescence
microscopy. Representative images are shown, and summarized in
the right panel.
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While most cells expressing the 6KR mutant displayed p53 at
the nucleus, 37% of cells expressing T155E6KR exhibited
cytoplasmic p53 localization, suggesting that the p53
phospho-mimetic mutant could be exported to the cytoplasm
in the absence of the C-terminal six lysines (Fig. 4A, panels
1-6). However, the nuclear export of T155E6KR was less
efficient compared to that of T155E, implying that Hdm2
pathway might facilitate nuclear export of T155E (Fig. 4A,
panels 4-9).

Accordingly, we employed p53/Mdm2 double knockout
(DKO) mouse embryonic fibroblast (MEF) to exclude the
effects of endogenous Mdm2. Cytoplasmic T155E was
detected in 30% of cells expressing T155E when expressed in
p53/Mdm2 DKO MEFs, suggesting that T155E could be
exported to cytoplasm independent of Mdm2 (Supplementary
Fig. 3). In addition, Hdm2 further enhanced cytoplasmic
localization of T155E mutant even better than that of WT p53
(Supplementary Fig. 3).

Next, the effects of Hdm2 on p53 mutants were tested. The
data showed that Hdm2 was able to induce nuclear export of
WT p53 in 55% of cells (Fig. 4B, panels 1-4, graph). The
Hdm2-mediated translocation efficiency dropped to 25% for
the T155V mutant, while it increased to 90% for T155E (Fig.
4B, panels 5-12, graph). This indicates that the simultaneous
mono-ubiquitination at the C-terminus and phosphorylation at
Thr155 can independently stimulate nuclear export of p53.
Further, curcumin was able to suppress Hdm2-mediated nuclear
export of p53, whereas it did not inhibit that of the T155E
mutant (Fig. 4B, panels 13-20, graph). This data suggests that
the inhibitory effect of curcumin on Hdm2-mediated p53
nuclear export might be due to suppression of p53 phos-
phorylation at Thr155. In conclusion, Jab1-mediated p53
phosphorylation at Thr155 can induce the nuclear export of
p53 independently of Hdm2, but this process can be further
facilitated by Hdm2 overexpression.

DISCUSSION

Cytoplasmic localization of p53 is implicated in two pathways;
one of which carries p53 into the cytoplasm and mitochondria
to induce apoptosis; the other disables the nuclear tran-
scriptional activity of p53, leading to cell survival. The major
pathway that stimulates p53 cytoplasmic localization is
mediated by the Hdm2-dependent ubiquitination of p53 at the
six lysines (K370, K372, K373, K381, K382, and K386) located
at the Cterminus (24, 25). Hdm2 plays a dual role in a
dose-dependent manner when negatively regulating p53.
Firstly, if the levels of Hdm2 are low, perhaps due to low
levels of p53, monoubiqutination of p53 results (24, 26). This
leads to exposure of leucine-rich nuclear export signal (NES)
located on the C-terminal end and subsequent detachment of
Hdm2 from the p53 (23, 24). Monoubiquitination would allow
the interaction between p53 and the nuclear export system
containing CRM1 and RanGTP, which will induce nuclear
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export of p53 (24, 27). Supporting this mechanism, p53
artificially labeled with ubiquitin is exported to the cytoplasm
(24, 26). Hdm2 mutant defective in cytoplasmic localization is
still able to induce p53 nuclear export (28, 29). This suggests
that Hdm2 might not be physically responsible for the delivery
of p53 into the cytoplasm. Once localized to the cytoplasm,
p53 can be polyubiquitinated by other E3 or E4 ligases, and
eventually degraded by the cytoplasmic 26S proteasome (26,
27). Otherwise, it could be also involved in mitochondrial
apoptotic pathways (30, 31). Secondly, when the levels of
Hdm2 are high, polyubiquitination of p53 and subsequent
nuclear degradation is induced by Hdm2 (24, 26, 27). The
post-translational modifications that affect cellular localization
of p53 also include phosphorylation at Thr55 of p53 (31). This
process increased the binding of p53 with CRM1, facilitating
its translocation into the cytoplasm. Recent studies suggest that
Hdm2-mediated ubiquitination reduces Hdm2 and p53 affinity,
which enable the mono-ubiquitinated p53 to be localized to
the cytoplasm. In this pathway, sumoylation by PIASy boosted
this process (24). Another report suggested that phosphory-
lation at Thr55 was able to induce Hdm2-independent cyto-
plasmic localization by increasing its affinity toward CRM1
(31). This suggests the existence of a possible non-conventional
mechanism leading p53 to the cytoplasm. On the other hand,
nuclear export of p53 can be blocked upon DNA damaging
stresses.  Post-translational modifications of p53 such as
phosphorylation, acetylation, glycosylation, hydroxylation,
methylation, adenylation, etc. could lead to the suppression of
Hdm2-mediated ubiquitination of p53 (27, 30, 32).

