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Abstract

AIMP2/p38 is a multifunctional tumor suppressor that
normally resides in the cytosol as a scaffold protein of the
multi-tRNA synthetase complex (MSC). One of the tumor-
suppressive functions of AIMP2 is to facilitate ubiquitin-
mediated degradation of FUSE-binding protein (FBP, FUBP1),
a transcriptional activator of c-Myc. However, the mechanism
by which AIMP2 functions within this pathway and its sig-
nificance in tumorigenesis are uncertain. Here, we report that
Smurf2 is responsible for AIMP2-mediated ubiquitination of
FBP, and a mutation in AIMP2 that inhibited its nuclear
interaction with Smurf2 enhanced cellular transformation and

tumorigenesis in vivo. Treatment of HeLa cells with TGFb
resulted in the phosphorylation of AIMP2 on S156, a residue
that is exposed on the embedded GST domain of AIMP2. We
further found that phospho-AIMP2 dissociated from the MSC
and translocated to the nucleus, where it bound to Smurf2,
enhancing ubiquitination of FBP. AIMP2 also inhibited nucle-
ar export of Smurf2 to sustain TGFb signaling. Collectively,
these findings present a novel tumor-suppressive interaction
between AIMP2 and Smurf2 and suggest that the disruption
of this interaction can lead to oncogenic transformation.
Cancer Res; 76(11); 3422–36. �2016 AACR.

Introduction
TGFb signal is involved in the regulation of diverse cellular

functions, including cell proliferation, differentiation, migration,
and apoptosis (1, 2). Alteration of TGFb signaling can lead to
human diseases, such as fibrosis and cancer (3–5). TGFb signaling
is initiated by the activation of TGFb receptor II. Activated type II
receptor recruits and phosphorylates TGFb receptor I (TbRI),
which propagates the signal via phosphorylation of Smad pro-
teins. Then, phosphorylated Smad2 and Smad3 (R-Smad) form
the complex with Smad4 (Co-Smad) and translocate into the
nucleus to regulate gene transcription (6). Duration and stability
of TGFb signaling is tightly regulated via negative feedback loop.
Negative feedback loop of TGFb signaling is composed of Smad7
(I-Smad; ref. 7) andSmadubiquitin regulatory factors 2 (Smurf2),

HECT type E3 ubiquitin ligase (8, 9). To terminate the signal,
Smurf2 is activated by the interaction of Smad7 in nucleus. The
Smad7–Smurf2 complex is subsequently exported from nucleus
and targeted to TbRI in plasma membrane (10). Smurf2 then
delivers ubiquitin to TbRI for proteasomal degradation (11). The
reduction of TbRI leads to the termination of TGFb signaling
and inhibits the excess proceeding of signal. For this reason,
Smurf2 is known as a negative regulator of TGFb signal pathway.
However, it was recently shown to exert tumor-suppressive func-
tion by controlling genome stability via the ubiquitin-dependent
turnover of RNF20 (12). Although this result suggests that Smurf2
may have additional functions in nucleus, it is not understood yet
how its activity is determined in the context of TGFb signal.

Aminoacyl-tRNA synthetases (ARS) are the enzymes that ligate
the amino acids to their cognate tRNAs. In eukaryotes, nine
different ARSs form a macromolecular complex with three auxil-
iary factors, AIMP1/p43, AIMP2/p38, and AIMP3/p18 (13) that
play a scaffolding role of the whole complex (14). Among AIMPs,
AIMP2 induces cell death by the activation of p53 (15) and by
downregulation of TRAF2 (16) in response to DNA damage and
TNFa signal, respectively. Reduced expression of AIMP2 showed
enhanced susceptibility to tumor formation inmouse carcinogen-
esis models, suggesting AIMP2 as a haploinsufficient tumor sup-
pressor (17). Upon TGFb stimulation, AIMP2 reduces the cellular
level of FBP (far upstream element–binding protein), a transcrip-
tional activator of c-Myc (18), resulting in thedownregulationof c-
Myc transcription (19). However, little is known on how its
nuclear translocation is triggered and how ubiquitination of FBP
is achieved. In this work, we found the unexpected functional
connection of Smurf2 with AIMP2 and suggest their molecular
interaction based on the structural information. Cell and in vivo
analyses also demonstrated the functional significance of the
Smurf2–AIMP2 interaction for the control of tumorigenesis.
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Materials and Methods
Cell culture and materials

Human embryonic lung fibroblast cell line, WI-26, was
obtained from Korea Cell Line Bank, and other cell lines were
purchased from the ATCC. AIMP2 knockout (KO) mouse embry-
onic fibroblasts (MEF) were isolated from 12.5- to 14.5-day
embryos. Cell lines (WI-26, 293T, HeLa, andMEFs) were cultured
in DMEM or other cell lines in RPMI1640 media complemented
with 10% FBS and 1% penicillin/streptomycin in 5% CO2 at
37�C. Human Myc-AIMP2 was cloned at the EcoRI/XhoI sites of
pcDNA3.0. FLAG-TbRI and GFP-Smad7 were kind gifts from
Dr. Seong Jin Kim (CHA University, Korea). 3xFLAG-Smurf1 and
FLAG-Smurf2 wild-type (WT), deletion mutants were kindly
provided by Dr. Suk-Chul Bae (Chungbuk National University,
Cheongju, South Korea). Myc-, GFP-, Strep-, His- and GST-
AIMP2–containing point mutations were cloned using Quik-
ChangeII (Agilent), following the manufacturer's instruction.
The siRNA-targeting AIMP2 was designed with the sequence of
AGAGCUUGCAGAGACAGGUUAGACU. The cells were separat-
ed to cytosolic and nuclear fractions using ProteoExtract Kit
(Calbiochem), following the manufacturer's instruction. TGFb1
(5 ng/mL) was purchased from R&D Systems. MG132 was pur-
chased from Calbiochem; SB202190, SP600125, leptomycin B
(LMB), and anti-FLAG antibody from Sigma-Aldrich; anti-AIMP2
antibody from Abcam; and anti-p-Smad2 and -Smad2 antibodies
fromCell Signaling Technology. The other antibodies and siRNAs
against Smurf2 and CRM1 were purchased from Santa Cruz
Biotechnology.

Coimmunoprecipitation
The cells were lysed with 50 mmol/L Tris-HCl (pH 7.4) buffer

containing 100 mmol/L NaCl, 0.5% Triton X-100, 0.05% SDS,
10% glycerol, 1mmol/L EDTA, and protease inhibitor (Calbio-
chem). To remove the nonspecific IgG-bound proteins, protein
extracts were incubated with normal IgG and protein agarose for
2 hours and centrifuged. The supernatants were mixed with
specific antibody, incubated for 4 hours at 4�C with gentle
agitation, and protein agarose beads were added. After agitation
for 4 hours at 4�C, precipitates were washed with the cold lysis
buffer three times, and precipitates were dissolved in the SDS
sample buffer and subjected to SDS-PAGE.

