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AIMP2/p38 is a scaffolding protein required for the assembly of the
macromolecular tRNA synthetase complex. Here, we describe a
previously unknown function for AIMP2 as a positive regulator
of p53 in response to genotoxic stresses. Depletion of AIMP2
increased resistance to DNA damage-induced apoptosis, and
introduction of AIMP2 into AIMP2-deficient cells restored the
susceptibility to apoptosis. Upon DNA damage, AIMP2 was phos-
phorylated, dissociated from the multi-tRNA synthetase complex,
and translocated into the nuclei of cells. AIMP2 directly interacts
with p53, thereby preventing MDM2-mediated ubiquitination and
degradation of p53. Mutations in AIMP2, affecting its interaction
with p53, hampered its ability to activate p53. Nutlin-3 recovered
the level of p53 and the susceptibility to UV-induced cell death in
AIMP2-deficient cells. This work demonstrates that AIMP2, a com-
ponent of the translational machinery, functions as proapoptotic
factor via p53 in response to DNA damage.
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minoacyl-tRNA synthetases (ARSs) are the enzymes that

ligate specific amino acids to tRNAs before protein synthesis.
In higher eukaryotic systems, nine different ARSs form an intrigu-
ing macromolecular complex with three nonenzymatic factors
called ARS-interacting, multifunctional proteins (AIMPs) (1, 2).
Many of these complex-forming ARSs, as well as AIMPs, play
diverse regulatory roles that are not directly related to protein
synthesis (2). Among the three AIMPs, AIMP1 is secreted as a
cytokine working in immune, angiogenesis, and wound-healing
processes (3-7) and also functions as a hormone controlling glucose
homeostasis (8). AIMP3 is a tumor suppressor required for chro-
mosome integrity (9, 10). Although AIMP2 is critical for the
assembly of the multi-ARS complex (11), it also suppresses cell
proliferation via down-regulation of c-Myc (12). In addition,
AIMP2 was shown to be involved in Parkinson’s disease, inducing
neural cell death (13). However, it is yet to be determined how
AIMP?2 is involved in the control of cell death. In this work, we
investigated the functional significance and molecular behavior of
AIMP2 during the control of cell death and the relationship of
AIMP?2 associated with the multi-ARS complex and its proapo-
ptotic activity.

Results

AIMP2-Deficient Cells Are Resistant to Cell Death. To see the impor-
tance of AIMP2 during the control of cell death, we subjected
12.5-d AIMP2*/* and AIMP2~/~ mouse embryonic fibroblasts
(MEFs) to UV irradiation and compared their apoptotic sensitivity.
The apoptotic cells, indicated by the subG1 portion, were increased
~3-fold by UV irradiation in AIMP2*/* but not in AIMP2~/~ cells
(Fig. 14). Transfection of AIMP2 into AIMP2~'~ MEFs restored
the apoptotic sensitivity to UV irradiation (Fig. 1B). We also
compared the apoptotic response of AIMP2*'* and AIMP2~'~
MEFs to UV irradiation by monitoring caspase-3 activation. Pro-
caspase-3 cleavage resulting in caspase-3 generation was observed
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in AIMP2*'* but not in AIMP2~/~ cells (Fig. 1C). Suppression of
AIMP2 via gene-specific siRNA (14) also rendered the cells
resistant to UV-induced cell death as determined by annexin V-
and PI-positive populations by using flow cytometry (Fig. 1D).
When thymocytes isolated from AIMP2*/* and AIMP2"/~ mice
were compared for their apoptotic response to adriamycin-induced
DNA damage, AIMP2%/~ cells showed a higher resistance to
apoptosis [supporting information (SI) Fig. S1]. Thymocytes could
not be obtained from AIMP2~/~ mice because of their neonatal
lethality (11, 12). Conversely, overexpression of AIMP2 enhanced
UV-induced cell death (Fig. 1E), suggesting a proapoptotic func-
tion for AIMP2.