In a previous study, we showed that Jab1, a component of
CSN complexes, was able to induce nuclear export of p53
(15). In this report, we further showed that Jab1 was able to
stimulate phosphorylation of p53 at Thr155 via CSN-
associated kinases as curcumin, an inhibitor of CSN-associated
kinases, blocked this process. Once phosphorylated, p53
seems to translocate into the cytoplasm by itself, since T155E
could be localized in the cytoplasm in Mdm2-deficient cells or
in the presence of curcumin. However, LMB, an inhibitor of
CRM1-dependent nuclear export, abrogated the cytoplasmic
T155E localization, suggesting that phosphorylation of p53 at
Thr155 residue might facilitate the interaction with the CRM
complex. In addition, cytoplasmic localization of T155E is
further enhanced by Hdm2 overexpression, implying that
Hdm2-mediated mono-ubiquitination of p53 and Jab1l-
mediated p53 phosphorylation cooperatively increases the
interaction between CRM1 and p53, which ultimately
facilitates nuclear export of p53.

Despite increased cytoplasmic localization of the T155E or
TM mutant, their transcriptional activity was similar to WT
p53, suggesting that the remaining nuclear p53 is sufficient to
induce its transcriptional activity (Supplementary Fig. 4A).
Further, Jab1 could suppress the transcriptional activity of p53
mutants (Supplementary Fig. 4A). Interestingly, the activity of
T155V mutant, whose localization was not changed by Jab1,
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was inhibited by Jab1 (Supplementary Fig. 4B). These results
imply that Jab1 can suppress the transcriptional activity of p53,
independently of subcellular localization of p53, and possibly
via direct binding.

In summary, our studies identified a detailed mechanism of
p53 nuclear export mediated by CSN/Jab1-mediated phos-
phorylation and Hdm2-mediated ubiquitination. These obser-
vations may provide an effective approach to p53-activating
anti-cancer therapy.

MATERIALS AND METHODS

Plasmids

pcDNA3-HA-p53 (wild-type, 6KR), pCS-MT-BX-MycJab1, pCMV-
Hdm2, and PG13-luc were used as previously described (15,
33). p53 point mutants, S149D, T150E, T155E, TM, and T155V,
were generated by site-directed mutagenesis.

Cell culture and DNA transfection

p53/Mdm2 DKO MEFs were kindly provided by G. Lozano
(Univ. of Texas). H1299 (p53 null Lung carcinoma), U20S
(p53-positive Osteosarcoma), and p53/Mdm2 DKO MEFs were
maintained in Dulbecco’s modified Eagle’s Medium (DMEM,
Hyclone) supplemented with 10% fetal bovine serum (Hyclone)
and 1% penicillin/streptomycin (Invitrogen). Transient trans-
fections were performed using Lipofectamine 2000 (Invitrogen),
according to the manufacturer’s recommendations.

Antibodies and chemicals

The following antibodies were used: Jab1 (sc-9074, FL-334),
Mdm2 (sc-965, SMP-14), p53 (sc-6243, FL-393), p53 (sc-126,
DO-1), Phospho-p53 (Thr155, sc-17105), HA mouse (sc-7932,
F-7), HA rabbit (sc-805, Y-11), and Myc (sc-40, 9E10)
antibodies from Santa Cruz Biotechnology (Santa Cruz, CA).
B-Actin antibodies from Sigma (A5316). PARP from Cell
Signaling (9542). Alexa Fluor 488 anti-mouse and Alexa 594
anti-rabbit antibody were purchased from Alexa. Leptomycin B
was purchased from Sigma.

Immunofluorescence staining

Immunofluorescence assays were performed as described
previously (14, 34). Briefly, cells were transfected using
lipofectamine 2000 for 24 h, fixed with 4% paraformaldehyde,
and permeabilized with 0.5% Triton X-100. The cells were
then blocked with 5% bovine serum albumin (BSA) in PBS,
incubated with the specific primary antibody, and then
incubated with Alexa Fluor 488 anti-mouse or Alexa 594
anti-rabbit antibodies. The cells were counterstained with
DAPI (4, 6-diamidino-2-phenylindole). The slides were analyzed
using confocal or immunofluorescent microscopes.

Immunoprecipitation and Western blot analysis

Immunofluorescence assays were performed as described
previously (34, 35). Briefly, cells were lysed in IP buffer (50

http://bmbreports.org

p53 nuclear export require T155 phosphorylation
Eun-Woo Leg, et al.

mM Tris-HCI pH 7.5, 150 mM NaCl, 0.5% NP40, 0.5% Triton

X-100, 0.1%

sodium deoxycholate, and 1 mM EDTA

containing a protease inhibitor cocktail). Whole cell extracts
were immunoprecipitated by incubation with antibodies for 2
h or overnight, followed by incubation with protein A/G beads
for 2 h. Immunoprecipitates were boiled in 2x sample buffer
for 5 min. The extracts were separated by SDS-PAGE and
analysed by western blot using the antibodies.

Luciferase assay

Luciferase activities were measured using the Dual-Luciferase
assay kit (Promega) according to the manufacturer’s instruc-
tions. The Renilla luciferase reporter plasmid, pRL-CMV, was
used as an internal control.
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