In vitro binding assay
To detect the direct interaction, GST-tagged proteins weremixed

with proteins prepared by in vitro translation (Promega) in the
presence of [35S]methionine (PerkinElmer) or cell extracts in
50 mmol/L Tris-HCl (pH 7.4) buffer containing 100 mmol/L
NaCl, 0.5% Triton X-100, 10% glycerol, 1 mmol/L EDTA, and
protease inhibitor (Calbiochem) for 6 hours at 4�C. After incuba-
tion, mixed GST proteins were precipitated with glutathione–
sepharose beads and washed with cold upper buffer three times.
Coprecipitates with GST proteins were subjected to SDS-PAGE.
The separated precipitates were detected by autoradiography using
BAS (FLA-3000, Fujifilm) and analyzed by MultiGauge program
(V3.0, Fujifilm) or Western blotting with specific antibody.

Flow cytometry analysis
To determine the effect of AIMP2 on TGFb-mediated cell cycle,

AIMP2þ/þ (WT), AIMP2�/� (KO), MEFs and HeLa cells trans-
fected with siRNA against AIMP2 were incubated in the medium
containing TGFb1 and0.5% serum for 12 hours. After incubation,

the harvested cells were fixed with 70% ethanol for 1 hour at 4�C
and washed twice with cold PBS. The cells were stained with
propidium iodide (50 mg/mL), 0.1% sodium citrate, 0.3% NP40,
and RNaseA (50 mg/mL) for 40 minutes and subjected to flow
cytometry (FACSCalibur, Becton Dickinson). For each sample,
20,000 cells were analyzed using CellQuest Pro Software.

Pulse-chase assay
The FLAG-TbRI–expressing cells were incubated with methio-

nine-free medium for 1 hour. Then, [35S]methionine (50 mCi/mL)
was added and incubated for 1 hour. After washing off the
radioactivemethioninewith freshmedium, the cells were cultivated
in complete medium for 4 hours and harvested at the indicated
time interval. TbRI was immunoprecipitated with FLAG antibody,
and precipitates were subjected to SDS-PAGE. Autoradiography
detected by using BAS (FLA-3000, Fujifilm) was quantified by
MultiGauge program (V3.0, Fujifilm) and displayed as bar graph.

Ubiquitination assay
The cells were preincubated with MG132 (50 mmol/L) for

4 hours and treated with TGFb1. The cells were lysed with
50 mmol/L Tris-HCl (pH 7.4) buffer containing 100 mmol/L
NaCl, 0.5% Triton X-100, 0.1% SDS, 10% glycerol, 1 mmol/L
EDTA, and protease inhibitor (Calbiochem). The target proteins
were immunoprecipitated with their specific antibodies and sub-
jected to SDS-PAGE to determine ubiquitination.

In vitro kinase assay
Active p38MAPK was prepared by immunoprecipitation

using anti-p38MAPK antibody from the cells cultured in medi-
um containing TGFb1. The purified GST-AIMP2, His-tagged 34S
AIMP2 (N-terminus 34 amino acids deletion form), and
multi-tRNA synthetase complex (MSC)–containing Strep-
AIMP2 was used as a substrate for kinase assay. Each substrate
protein was preincubated for 30 minutes at 4�C with the active
p38MAPK in buffer containing 50 mmol/L Tris-HC1 (pH 7.3),
100 mmol/L NaCl, 10 mmol/L MnCl2, 10% (v/v) glycerol, 5
mmol/L dithiothreitol, and 0.05% Triton X-100. After preincu-
bation, the reaction was carried out in the presence of
[g-32P]ATP 10 mCi (3,000 Ci/mmol) at 28�C for 20 minutes
and stopped by the addition of the SDS sample buffer. The
proteins in the reaction mixture were separated by SDS-PAGE
and autoradiographed (FLA-3000, Fujifilm).

Purification of the MSC
The gene encoding AIMP2/p38, the scaffold for the MSC

was cloned into the pEXPR-IBA5 mammalian expression vector
(IBA), generating a construct with an N-terminal Strep-tag II.
Suspension grown Expi293 cells in 30 mL of Expi293 Expres-
sion Medium (Life Technologies) were transfected with 30 mg
of the N-terminal Strep-tagged AIMP2 expression plasmid
when the cell density reached 3 � 106 cells/mL. The culture
medium was freshly changed with 200 to 800 mg/mL of G418
gradually every three days, until the cells expressed AIMP2
stably. The stable AIMP2-expressing Expi293F cells, which were
grown in 200 mL of Expi293 Expression Medium in a 37�C
incubator with humidified atmosphere of 8% CO2 in air on an
orbital shaker platform rotating at 125 rpm until the cell density
reached 5 � 106 cells/mL, were centrifuged at 800 rpm at 4�C
for 10 minutes. The cell pellet was then lysed in a buffer

Dual Action of AIMP2/p38 in TGFb Signaling via Smurf2

www.aacrjournals.org Cancer Res; 76(11) June 1, 2016 3423



containing 50 mmol/L Tris-HCl (pH 7.4), 7.5% glycerol,
150 mmol/L NaCl, 1 mmol/L EDTA, 0.1% NP40, 1.0% sodium
deoxycholate, 0.25 mmol/L sodium pyrophosphate, 2.0 mmol/L
sodium vanadate, 2.0 mmol/L sodium fluoride, aprotinin
(10mg/mL), leupeptin (10mg/mL), pepstatin (10mg/mL), and
0.2 mmol/L PMSF. After centrifuging at 16,000 rpm for 1 hour,
the cleared lysate was applied to a 1-mL Strep-Tactin Sepharose
Column (IBA). The resin was washed thoroughly with the
washing buffer, which contains 100 mmol/L Tris-HCl (pH 8.0),
150 mmol/L NaCl, and 1 mmol/L EDTA. The AIMP2-interacting
MSC proteins were eluted with a buffer containing 100 mmol/L
Tris-HCl (pH 8.0), 150 mmol/L NaCl, 1 mmol/L EDTA, and
2.5 mmol/L desthiobiotin. The eluted MSC proteins were evalu-
ated by SDS-PAGE.

Gel filtration chromatography
Strep-AIMP2 wild-type-, S156A-, and S156D-transfected HeLa

cells were treated with TGFb1 for 2 hours. For size-exclusion
chromatography, the cells were lysed with 50 mmol/L HEPES
(pH 7.6) containing 300 mmol/L NaCl, 1 mmol/L EDTA, 10%
glycerol, 0.5% Triton X-100, and 1 mmol/L dithiothreitol. Cell
lysates were filtered with 0.22-mm syringe filter. Proteins (1 mg)
were loaded onto column (Superdex 200 10/300 GL, GE Health-
care) in AKTA FPLC system. The loaded lysates were eluted at
the flow rate of 0.4 mL/minute. Proteins of each fraction were
subjected to SDS-PAGE and detected by Western blotting with
specific antibodies.