DNA Damage Induces Phosphorylation and Dissociation of AIMP2 from
the Multi-ARS Complex, as Well as Its Nuclear Translocation. Next, we
monitored the molecular behavior of AIMP2 under genotoxic
stress to understand the proapoptotic activity of AIMP2. Although
the main portion of AIMP2 was detected in the cytosol, its nuclear
portion was increased 3—10 min after UV irradiation (Fig. 24). To
see whether nuclear accumulation of AIMP2 involves its de novo
synthesis, we transfected Myc-AIMP2, blocked protein synthesis
with cycloheximide (CHX), and then subjected the cells to UV
irradiation. The nuclear localization of Myc-AIMP2 increased
along with a slight decrease in the cytosolic portion 10 min after UV
irradiation (Fig. S2), suggesting that the increase in the nuclear
portion did not involve new synthesis of AIMP2 during this time
period.

Considering that the increase in nuclear AIMP2 does not require
de novo synthesis, AIMP2 bound to the multi-ARS complex is the
likely source for this nuclear portion. We thus investigated whether
AIMP2 is posttranslationally modified upon UV irradiation.
AIMP?2 extracted from the control and UV-irradiated cells were
separated by 2D gel electrophoresis. Although AIMP2 of the
control cells was detected mainly as a single spot, a few additional
spots were generated in the more acidic region upon UV irradiation
and disappeared after treatment with alkaline phosphatase (AP)
(Fig. 2B), indicating that AIMP2 is phosphorylated after UV
irradiation. Proteins were extracted from the U V-irradiated cells,
immunoprecipitated with an anti-AIMP2 antibody, and blotted
with anti-p-Ser, -Thr, and -Tyr antibodies. It was observed that
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Fig. 1. AIMP2 is critical for the control of cell death. (A) AIMP2*/* and
AIMP2~/= MEFs were irradiated by UV (50 J/m2) and measured for the presence
of apoptotic cells by flow cytometry after 6 h. The bars and numbers indicate
the subG1 phase cells and their percentages, respectively. (B) After transfec-
tion of AIMP2 or empty vector (EV) into AIMP2~/~ MEFs for 24 h, the cells were
treated with UV, and the subG1 phase cells were measured as above. (C)
AIMP2+"* and AIMP2~'~ MEFs were subjected to UV irradiation as above, and
after 3 h, the generation of active caspase-3 from pro-caspase-3 was moni-
tored by Western blotting with anti-pro-caspase-3, -active caspase-3, -AIMP2,
and tubulin antibodies. (D) The effect of AIMP2 suppression with AIMP2 siRNA
on UV-induced U20S cell death was monitored by flow cytometry using
FITC-annexin V and PI. Viable, early apoptotic, and late apoptotic cells are
FITC™ PI7, FITC* PI-, and FITC* PI*, respectively. The numbers represent
percentages of the corresponding cells. (E) U20S cells were transfected with
EV or AIMP2 and treated with UV (50J/m?). After 12 h, the effect of AIMP2 on
UV-induced cell death was measured by colorimetric thiazoyl blue assay. The
bars represent the mean =+ SD. from triplicate samples.

AIMP2 specifically reacted with an anti-p-Ser antibody, indicating
its phosphorylation at serine residue(s) (Fig. 2C).

To see whether UV irradiation would induce the dissociation of
AIMP2 from the multi-ARS complex, proteins were extracted from
the control and U V-irradiated cells and then fractionated by gel
filtration. Whereas the components bound to the multi-ARS com-
plex would be coeluted in the void volume, those dissociated from
the complex are expected to be eluted in the later fractions (14).
Although AIMP2 was coeluted with the largest enzyme component
of the complex, glutamyl-prolyl-tRNA synthetase (EPRS), in the
control cells (Fig. 2D Upper), it was detected in two different
fractions in the U V-treated cells, one in the void volume with EPRS
and the other in the later fractions (Fig. 2D Lower). This suggested
that UV irradiation induced the dissociation of AIMP2 from the
complex. We then compared AIMP2 obtained from the two
fractions (fractions 24 and 36) by 2D gel electrophoresis. Although
AIMP2 in the void volume resolved at the same position in the 2D
gel as that of the control cells, AIMP2 in the later fraction was
detected at the location of phosphorylated AIMP2 (Fig. 2E). To see
whether phosphorylated AIMP2 is located in the nucleus, the
UV-irradiated cells were separated into cytosol and nuclear frac-
tions, and AIMP2 was analyzed by 2D gel electrophoresis as above.
The nuclear AIMP2 fraction was shifted into the acidic region
relative to the cytosolic form and was returned to its original
position by treatment with AP (Fig. 2F), indicating that nuclear
AIMP2 is phosphorylated.