Thymidine incorporation
HeLa cells were introduced by transfection with Myc-AIMP2 or

si-AIMP2. The transfected HeLa or AIMP2þ/þ (WT) and AIMP2�/�

(KO) MEF cells were treated with TGFb1 for 12 hours in the
medium containing 0.5% serum. The cells were incubated
with 1 mCi/mL of [3H]thymidine for 4 hours. The incorporated
thymidine was measured by liquid scintillation counter (Wallac),
and the measured radioactivity was presented as bar graph. The
experiments were repeated three times independently.

Reporter gene assay
HeLa cells expressing the luciferase gene with c-Myc promoter

(Addgene plasmid 16604) and si-Smurf2 RNA were treated with
TGFb1 for 24 hours. The luciferase activity was measured by using
luciferase assay system following the manufacturer's protocol
(Promega). The determined activity was shown as a bar graph,
and the experiments were repeated three times independently.

Immunofluorescence staining
293T and HeLa cells were expressed by using transfection with

GFP-AIMP2 and RFP-Smurf2. The cells were incubated in medi-
um containing MG-132 and TGFb1 for 4 hours. HeLa cells were
expressed with GFP-AIMP2 wild type, S156A, and S156D
mutants. The cells were treated with TGFb1 for 2 hours. After
treatment, all the cells were washed briefly with cold PBS, fixed
with methanol, mounted with the mounting solution containing
DAPI (ImmunoBioScience Corp.), and observed by confocal
laser-scanning microscopy.

Quantitative RT-PCR
The expression of AIMP2 was regulated by transfection

with Myc-AIMP2 and siRNA-targeting AIMP2. After transfec-

tion, the cells were treated with TGFb1. Total RNAs were
extracted using an RNeasy Mini Kit (Qiagen) and used for
RT-PCR with random hexamer, dNTP, and Moloney murine
leukemia virus. Then, 1 mL of cDNA was used for qPCR (7500
Fast Real-Time PCR System) to detect the mRNA expression of
TbRI. The sequence of primer specific to TbRI and GAPDH are
as following; TGFb receptor I, TGTTGGTACCCAAGGAAAGC,
CACTCTGTGGTTTGGAGCAA; GAPDH, AGCCACATCGCTCA-
GACAC, GCCCAATACGACCAAATCC.

Real-time cell monitoring
A549 stable cells (2 � 103) were seeded in 48-well plates.

When the morphology was formed, the cells were subjected to
real-time monitoring system (IncuCyte, Essen BioScience). The
image and number of cells were captured and measured in
every 2 hours for 42 hours, respectively.

Anchorage-independent colony-forming assay
A549 stable cells were used for anchorage-independent colony-

forming assay. The cells were diluted into RPMImedium contain-
ing 10% FBS and 0.3% agar. The diluted cells (200 cells) were
seeded into 12-well plates (TPP) coated with 0.6% agar. The
medium was changed in every 3 days. After 6 weeks, the settled
colonies were stained with hematoxylin (Sigma-Aldrich), and the
numbers of colonies were measured. The experiments were per-
formed three times independently.

In vivo tumorigenesis
A549 cells stably expressing AIMP2 WT, S156A, and S156D

mutants were established by the treatment of G418 for 1 month.
Cellular levels of the ectopically expressed AIMP2 proteins were
compared by Western blotting. The selected stable cells (2 � 106)
were subcutaneously injected into the back of 7-week-old female
BALB/cAnCr nude mice (n ¼ 10/group). After two months, mice
were sacrificed and the embedded tumors analyzed. The size and
weight of isolated tumor were measured, and they were subjected
to immunoblotting analysis with the indicated antibodies.

Results
Nuclear interaction of Smurf2 and AIMP2

To have an insight into the potential E3 ligase that is respon-
sible for AIMP2-dependent ubiquitination of FBP, we searched
STRING, which is the database for known and predicted protein–
protein interactions, and identified several different E3 ubiquitin
ligases that could be linked to AIMP2 via ubiquitin C (Fig. 1A).
Among them, Smurf2 is known to play a key role in TGFb signal
and delivers ubiquitin to target proteins in nucleus (10). To
confirm this possibility, we tested the TGFb-dependent interac-
tion of Smurf2 with AIMP2 using coimmunoprecipitation. We
transfected Flag-Smurf2 and -Smurf1, Myc-PARK2, and -TRAF6
with Strep-AIMP2 into HeLa cells and incubated the transfectants
in the absence and presence of TGFb. Then, AIMP2 was immu-
noprecipitated with Strep-tag column, and coprecipitated pro-
teins were determined with the antibodies against the attached
tags. The results showed that among the four tested E3 ligases,
Smurf2 showed TGFb-dependent interaction with AIMP2
(Fig. 1B). In contrast, Smurf1 did not bind to AIMP2, whereas
both of PARK2 and TRAF6 bound to AIMP2 independently of
TGFb treatment. We further examined the interaction of endog-
enous AIMP2 and Smurf2 by coimmunoprecipitation and found
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the interaction of the two proteins in the nuclear fraction in the
presence of TGFb1 (Fig. 1C). The direct interaction of the two
proteins was shown by in vitro pulldown assay, in which radio-
actively labeled AIMP2 was coprecipitated with GST-Smurf2
but not with GST (Fig. 1D). To see whether the cellular localiza-
tion of AIMP2 and Smurf2 is affected by TGFb signal, we intro-
duced GFP or GFP-AIMP2 with RFP-Smurf2 into HeLa cells,
incubated the cells in the absence and presence of TGFb, and
monitored the cellular distribution of the two proteins by fluo-
rescence microscopy. Although the majority of Smurf2 was locat-
ed in nucleus in the absence of TGFb, the nuclear level of Smurf2
was significantly reduced by TGFb treatment (Fig. 1E, left). The
cellular distribution of GFP was not much changed by TGFb
treatment. In contrast, GFP-AIMP2 was mainly observed in cyto-
sol in the absence of TGFb; nuclear level of AIMP2 was increased
and colocalized with RFP-Smurf2 by treatment of TGFb (Fig. 1E,
right). These results suggest the TGFb-dependent interaction of
AIMP2 with Smurf2 in nucleus.

To determine the peptide regions of the two proteins respon-
sible for the interaction, we prepared various deletion and point
mutants (Supplementary Fig. S1A) and tested their interactions by
coimmunoprecipitation. All the deletion fragments of Smurf2
containing HECT domain showed the interaction with Myc-
AIMP2 (Supplementary Fig. S1B). Then, the different fragments
of AIMP2 were expressed as Myc fusion proteins and their inter-
actions with FLAG-Smurf2 fd412 (HECT domain only) were
tested by coimmunoprecipitation. The results showed that the
peptide DM2 containing 84-225aa region of AIMP2 binds to
Smurf2 (Supplementary Fig. S1C). We further divided the 84-
225aa region of AIMP2 to four smaller fragments (Supplementary
Fig. S1A; MT1-4) and tested their binding to Smurf2 by in vitro
pulldown assay. From this analysis, we found that the 84-119aa
region (MT1) of AIMP2 is mainly involved in the interaction
with Smurf2 (Supplementary Fig. S1D). We also tested the inter-
action between Smurf2 and some of the AIMP2 mutants that
were found in lung cancer cell lines (15) and found that the
mutants such as PM1 (I92V) and PM2 (E97D/P98L/T99S) could
not bind to Smurf2 (Supplementary Fig. S1E), further validating
the significance of the peptide region (84–119) for the interaction
with Smurf2 HECT domain (Fig. 1F).

Smurf2–AIMP2 complex downregulates c-Myc
We investigated the functional implication for the inter-

action of AIMP2 with Smurf2. As Smurf2 works as a complex
with Smad7 (11), we monitored the effect of Smurf2, Smad7,
and AIMP2 in different combinations on the cellular level of
FBP. The FBP level was decreased by the exogenous introduction
of all the three proteins, whereas it was little affected by a single
or pairwise introduction of these proteins (Fig. 2A). Moreover,
the FBP level was not affected when the catalytically inactive
mutant of Smurf2 (CA; ref. 10) was used (Fig. 2A). Introduction
of Smurf1, which does not binds to AIMP2, did not affect the
AIMP2-dependent reduction of FBP (Supplementary Fig. S2A).
These results suggest the specific requirement of the Smurf2
catalytic activity for the AIMP2-mediated downregulation of
FBP. The TGFb-induced interaction of Smurf2 and FBP was
shown by coimmunoprecipitation of FLAG-Smurf2 and endog-
enous FBP (Fig. 2B). It is further confirmed by coimmunopre-
cipitation of the endogenous Smurf2 and FBP (Supplementary
Fig. S2B). The interaction between Smurf2 and FBP was en-
hanced when Strep-AIMP2 was added for coimmunoprecipita-

tion of FLAG-Smurf2 and endogenous FBP (Supplementary
Fig. S2C). We also confirmed by in vitro pulldown assay that
the interaction of Smurf2 HECT domain and FBP was increased
as the increasing amount of AIMP2 was added, further validating
that AIMP2 would facilitate the interaction of the two proteins
(Fig. 2C). Conversely, the interaction of endogenous FBP with
Smurf2 was significantly reduced in the AIMP2�/� (KO) MEFs
and AIMP2-suppressed HeLa cells (Fig. 2D and Supplementary
Fig. S2D, respectively). Deletion mapping showed that the
peptide region spanning MT1 (84–119) and MT2 (120–155)
of AIMP2 would be mainly involved in the interaction with
FBP (Supplementary Fig. S2E).

The importance of Smurf2 for the downregulation of FBP
was further tested both by Western blotting and RT-PCR. The
AIMP2-dependent reduction of FBP was observed by Western
blotting (Fig. 2E, top), but not by RT-PCR (Fig. 2E, bottom),
suggesting that downregulation of FBP takes place at protein
but not transcription level. In contrast, c-Myc level, the target
gene of FBP (18), was reduced in both of Western blot and
RT-PCR assays. When Smurf2 was suppressed with its specific
siRNA, the effect of AIMP2 on FBP was not observed in both
assays. We also checked the c-Myc transcription using luci-
ferase reporter assay and found that the AIMP2-dependent
reduction of the luciferase activity was not observed when
Smurf2 expression was suppressed with its siRNA (Supplemen-
tary Fig. S2F). To see whether ubiquitin-mediated protein
degradation is involved in the cellular levels of FBP, we intro-
duced different combination of Smurf2, Smad7, and AIMP2
into HeLa cells, and the endogenous FBP was immunopreci-
pitated with its specific antibody and monitored ubiquitination
of FBP with anti-ubiquitin antibody. The ubiquitin labeling
was increased when all of the three factors were simultaneously
introduced (Fig. 2F). The Smurf2/Smad7/AIMP2–induced ubi-
quitination of FBP was not observed when Smurf2 WT was
replaced with the Smurf2 CA mutant, further confirming the
requirement of the Smurf2 catalytic activity for the ubiquitina-
tion of FBP. We then examined whether the binding of AIMP2
to Smurf2 is critical for the E3 ubiquitin ligase activity of
Smurf2 to FBP using various mutants of AIMP2. The AIMP2
mutants, PM1 and PM2, which could not bind to Smurf2, gave
little effect on the FBP level (Supplementary Fig. S2G), indi-
cating that the binding ability of AIMP2 to Smurf2 is critical for
the downregulation of FBP.

As Smad7 is required for E3 ligase function of Smurf2 (10),
we examined whether AIMP2 would affect the complex forma-
tion of Smurf2 and Smad7 using immunoprecipitation and in
vitro pulldown assays. For immunoprecipitation assay, we intro-
duced GFP-Smad7, FLAG-Smurf2 with and without Myc-AIMP2
into HeLa cells. We then compared the complex formation
between Smurf2 and Smad7 by immunoprecipitation with
anti-GFP antibody in the absence and presence of AIMP2 from
TGFb1-treated HeLa cells. The Smurf2–Smad7 complex forma-
tion was increased by the addition of Myc-AIMP2 (Supplemen-
tary Fig. S2H). For in vitro pulldown assay, GST-Smurf2 was
mixed with [35S]methionine-labeled Smad7 and the increasing
amount of AIMP2, both of which were synthetized by in vitro
translation. The GST–Smurf2 and Smad7 complex in the mix-
ture was pulled down with glutathione-sepharose, and the effect
of AIMP2 on the complex formation was monitored by auto-
radiography. The amount of Smad7 complexed with GFP-
Smurf2 was increased according to the amount of added AIMP2
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Figure 1.
TGFb-dependent nuclear interaction of Smurf2 and AIMP2. A, mining of String database (string-db.org) for protein–protein interactions unveiled several
different E3 ligases that can be associated with AIMP2 via ubiquitin C, such as SMURF2, ITCH, CBL, PARK2, TRAF3, and TRAF6. The numbers indicate the
scores, suggesting the binding affinity of two proteins. B, FLAG-tagged Smurf2 and Smurf1, Myc-tagged PARK2, and TRAF6 were expressed in HeLa cells
expressing Strep-AIMP2. (Continued on the following page.)
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(Supplementary Fig. S2I). These results suggest that AIMP2
would facilitate the complex formation between Smurf2 and
Smad7.

AIMP2 suppresses nuclear export of Smurf2
It is known that the Smurf2–Smad7 complex is exported from

nucleus to target TbRI for degradation as negative feedback of
TGFb signaling (11). We thus examined whether CRM1 (chro-
mosomal region maintenance 1) would affect the nuclear export
of Smurf2 using LMB, an inhibitor of CRM1 that is a putative
receptor of nuclear export for Smurf2 (20). The nuclear level of
Smurf2 was enhanced when cells were treated with LMB (Fig. 3A)
and also in CRM1-suppressed cells (Fig. 3B). The interaction
between endogenous Smurf2 and CRM1 was confirmed by
immunoprecipitation (Supplementary Fig. S3A), and the binding
of the twoproteinswas blockedby the treatment of LMB (Fig. 3C).
We introduced alanine mutations at I632 and V634, which are
located in the putative nuclear export sequence of Smurf2, which
is recognized by CRM1 (20, 21), and checked how these muta-
tions would affect the Smurf2 localization. The mutant did not
bind to CRM1 as determined by immunoprecipitation (Fig. 3D).
Themutant also showed increased retention in nucleus compared
with the wild type (Supplementary Fig. S3B), further validating
the significance of these residues for theCRM1-dependnet nuclear
export of Smurf2.