To gain insight into the putative kinase(s) involved in the
phosphorylation of AIMP2, we treated the cells with inhibitors
against different kinases such as casein kinase II (15), protein kinase
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Fig. 2. UV-dependent phosphorylation, complex dissociation, and nu-
clear localization of AIMP2. (A) U20S cells were UV irradiated (50 J/m2), and
the cytoplasmic and nuclear fractions were separated by using a subcellular
proteome extraction kit (Calbiochem). The proteins extracted from each
fraction were immunoblotted with the antibodies against AIMP2, YY1
(nuclear marker), and Hsp70 (cytoplasmic marker). (B) U20S cells were UV
irradiated (50 J/m2). After 5 min, cells were harvested and proteins ex-
tracted from the untreated (Top) and UV-treated cells (Middle) were
separated by 2D gel electrophoresis and subjected to Western blotting with
an anti-AIMP2 antibody. To determine the UV-dependent phosphorylation
of AIMP2, the proteins extracted from the UV-treated cells were reacted
with +AP (Bottom). (C) Lysates from U20S cells, irradiated with UV for 5
min, were immunoprecipitated with anti-AIMP2 antibody and immuno-
blotted against pSer, pThr, pTyr. (D) To determine the effect of UV irradi-
ation on the dissociation of AIMP2, the proteins prepared as above were
separated by gel filtration, and the eluted fractions from 23 to 40 were
subjected to SDS/PAGE. AIMP2 and EPRS were detected by Western blotting
with their respective antibodies. (E) The proteins in fractions 24 and 36
were precipitated with a 2D clean-up kit (GE Healthcare) and then sub-
jected to 2D gel electrophoresis and Western blotting with anti-AIMP2
antibody. (F) U20S cells were UV irradiated, harvested at 5 min, and the
cytoplasmic and nuclear fractions were separated by using a subcellular
proteome extraction kit (Calbiochem). The proteins extracted from both
fractions were precipitated with a 2D clean-up kit (GE Healthcare), treated
with AP, and then subjected to 2D gel electrophoresis. The migration of
AIMP2 was determined by immunoblotting with an anti-AIMP2 antibody.
(G) U20S cell, treated or untreated with JNK inhibitor Il (20 uM) or
staurosporin (0.5 uM), were UV irradiated. The proteins extracted from the
cells were subjected to gel filtration, SDS/PAGE, and Western blot analysis
for EPRS and AIMP2 as above. (H) U20S cells (control, 10 min after UV, 10
min after UV, and JNK inhibitor Il treated) were stained with anti-AIMP2
antibody (green) and counterstained with PI (red) to monitor the cellular
localization of AIMP2. Data are representative of three independent
experiments.

C (16), and Jun N-terminal kinase (17) that are known to respond
to UV irradiation and checked the phosphorylation of AIMP2. The
phosphorylation of AIMP2 was specifically inhibited by JNK in-
hibitor II (Fig. S34), implying that JNK is a potential upstream
kinase responsible for the phosphorylation of AIMP2. However,
further analysis is needed to determine whether JNK works directly
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Fig.3. Functional significance of AIMP2 activation of p53 in response to DNA damage. (A) The effect of AIMP2 on p53 levels was monitored by using Western blotting
after transfection of AIMP2 into U20S cells that were p14AT inactive, to exclude the possible involvement of p14A ™ in the induction of p53. (B) AIMP2 was transfected
into U20S cells at the indicated amounts and its effect on the expression of PUMA, a known target of p53, was monitored by RT-PCR. GAPDH was used as the control.
(C) After cotransfection with the indicated amounts of AIMP2 and GADD45-luciferase (0.5 ug/ml), U20S cells were incubated for 24 h and dissolved in lysis buffer
(Promega). After collection by centrifugation, cells were lyzed, mixed with the luciferase reaction substrate, and the reaction was quantified by using a luminometer.
(D) AIMP2*'* and AIMP2~/~ MEFs were irradiated by UV at 50 J/m2and the extracted proteins were subjected to immunoblotting with anti-p53, -AIMP2, and -tubulin
antibodies. (E) AIMP2-deficient MEFs were transfected with EV or AIMP2. They were then treated with UV and checked whether p53 activation was restored by the
exogenous introduction of AIMP2. (F) To determine whether AIMP2 is specifically required for the activation of p53, we treated AIMP2*/* and AIMP2~/~ MEFs with
adriamycin (1 ug/ml, 4 h), TSA (100 ng/ml, 12 h), and EGF (10 ng/ml, 4 h), then compared the cellular levels of p53 by Western blotting. Actin was used as a loading control.