Next, we checked whether AIMP2 would affect the binding
of CRM1 to Smurf2 using in vitro pulldown assay and confirmed
that AIMP2 inhibits the interaction between Smurf2 HECT
domain and CRM1 in a dose-dependent manner (Fig. 3E). To
see whether binding of AIMP2 to Smurf2 is essential for this
effect, we compared the effect of AIMP2 WT and Smurf2-binding
defective PM2 mutant on the Smurf2–CRM1 interaction by
coimmunoprecipitation. In contrast to AIMP2 WT, the mutant
did not suppress the binding of Smurf2 to CRM1 (Fig. 3F). We
also examined how AIMP2 would affect the nuclear levels of
Smurf2 by cell fractionation. The nuclear level of Smurf2 was
reduced in AIMP2�/� (KO) MEFs (Fig. 3G) and AIMP2-suppres-
sed cells (Supplementary Fig. S3C). Although the ectopic expres-
sion of AIMP2 WT increased the nuclear level of Smurf2, the
effect was not shown in Smurf2-binding defective AIMP2 PM2
mutant (Supplementary Fig. S3D). All of these results suggest
that AIMP2 would suppress nuclear export of Smurf2 by inhibit-
ing the interaction of Smurf2 with CRM1.

Smurf2–AIMP2 complex increases TbRI level
Smurf2 exported from nucleus induces the ubiquitination of

TbRI, deteriorating TGFb signal (10). As AIMP2 holds Smurf2
in nucleus, the complex formation of the two proteins could
enhance the stability of TbRI. To see this possibility, we com-

pared TbRI levels between AIMP2-overexpressed and -sup-
pressed cells or between AIMP2þ/þ (WT) and AIMP2�/� (KO)
MEF cells and found that the TbRI levels showed the positive
relationship to the level of AIMP2 (Fig. 4A). However, mRNA
expression of TbRI was not much changed by AIMP2 (Fig. 4B),
indicating that the effect of AIMP2 on TbRI level occurs at
protein level. The AIMP2-dependent regulation of TbRI stabi-
lity was further examined by pulse-chase experiments. The
results showed that the TbRI stability was positively correlated
with the expression levels of AIMP2 (Fig. 4C and D). When
we repeated the same experiments with AIMP2 MEFs, the
reduced stability of TbRI was also observed in AIMP2 KO
cells (Fig. 4E).

We tested whether AIMP2 would affect the ubiquitination
of TbRI and found that AIMP2 reduced the ubiquitination of
TbRI (Fig. 4F). Conversely, the opposite result was observed
when AIMP2 was suppressed with its specific siRNA (Fig. 4G).
The significance of AIMP2 on the stability of TbRI was also
monitored by the phosphorylation of Smad2, which is the sub-
strate of TbRI. TGFb-dependent phosphorylation of Smad2 was
significantly increased by exogenous supplementation of AIMP2
(Fig. 4H) and reduced by the suppression of endogenous AIMP2
(Fig. 4I). The reduction of Smad2 phosphorylation was also
observed in AIMP2 KO MEFs (Supplementary Fig. S4A, left),
and it was rescued by exogenous introduction of AIMP2 into
AIMP2 KO MEFs (Supplementary Fig. S4A, right). We also tested
whether AIMP2 would affect the activation of TGFb target gene,
SBE, using the SBE-dependent luciferase assay and found that
AIMP2 wild type and PM3 mutant, but not Smurf2 binding-
defective PM1 and PM2mutants, enhanced the luciferase activity
(Fig. 4J). We further confirmed the results above using another
luciferase reporter assay in which the reporter expression was
dependent on the TGFb-responsive promoter, 3TP. The luciferase
activity showed positive relationship to the expression levels of
AIMP2 in AIMP2-overexpressed and -suppressed HeLa cells (Sup-
plementary Fig. S4B) and AIMP2 WT or KO MEF cells (Supple-
mentary Fig. S4C). All of these data strongly suggest that AIMP2
would enhance the TGFb signal by extending the nuclear local-
ization of Smurf2 and stabilization of TbRI.

TGFb-induced phosphorylation of AIMP2 for nuclear
localization

Wenext investigated howAIMP2 canbe translocated tonucleus
upon TGFb signal. As DNA damage–induced nuclear trans-
location of AIMP2 involves phosphorylation (15), we tested
whether AIMP2 is also phosphorylated upon TGFb signal. Phos-
phorylation of AIMP2was detected on serine residue uponTGFb1
treatment (Supplementary Fig. S5A). To seewhether TGFb-depen-
dent phosphorylation also takes place in endogenous AIMP2,

(Continued.) Strep-AIMP2 was immunoprecipitated (IP) with Strep-tag column from the TGFb1-treated and -untreated cells, and coprecipitated E3
ligases were determined by immunoblotting with the antibodies against their tags. The activity of TGFb1 treatment was confirmed by phosphorylation
of Smad2 in the whole cell lysates (WCL). Mock, immunoprecipitation with nonspecific IgG. C, the TGFb-treated and -untreated HeLa cells were
separated to cytosol (Cyto) and nuclear (Nuc) fractions, and the interaction of endogenous AIMP2 and Smurf2 was tested by coimmunoprecipitation
using anti-Smurf2 antibody. HSP90 and YY1 were used as the markers for cytosolic and nuclear fractions, respectively. The activity of TGFb signal
was validated by the phosphorylation of Smad2. D, GST-Smurf2 and GST alone were mixed with in vitro–translated AIMP2 that was labeled with
[35S]methionine. Smurf2 was pulled down with glutathione-sepharose beads, and coprecipitated AIMP2 was detected by autoradiography. Arrows,
GST proteins. E, HeLa cells expressing GFP or GFP-AIMP2 and RFP-Smurf2 were treated with TGFb1 and their cellular locations were determined by
fluorescence confocal microscopy. The nucleus was stained by using DAPI. Each representative image from at least five cell images are shown here. F,
schematic diagram showing the arrangement of functional domains in AIMP2 (GST homology domain) and Smurf2 (C2, WW, and HECT domain). Dashed line,
peptide regions involved in the interaction of the two proteins.
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AIMP2 was immunoprecipitated with its specific antibody from
TGFb-treated and control HeLa cells, and phosphorylation at
serine residue was determined by Western blotting. The TGFb-
dependent phosphorylation of AIMP2 was observed at serine
residue (Supplementary Fig. S5B). As TGFb signal is known to
activate p38MAPK and JNK (22), we tested whether TGFb-
induced phosphorylation of AIMP2 is inhibited by the inhibitors
of these kinases. SB202190, an inhibitor of p38MAPK, blocked
the phosphorylation of AIMP2, whereas SP600125, an inhibitor
of JNK, did not (Supplementary Fig. S5C and S5D, respectively).
To determine whether p38MAPK actually phosphorylates
AIMP2, we performed in vitro kinase assay using TGFb-activated
p38MAPK and observed that p38MAPK directly phosphorylates
AIMP2 (Supplementary Fig. S5E). Coimmunoprecipitation of