Data are representative of three independent experiments.

on AIMP2. Because JNK is one of the MAPKSs, we also checked
whether the two other known MAPKs, ERK and p38 MAPK, are
also involved in the phosphorylation of AIMP2 by using the
inhibitors U0126 and SB202190, respectively. These inhibitors did
not affect the UV-induced phosphorylation of AIMP2 (Fig. S3B),
further supporting the specific involvement of JNK in the phos-
phorylation of AIMP2. To see whether the phosphorylation of
AIMP2 is necessary for its dissociation from the multi-ARS com-
plex and nuclear translocation, we treated the cells with JNK
inhibitor II. Although the dissociated form of AIMP2 was detected
in UV-irradiated cells, its generation was blocked by the treatment
with JNK inhibitor IT but not by staurosporin (Fig. 2G). JNK
inhibitor II also blocked the nuclear localization of AIMP2 (Fig.
2H). These results suggest that JNK-dependent phosphorylation of
AIMP?2 is required for the dissociation of AIMP2 from the multi-
ARS complex and its nuclear localization.

AIMP2 Controls the p53 Response to DNA Damage. Because p53 plays
a critical role in the apoptotic response to DNA damage, we
checked whether the function of AIMP2 during apoptosis would
involve the p53 pathway. The proapoptotic activity of AIMP2 was
ablated when p53 was suppressed via siRNA in U20S cells (Fig.
S4), suggesting a functional linkage between p53 and AIMP2. We
then analyzed whether AIMP2 would regulate p53. Transfection of
AIMP? increased p53 levels (Fig. 34) as well as the expression of
p53-up-regulated modulator of apoptosis (PUMA), a known target
of p53 (Fig. 3B). It also increased the expression of a reporter gene
controlled by the p53-dependent GADD45 promoter (Fig. 3C) in a
dose-dependent manner. The p53 levels and the response to UV
irradiation were significantly suppressed in AIMP2~/~ cells (Fig.
3D), but p53 cellular levels were enhanced when AIMP2 was
introduced into AIMP2~/~ MEFs (Fig. 3E). Immunofluorescence
staining and Western blot analysis of p53 also showed that UV- or
adriamycin-dependent induction of p53 was abolished when
AIMP2 was suppressed with AIMP2 siRNA (Fig. S5 A and B).
To determine the functional specificity of AIMP2 during the
control of cell death, we treated the cells with the histone deacety-
lase inhibitor, trichostatin A (18, 19), and mitogenic epidermal

11208 | www.pnas.org/cgi/doi/10.1073/pnas.0800297105

growth factor (EGF) (20), which are known to activate p53, in
addition to adriamycin. All of these treatments increased p53 levels
in WT MEFs (Fig. 3F) or nonspecific siRNA-transfected cells (Fig.
S5C), although the degree of p53 enhancement varied. However,
the induction of p53 by adriamycin treatment was not observed in
AIMP2-deficient cells (Fig. 3F) or when AIMP2 was suppressed via
siRNA (Fig. S5C), whereas induction of p53 was not affected by the
other two treatments, suggesting the specific involvement of
AIMP2 in DNA damage-induced cell death.

Functional Interaction of AIMP2 with p53. We investigated whether
nuclear AIMP2 would interact with p53. Nuclear fractions from
UV-irradiated U20S cells were prepared at different time inter-
vals, and then coimmunoprecipitation of p53 with AIMP2 was
performed. The interaction of AIMP2 with p53 increased signifi-
cantly from 5 to 10 min after UV irradiation (Fig. 44). The
interaction of AIMP2 with p53 was also tested by in vitro pull-down
assay using GST-p53 and His-AIMP2. His-AIMP2 was coprecipi-
tated with GST-p53 but not with GST alone (Fig. 4B), indicating a
direct interaction. The interaction of p53 with AIMP2 was also
tested by using a yeast two-hybrid assay. LexA-p53 with B42-
AIMP2, but not with B42-AIMP1 (2, 4) and -lysyl-tRNA synthetase
(KRS) (14, 21), permitted yeast cell growth on leucine-depleted
medium (Fig. 4C), suggesting a specific interaction between p53 and
AIMP2. Because AIMP?2 is phosphorylated and translocated into
the nucleus after UV irradiation, we checked whether phosphor-
ylated AIMP2 had a higher affinity for p53 than unphosphorylated
AIMP2. However, both unphosphorylated and phosphorylated
AIMP2 bound to p53 with similar affinities (data not shown),
suggesting that phosphorylation of AIMP2 does not affect its
interaction with p53.

Yeast two-hybrid analyses with B42-AIMP2 and the different
fragments of p53 fused to LexA demonstrated that the N-terminal
32 aa of p53 are involved in the interaction with AIMP2 (Fig. 4D).
To confirm this conclusion, we tested which p53 mutation (22-24)
would affect the interaction with AIMP2. Whereas the p53 mutants
at 175 and 248 bound to AIMP2, the mutant at 22/23 lost its binding
capability (Fig. 4F), further confirming the interaction of the
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Fig. 4. Interaction of AIMP2 with p53. (A) The nuclear fractions were prepared

from U20S cells at the indicated times after UV irradiation and immunoprecipi-
tated with anti-p53 antibody, and the coprecipitation of AIMP2 was determined
by Western blotting. (B) p53 was expressed as a GST fusion protein and incubated
with recombinant His-tagged AIMP2. GST or GST-p53 proteins were precipitated
with glutathione-Sepharose, and the coprecipitation of AIMP2 was determined
by Western blotting with an anti-AIMP2 antibody. (C) The interaction of p53 with
AIMP2 and two other components of the multi-ARS complex, AIMP1 and KRS,
were determined by yeast two-hybrid assay. p53 and the testing partners were
expressed as LexA and B42 fusion proteins, respectively, and positive interactions
were determined by cell growth on yeast minimal medium. (D) The different
peptide regions of p53 were expressed as LexA fusion proteins, and their inter-
actions with B42-AIMP2 were also tested as above. The numbers of each lane
indicate the amino acid positions of p53. (E) The WT and different point mutants
of p53 at positions 22/23, 175, and 248 (35-37) were radioactively synthesized by
in vitro translation, mixed with GST-AIMP2, and affinity precipitated with gluta-
thione-Sepharose beads. The p53 mutants coprecipitated with GST-AIMP2 were
determined by autoradiography. (F) The radioactively labeled deletion frag-
ments of AIMP2 were prepared by in vitro translation, mixed with GST-p53, and
precipitated with glutathione-Sepharose beads. The AIMP2 fragments precipi-
tated with GST-p53 were detected by autoradiography. Data are representative
of three independent experiments.

N-terminal region of p53 with AIMP2. Conversely, we determined
the peptide region of AIMP2 that is involved in its interaction with
p53 by in vitro pull-down assay. The peptides spanning 84-225,
84-312, and 162-312 aa of AIMP?2 interacted with p53 (Fig. 4F),
implying that the 162-225 region of AIMP2 was involved in the
binding of p53.