endogenous AIMP2 and p38MAPK and in vitro pulldown assay
of the two proteins confirmed the direct binding of the two
proteins, respectively (Supplementary Fig. S5F and S5G, respec-
tively). The interaction between AIMP2 and p38MAPK was
induced by the treatment of TGFb1 and inhibited by the treatment
of SB202190 (Supplementary Fig. S5H). Sequence analysis of
AIMP2usingNetPhos 2.0 (23) suggested serine 156, 157, and 160
as putative phosphorylation sites. We thus introduced alanine
substitution to these sites to check whether any of these substitu-
tionswould affect TGFb-inducedphosphorylationofAIMP2. In in
vitro kinase assay, alanine substitution at S156, but not at the other
sites, reduced p38MAPK-induced phosphorylation (Supple-
mentary Fig. S5I), and the importance of S156 site for TGFb-
induced phosphorylation was further confirmed by the
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dependent ubiquitination of FBP.
A, different combinations of FLAG-
Smurf2, GFP-Smad7, and Strep-AIMP2
were introduced into HeLa cells, and
the cells were treated with TGFb1.
Cellular levels of each protein were
determined by Western blotting with
the indicated antibodies. Smurf2 CA,
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Smurf2. Actin was used as a loading
control. B, The TGFb1-dependent
interaction of FLAG-Smurf2 and
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cells by coimmunoprecipitation (IP). C,
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protein was incubated with FBP and
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levels of AIMP2. GST-fused proteins
were precipitated with glutathione-
sepharose beads, and coprecipitates
with GST proteinswere determined by
Western blotting with their specific
antibodies. D, AIMP2þ/þ (WT) and
AIMP2�/� (KO)MEF cellswere treated
with MG-132 and TGFb1. Endogenous
Smurf2 was precipitated with its
specific antibody, and coprecipitation
of FBP was determined by Western
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dependent downregulation of FBP
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antibody, and ubiquitination was
determined by Western blotting with
anti-ubiquitin antibody. EV, empty
vector; WCL, whole-cell lysates.
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reduction of TGFb-dependent phosphorylation in the S156A
mutant (Supplementary Fig. S5J). As AIMP2 is normally bound
within MSC, we checked whether AIMP2 in MSC could be also
phosphorylated by p38MAPK. In in vitro kinase assay, we used
the purified MSC and the N-terminal 34aa deleted AIMP2 as the
reaction substrates and compared their phosphorylation. The

results showed that the AIMP2 embedded in MSC could
be phosphorylated to the extent similar to the isolated AIMP2
(Supplementary Fig. S5K).

To see the effect of phosphorylation at S156on the TGFb signal-
dependent nuclear localization of AIMP2, we performed immu-
nofluorescence staining using GFP-AIMP2 WT and the mutants.
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The TGFb-dependent nuclear localization of AIMP2 WT was
apparent (Supplementary Fig. S6A, top). However, the S156A
mutant was not detected in nucleus regardless of TGFb signal,
whereas the S156D mutant, phosphorylation-mimetic form,
showed the increased nuclear localization (Supplementary

Fig. S6A, middle and bottom, respectively). The similar results
were also obtained by Western blotting of the cytosolic and
nuclear fractions (Supplementary Fig. S6B). For the incapability
of nuclear localization, the S156A mutant could not increase
ubiquitination of FBP compared with AIMP2 WT or S156D
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mutant (Supplementary Fig. S6C). The results above showed that
AIMP2 level could be increased by TGFb signal (Fig. 4Hand I).We
thus investigated whether TGFb-induced phosphorylation at
S156would affect the stability of AIMP2.Wefirst checkedwhether
AIMP2 transcription is affected by TGFb treatment in HeLa cells
by RT-PCR and found no difference in AIMP2 transcript levels
after TGFb treatment (Supplementary Fig. S6D), indicating
that TGFb-induced change of AIMP2 level is not at transcription
level. We then transfected AIMP2 WT, S156A (phosphoryla-
tion defective) and S156D (phosphorylation mimetic) mutants
in 293T cells and treated the cells with cycloheximide to block
de novo protein synthesis to see whether AIMP2 stability is
affected by TGFb signal. The stability of AIMP2WT was increased
by TGFb treatment (Supplementary Fig. 6E, top). In contrast,
the stability of AIMP2 S156A and S156D mutants was decreased
and increased, respectively, compared with the AIMP2 WT,
although the stability of both mutants was TGFb dependent
(Supplementary Fig. S6E).

Although exogenous supplementation of AIMP2 WT and
S156D mutant increased the interaction of FBP with Smurf2,
introduction of AIMP2 S156A mutant gave little effect (Supple-
mentary Fig. S7A). In addition, AIMP2 WT and S156D mutant,
but not S156A mutant, inhibited the interaction of Smurf2 with
CRM1 (Supplementary Fig. S7B). We checked whether the S156A
or D mutation would directly inhibit the interaction of AIMP2
with Smurf2 using in vitro synthesized AIMP2 and GST-Smurf2
HECT domain. AIMP2 WT and the two mutants showed little
difference in the binding ability to Smurf2, suggesting that the
mutations did not affect the binding affinity of AIMP2 to Smurf2
(Supplementary Fig. S7C). As AIMP2 makes interactions with a
few components withinMSC, including aspartyl-tRNA synthetase
(DRS; refs. 13, 24), we tested how the S156 mutations would
affect the interaction of AIMP2 with DRS. The S156D mutant
showed the reduced binding to DRS, whereas the S156A mutant
showed the DRS binding similar to the wild type (Supplementary
Fig. S7D). When we monitored the cellular interaction of AIMP2
WT and the two mutants with MSC via DRS as the representative
interacting partner, AIMP2 WT showed TGFb-dependent dissoci-
ation fromDRS (Supplementary Fig. S7E). However, regardless of
TGFb signal, AIMP2 S156A remained bound to DRS, whereas
AIMP2 S156D did not show the binding to DRS. We also exam-
ined the effect of S156 mutations on the interaction of AIMP2
with the different components of MSC, such as glutamyl-prolyl-
tRNA synthetase (EPRS) and lysyl-tRNA synthetase (KRS) as well
asDRS (13, 24), using in vitropulldown assay. Although EPRS and
KRS were copurified with all of AIMP2 WT and the two mutants,
DRS was copurified only with AIMP2WT and S156Amutant, but
not with AIMP2 S156Dmutant (Supplementary Fig. S7F). To see
whether the S156D mutation would reduce the association of
AIMP2 with MSC, we introduced each of AIMP2 WT and the two
mutants intoHeLa cells. TheMSCwas immunoprecipitated using
the anti-EPRS antibody, and coprecipitation of AIMP2 was deter-
mined by anti-Strep antibody. Although the majority of AIMP2
WT and S156Amutant was detected in the immunoprecipitates of
EPRS, AIMP2 S156D mutant was mainly detected in the immu-
nodepleted supernatant (Supplementary Fig. S7G), demonstrat-
ing the reduced association of AIMP2 S156D mutant with MSC.
The effect of the S156mutations on the association of AIMP2with
MSC was also compared by gel filtration of MSC. Each of Strep-
AIMP2WT and the twomutants was expressed in the control and
TGFb-treated HeLa cells. The cellular proteins were subjected to

gel filtration, and the eluted fractions were separated by SDS-
PAGE. Although Strep-AIMP2WTwasmainly coelutedwith EPRS
and KRS in the control cells, a portion of MSC-bound AIMP2 was
decreased, resulting in concomitant increase of AIMP2 in the low
molecular weight fractions when the cells were treated with
TGFb1 (Supplementary Fig. S7H, top). These results suggest that
the dissociation of AIMP2 from MSC is induced by TGFb signal,
although we do not exclude the possibility that TGFb-dependent
phosphorylation could prevent the association of de novo synthe-
sized AIMP2 with MSC. However, regardless of TGBb signal,
AIMP2 S156A mutant was mainly coeluted with the two other
components of MSC (Supplementary Fig. S7H, middle), while a
large portion of AIMP2 S156Dmutant was constitutively detected
in low molecular weight fractions (Supplementary Fig. S7H,
bottom). All of these results suggest that S156 phosphorylation
would reduce the association of AIMP2 with MSC.

Structural analysis of AIMP2 for nuclear translocation and
molecular interactions

Knowing the functional significance of S156 phosphorylation,
we investigated the structural feature of S156 in the crystal
structure of AIMP2. AIMP2, comprised of 320 amino acids, serves
as a scaffold protein for the assembly of the MSC. Its N-terminal
region (1–45) binding to KRS does not have a regular secondary
structure (Fig. 5A; ref. 25). The next part (46–114) contains a
heptad repeat region (L52-I80) forming a coiled-coil structure for
the interaction to AIMP1 (26). The remaining part of AIMP2
(115–320) forms a GST domain, the structure of which was
determined as a complex with the GST domain of EPRS
(1–175), which is one of the interacting partners in the MSC
(27). In the crystal structure (PDB 5A34), GST domains of AIMP2
and EPRS form a canonical GST dimer (Fig. 5B), and the structure
revealed that the peptide region from T90 to K320 of AIMP2
(AIMP2DN89) has a flexible N-terminus and a canonical GST
domain consisting ofGST-N andGST-C subdomains. K120-G222
comprising a 5-stranded b-sheet and the first three a-helices
organize a GST-N subdomain, whereas N226-K320 consisting of
the remaining five a-helices makes a typical GST-C domain (Fig.
5C and D). The N-terminal T90-L106 was invisible, suggesting a
disordered region, while D107-L119 forms a flexible loop (Fig.
5D). AIMP2 has one more strand (b2) and one more helix (a2)
between the first helix and following strand in typical GST-N
domain, which contains 4-stranded b-sheet (Fig. 5C). The b2
strand-loop-a2 helix motif is only found in AIMP2 and S156
is located at the b2-a2 loop. This loop (155HSSVKSV161) is
positioned at an edge of GST-N subdomain and stabilized with
hydrogen bonds and hydrophobic interactions within the sub-
domain (Fig. 5E). The amide group of H155 and the hydroxyl
group of S157 are hydrogen bonded to the main chain of
W189 and N191, respectively. Two valine side chains in the loop
(V158 and V161) participate in a hydrophobic interaction
with neighboring residues (W189, L165, L166, and P128).
The hydroxyl group of S156 faces to the solvent in the edge of
domain and could be accessible for phosphorylation (Fig. 5E).

Metazoan MSCs contain AIMP2 homologs in addition to the
enzyme components. Sequences of AIMP2 homologs from var-
ious metazoan members (human, mouse, dolphin, sparrow,
snake, frog, zebrafish, fly, and sea urchin) were aligned (Supple-
mentary Fig. S8). Although there is a variance in the N-terminal
part of AIMP2, the regions for heptad repeat and GST domain
are well conserved among those species. In the GST domain,
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the conserved residues are mostly for the hydrophobic cores of
GST-N and GST-C subdomains, as well as for the interaction of
two subdomains. Interestingly, S156 in the b2-a2 connecting
loop is well conserved, suggesting its functional significance.

MT1 region (84–119) of AIMP2 is a motif for the binding to
the Smurf2 HECT domain, and the mutational analysis indi-
cated that the residues in the N-terminal part of this region are
important for the interaction (see Supplementary Fig. S1).
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According to the crystal structure, this N-terminal part of MT1 is
disordered, whereas its C-terminal part forms a flexible loop
near to the GST domain (Fig. 5D). Negatively charged residues
are rich in the N-terminal part of MT1 (P83-P98), and hydro-
phobic residues are between the negatively charged residues
(Supplementary Fig. S8). In the crystal structure of HECT
domain of Smurf2, the large subdomain of N-lobe has a groove
that has a hydrophobic pocket surrounding by positive poten-
tial regions (Supplementary Fig. S9A; ref. 10). This pocket
would be suitable to bind the N-terminal part of MT1 in AIMP2
(Supplementary Fig. S9B), although experimental validation is
needed. MT2 region (120–155), comprising b1 to b2 strand, is
shown to bind to FBP (see Supplementary Fig. S2 and Fig. 5C),
implying that the b-sheet could be the binding interface. Thus,
the GST-N subdomain of AIMP2 appears to play a significant
role for the binding to both of Smurf2 and FBP (Fig. 5F). On
the basis of the structure, the phosphorylation at S156 is not
expected to affect the interactions of AIMP2 and Smurf2
(Fig. 5F), consistently with the results on the AIMP2 interaction
with Smurf2 (Supplementary Fig. S7C).

AIMP2 serves as a scaffold protein interacting with multiple
components ofMSC (13, 24), and its presence is important for the
stability and assemblyof thewhole complex (28). Recently, crystal
structures of KRS binding the N-terminus of AIMP2 (25) and
AIMP1 forming a complex with RRS (arginyl-tRNA synthetase)
and QRS (glutaminyl-tRNA synthetase) were revealed (29). As
AIMP1 is anchored to AIMP2 via coiled-coil interaction of leucine
zipper (26), RRS and QRS may be located proximal to AIMP2.
MRS and AIMP3 are also linked to AIMP2 via EPRS through the
tetrameric complex of their GST domains (27). Another critical
region in AIMP2 is 193-203 forDRS binding (13), and it is around
b4 strand in GST-N, being located near S156. S156D mutant of
AIMP2 showed reduced binding to DRS (Supplementary
Fig. S7D), suggesting a role of phosphorylation at S156 either in
releasing AIMP2 from MSC or in reducing the association of
nascent AIMP2 with MSC (Supplementary Fig. S10).