To assess the importance of AIMP2 in the activation of p53, we
isolated and prepared several AIMP2 mutants and compared their
effect during the activation of p53. We identified the 192V, G209S,
and E97D/P98L/T99S mutations of AIMP2 from lung cancer cell
lines NCI-H157, A549, and NCI-H460, respectively. We also intro-
duced alanine substitutions at E163/N164 and Q172/N173 located
in the p53 binding region of AIMP2. We then tested whether any
of these mutations would affect the activation of p53 in response to
UV irradiation by using a p53-dependent luciferase system. The
mutants 192V, E163A/N164A, and Q172A/N173A lost their capa-
bility to activate p53 (Fig. S6A4). In immunoprecipitation assay,
these three mutants (I92V, E163A/N164A, and Q172A/N173A)
also showed significantly decreased interactions with p53 (Fig. S6B
Upper). Among these mutants, the 92V mutant showed the lowest
cellular level when compared with the others (Fig. S6B Lower),
suggesting that this mutation might destabilize AIMP2. In fact, the
AIMP2 level was lower in NCI-H157 cells in which the 192V
mutation was identified (data not shown). The E136A/N164A and
Q172A/N173A mutants did not interact with p53 in the pull-down
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assay, whereas the 192V mutant retained its ability to interact with
p53 (Fig. S6C). We then checked the effects of AIMP2 mutations
on the proapoptotic activity of AIMP2. Whereas overexpression of
WT AIMP2, the G209S mutant, and the E97D/P98L/T99S mutant
enhanced UV-induced cell death, the mutants 192V, E163A/
N164A, and Q172A/N173A lost their proapoptotic activity (Fig.
S6D). These results demonstrated that p53 activity could be inhib-
ited by mutations in AIMP2, affecting its cellular stability (I92V) or
its interaction with p53 (E136A/N164A and Q172A/N173A), fur-
ther supporting a direct functional linkage between AIMP2
and p53.

AIMP2 Suppresses MDM2-Mediated Ubiquitination and Degradation
of p53. MDM2 also interacts with the N-terminal region of p53 and
this interaction is sensitive to the 22/23 point mutation of p53 (22).
Since AIMP2 and MDM2 share the same binding site on p53 (23),
we examined whether AIMP2 would compete with MDM?2 for the
interaction with p53 by coimmunoprecipitation analysis. The bind-
ing of MDM?2 to p53 was blocked by the presence of AIMP2 (Fig.
S7A). In contrast to the full-length AIMP2, the N-terminal 1-83
peptide of AIMP2, which does not interact with p53, did not block
MDM2 binding to p53 (Fig. 54), suggesting that the ability to bind
p53 is necessary for the competition with MDM2. We also com-
pared the interaction of p53 and MDM?2 in AIMP2*/* and
AIMP27'~ cells. The binding of MDM2 to p53 was higher in
AIMP27/~ cells than in AIMP2*/* cells (Fig. S7B). Using in vitro
binding assays, we checked the competition between AIMP2 and
MDM2 for p53 binding. In both directions, the results confirmed
their competitive interaction with p53 (Fig. S7 C and D). We also
tested the relationship of p53 and MDM?2 for the interaction with
AIMP2. The interaction of p5S3 with MBP-AIMP2 was decreased
by increased amounts of MDM2 (Fig. S7E). Interestingly, AIMP2
also demonstrated weak binding to MDM?2 that was suppressed by
the addition of p53 (Fig. S7F). To determine whether this interac-
tion has functional meaning or not requires further investigation.
Because MDM?2 induces ubiquitin-mediated degradation of pS3
(24), AIMP2 is expected to prevent ubiquitination of p53. p53
ubiquitination was suppressed by an increase in AIMP2 (Fig. 5B
and Fig. S8 4 and B), indicating that AIMP2 could block MDM2-
mediated ubiquitination of p53. Next, we compared the expression
and cellular level of p53 between lung cells isolated from 17.5d
AIMP2*"* and AIMP2~/~ embryos. Although p53 transcription was
not affected by the deficiency of AIMP2 as determined by RT-PCR
(Fig. S8C Left), its protein level was significantly decreased in
AIMP27'~ cells (Fig. S8C Right), suggesting that AIMP2 enhances
the stability of p53. The reduction in p53 was also confirmed by the
decreased expression of its targets, PUMA and p2l. We also
checked whether p53 stability shows a difference between
AIMP2+'* and AIMP2~'~ MEFs. Proteasome activity was blocked
by the treatment with ALLN. After removing ALLN, the decrease
in p53 was monitored at different time intervals, whereas protein
synthesis was blocked with CHX. The p53 level was more rapidly
decreased in AIMP27/~ cells than in normal cells (Fig. 5C). We
checked whether AIMP?2 specifically relieves the suppression of p53
activity by MDM2 using a pS3-dependent reporter system. The p53
activity was significantly suppressed by the introduction of MDM?2
or HDACS3, but only the MDM2-dependent suppression was re-
lieved by the introduction of AIMP?2 in a dose-dependent manner
(Fig. 5D). Although the UV-dependent increase in p53 levels was
not observed in AIMP2-deficient cells, nutlin-3, which inhibits
p53-mdm?2 interaction (25), recovered the levels of p53 (Fig. S5E).
Also, AIMP2~/~ cells became sensitive to UV irradiation when
they were treated with nutlin-3 (Fig. S8D), confirming the func-
tional specificity of AIMP2 on p53 action. Taken together, AIMP2
is phosphorylated, dissociated from the multi-ARS complex, trans-
located into the nucleus, directly interacts with p53, and specifically
protects pS3 from MDM2-dependent degradation (Fig. S5F).
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Fig. 5. AIMP2 blocks MDM2-mediated ubiquitination and degradation of
p53. (A) The full-length and 1 to 83-aa peptide region of AIMP2 were trans-
fected, and their effect on MDM2 binding to p53 was determined by coim-
munoprecipitation (Left). Expression of MDM2, Myc-AIMP2 full-length and
N-terminal 83-aa fragment, and p53 were determined by Western blotting of
whole-cell lysates. Actin was used as a loading control (Right). (B) HA-tagged
ubiquitin and Myc-AIMP2 were introduced into U20S cells, which were then
treated with ALLN (20 uM) for 3 h. The proteins were extracted and immu-
noprecipitated with anti-HA antibody, and the precipitated proteins were
separated by SDS/PAGE forimmunoblotting with an anti-p53 antibody (Upper
Left). The ubiquitination of the total precipitated proteins was compared by
immunoblotting with an anti-HA antibody (Lower Left). Expression of p53 and
AIMP2 was determined by immunoblotting with anti-p53 and -Myc antibod-
ies, respectively (Right). Actin was used as a loading control. (C) AIMP2*/* and
AIMP2~/~ MEFs were treated with ALLN (20 M) for 3 h. The culture medium
was replaced with fresh medium, and CHX was added to a final concentration
of 20 pg/ml. At the indicated times after the addition of CHX, the cell lysates
were prepared and examined for p53 levels by Western blot analysis. (D) U20S
cellswere cotransfected with the GADD45-luciferase reporter plasmid (0.2 ng)
with the indicated amounts of MDM2, HDAC3, and AIMP2. The EV was used
to adjust the total amount of DNA, and 0.2 ug of pCMV-galactosidase expres-
sion vector was used as an internal control. (F) AIMP2*/+ and AIMP2~/~ MEFs
were irradiated by UV (50 J/m2) or treated with nutlin-3 (5 uM) for 6 h. Cells
were harvested, and the extracted proteins were subjected to immunoblot-
ting with anti-p53, anti-AIMP2, and anti-tubulin antibodies. (F) Schematic
representation of the nuclear translocation of AIMP2 and its interaction with
p53 in response to genotoxic stresses. AIMP2 is normally harbored in the
multi-ARS complex. Upon DNA damage, AIMP2 is phosphorylated via the JNK
pathway, dissociated from the complex, translocated to the nucleus, and
bound to p53, which then prevents the MDM2-mediated ubiquitination and
degradation of p53.

Discussion

In this article, we have shown that AIMP2 works as a proapoptotic
factor via a direct interaction with p53. Because c-Myc can also
activate p53 and enhance p53-dependent apoptosis (26), we were
curious to see whether the up-regulation of c-Myc in the absence of
AIMP2 (12) would result in the activation of p53. Although levels
of FBP and c-Myc in AIMP2-deficient cells are actually higher than
in WT cells (12), the level of p53 and its activity are more
suppressed, implying that the pathway of AIMP2 to p53 would not
be directly linked to the AIMP2-FBP-c-Myc pathway in response to
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TGF-B or the up-regulation of c-Myc in response to UV irradi-
ation (27).

EPRS was previously shown to be phosphorylated and dissoci-
ated from the complex by IFN-y treatment to form a new multi-
protein complex that suppresses translation of specific transcripts
(28). However, EPRS does not seem to be mobilized by UV
irradiation (Fig. 2D), suggesting that the components of the multi-
ARS complex respond differentially to incoming stimuli. Despite
the importance of AIMP2 for the integrity of the multi-ARS
complex (11, 14), the assembly of the whole complex does not seem
to be significantly affected by the UV-dependent dissociation of
AIMP2. Perhaps the majority of the complex remains intact
because the amount of AIMP2 dissociated from the multi-ARS
complex upon UV irradiation appears to be minor (Fig. 24 and H).
Second, there may be a mechanism to sustain the integrity of the
complex through additional modification of other components or
refilling the space of AIMP2 with other factor(s) after its dissoci-
ation. Third, the disassembly of the complex may occur in a
sequential manner rather than simultaneously after the departure
of AIMP2. It was not yet determined whether AIMP2 dissociated
from multi-ARS complex would exist as a free form or would form
another complex with other cellular factors. Considering that EPRS
dissociated from the complex by IFN-vy forms another multisubunit
complex called GAIT, AIMP2 could be recruited to other protein
complexes, which may be necessary for the maintenance of cellular
stability, nuclear translocation, or the interaction of AIMP2 with
p53. Although the interaction of AIMP2 with p53 should be
efficient and rapid enough to block the attack of MDM2, AIMP2
should also be able to dissociate from p53 to make way for
subsequent processes involving p53. In fact, we observed that
AIMP2 showed a decreased affinity toward phosphorylated p53
(data not shown).

Although JNK was shown to be the kinase responsible for the
UV-induced phosphorylation of AIMP2, and AIMP2 contains a
putative JNK recognition site (data not shown), it is yet to be
determined whether JNK is actually the direct upstream kinase of
AIMP2. Because the nuclear interaction of AIMP2 with p53 takes
place rapidly after UV irradiation, there might be a mechanism
involving JNK rapidly responding to UV irradiation that would lead
to the activation of AIMP2. Although the early response of AIMP2
involves its posttranslational modification, continuous exposure to
genotoxic stresses may accompany the regulation at transcriptional
level to refill the depletion of cytosolic portion of AIMP2. Although
these questions remain to be solved, the results of this work suggest
the existence of tight communication between the cytosolic and
nuclear machinery during the maintenance of chromosome integ-
rity and AIMP2 functioning as a unique liaison between them
working toward p53 activation during genotoxic stresses. This work
also demonstrates that the multi-ARS complex is a molecular
reservoir responding to DNA damage, in addition to its role during
protein synthesis.

p53 is finely regulated at the transcriptional and posttranscrip-
tional levels (29). Among the diverse pathways leading to p53
activation, AIMP2 appears to specifically respond to DNA damage
involving MDM?2 but not to regulation by HDAC inhibition or by
mitogen treatment (Fig. 3F). Although mitogenic signals such as
EGF can also activate p53 via the suppression of MDM2 (20), they
may not trigger nuclear localization of AIMP2, unlike the stress
induced by DNA damage. Although the regulation mechanisms of
p53 have been intensively studied for the last decade (29-31), more
regulation mechanisms are expected to be found. Because the
balance between p53 and MDM2 is critical for the determination
of cell fate, tight feedback regulation of p53 is necessary to prevent
the unnecessary hyperactivation of p53 (32). The fine tuning of p53
with a battery of diverse regulators is reflected by the damped
oscillations between p53 and MDM2 after DNA damage (33).

Itis not clear why AIMP2 has evolved as a modulator of p53. One
possibility is that AIMP2 can rapidly respond to genotoxic stresses
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because it is ubiquitously present as a component of the transla-
tional machinery. In addition, p53 has been known to function as
a repressor of RNA polymerase III transcription and inhibits the
synthesis of essential small RNAs including tRNAs (34). Therefore,
AIMP2 may control tRNA synthesis in coordination with p53
activation, although its role in the regulation of translation requires
further investigation. In summary, this work suggests that AIMP2,
ascaffolding component of the translational machinery, is a positive
and direct regulator of p53 with a unique working mechanism. This
work also suggests a potential coordination between cytosolic
protein synthesis and nuclear DNA metabolism.

Materials and Methods

Protocols for well established procedures (cell death, gel filtration chromato-
graph, AIMP2 mutations, immunofluorescence, RT-PCR, binding assays, lucif-
erase assay, two-dimensional electrophoresis, and ubiquitination analysis) can be
found in S/ Methods.
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