Significance of AIMP2 in TGFb-dependent cell phenotypes
The results suggest that the interaction of AIMP2 with Smurf2

could augment TGFb signal via not only c-Myc downregulation
but also stabilization of TbRI. We thus assessed the functional
significance of AIMP2 in TGFb-dependent cell phenotypes. First,
we checked the effect of AIMP2 on TGFb-dependent cell-cycle
arrest by thymidine incorporation. The TGFb-dependent growth
arrest was augmented by the introduction of AIMP2 (Fig. 6A) and
compromised by the suppression of AIMP2 (that would suppress
both of MSC-bound and free AIMP2; Fig. 6B). The growth-
suppressive activity of TGFb was also weakened in AIMP2 KO
MEFs and restored when AIMP2 was reintroduced (Fig. 6C).
The effect of TGFb was also monitored by the increase of G1

phase using flow cytometry. The increase of TGFb-dependent G1

phase was not observed in AIMP2-suppressed and AIMP2�/�

(KO) MEF cells (Fig. 6D and E, respectively).
To further validate the functional significance of AIMP2 for

the control of relevant factors in TGFb signal pathway, we
measured the cellular levels of AIMP2 with FBP, c-Myc, TbRI,
and p21 in various lung cancer cell lines and observed the
overall reverse correlation of AIMP2 with FBP and c-Myc but
positive correlation with TbRI and p21 (Fig. 6F). We introduced
AIMP2 WT, S156A and S156D mutants into A549 and HCC44,
which show relatively low AIMP2 levels. Overexpression of

AIMP2 WT and S156D mutant reduced FBP and increased TbRI
and p21, but S156A mutant did not (Fig. 6G, top). We also
checked the transcriptional level of the upper molecules in the
same cells. Transcription of c-Myc, the target gene of FBP, and
p21, the target gene of TGFb signal, is reduced and augmented,
respectively, by the overexpression of AIMP2 (Fig. 6G, bottom).

Significance of AIMP2 in tumor-suppressive TGFb signaling
To elucidate the functional significance of AIMP2 for tumor-

suppressive activity of TGFb signal, we generated A549 stable cell
line expressing AIMP2 WT, S156A, and S156D mutants and
compared their effect on cell proliferation using real-time mon-
itoring system. The S156A mutant–expressing cells showed the
highest cell growth, whereas the S156D mutant suppressed cell
growth compared with other cells (Fig. 7A). We then compared
whether these mutants would affect cell transformation by mon-
itoring anchorage-independent colony formation. The S156A
mutant–expressing cells generated the highest number of the
colonies (Fig. 7B).We also evaluated the effect of S156Amutation
on tumor formation in vivo. A549 cells expressing each of AIMP2
WT, S156A, S156D, and empty vector were subcutaneously
injected into the back of nude mice and analyzed tumor forma-
tion. Although the empty vector–transfected cells produced
tumors in five of ten mice, the AIMP2 WT-expressing cells gen-
erated tumors only in two mice (Fig. 7C–E). The S156A mutant–
expressing cells generated tumors in seven of ten mice, whereas
the S156Dmutant gave no tumor (Fig. 7C–E). The average tumor
weights were highest in the cells expressing S156A mutant
(Fig. 7F), while body weights of each group showed little vari-
ation (Fig. 7G). The cellular levels of FBP, c-Myc, TbRI, andAIMP2
were determined in the isolated tumors. At the similar levels of
AIMP2, the WT-expressing cells showed the low levels of c-Myc
and FBP, but high level of TbRI, whereas the S156A mutant
gave the opposite results (Fig. 7H). All of these results suggest
that the TGFb-dependent phosphorylation of AIMP2 is critical
to mediate growth-suppressive activity of TGFb signal and its
disturbance, as in the case of the S156A-mutant, whose
overexpression could promote tumor formation.

Discussion
TGFb signal is known to suppress tumor formation (30, 31),

and disturbance of its negative feedback via the Smurf2–Smad7
complex is reported in many cancers (9, 32). Here, we showed
that the role of Smurf2 in TGFb signal can be reversed by AIMP2
to forward direction. Namely, Smurf2 is guided to FBP by AIMP2,
leading to the downregulation of c-Myc (Fig. 2). At the same
time, its nuclear export is inhibited by AIMP2 that blocks the
interaction of Smurf2 with CRM1, thereby stabilizing TbRI that
enhances Smad2 phosphorylation and the target gene expression
(Fig. 4H–J). For these mechanisms, the increase of AIMP2 would
induce Smad target genes as well as suppress c-Myc target genes
(Supplementary Fig. S11).

AIMP2 was previously shown to mediate a couple of different
signaling pathways that have implications in the control of cancer.
For instance, AIMP2 protects p53 from MDM2-mediated degra-
dation and promotes cell death in response to DNA damage (15).
AIMP2 also drives TNFa signal to apoptotic direction via down-
regulation of TRAF2 (16). Here, we show that AIMP2 enhances
growth-arresting TGFb signal bydirectional guidanceof Smurf2 in
nucleus. Despite these multifaceted activities of AIMP2, clinical
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relevance of AIMP2 to cancer has not been investigated much. In
this regard, it is worth noting that cancer-associated expression of
AIMP2-DX2, an alternative splicing variant of AIMP2, and its
tumorigenic activity have been demonstrated in various cancers
(33–35). As this variant compromises the tumor-suppressive
activities of AIMP2 in the p53 and TNFa pathways, it would be
interesting to seewhether this variant would also affect the tumor-
suppressive interaction of AIMP2 with Smurf2 in nucleus.
Also, S156F mutation was reported in prostate cancer patients,
although the mutation frequency is not high (36, 37), and here,
we discovered the reduced expression of AIMP2 in some of the
lung cancer cell lines, especially in some of adenocarcinoma cells,
with enhanced c-Myc and reduced TbRI levels (Fig. 6F), further
supporting the significance of AIMP2 in TGFb signaling. This

work also shows a tumor-promoting mutation at S156 of
AIMP2 that disturbs its nuclear function (Fig. 7), implying a
potential existence of oncogenic mutations at the structural
gene of AIMP2.

Although AIMP2 is normally bound to MSC, the nuclear
localization of AIMP2 would be achieved either by its disso-
ciation from MSC or by de novo synthesis of AIMP2, which is
directly guided to nucleus without binding to MSC. In this
work, we showed that AIMP2 is phosphorylated at S156 site by
TGFb-activated p38MAPK for its nuclear function via Smurf2.
The phenotypic effect of the phosphorylation-defective mutant
on cell growth, transformation, and tumor promotion in vivo
suggests the functional significance of the nuclear interaction
of AIMP2 with Smurf2 in the tumor-suppressive TGFb
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Myc, TbRI, and p21 was tested in A549
and HCC44 cells.

Kim et al.

Cancer Res; 76(11) June 1, 2016 Cancer Research3434



signaling. Interestingly, the phosphorylation-defective mutant
gave dominant effect on tumor promotion despite the fact
that the cells would still retain the AIMP2 WT allele.
Perhaps, the mutant would compete out AIMP2 WT from
MSC, resulting in the reduction of functional AIMP2. Consid-
ering the haploinsufficiency of AIMP2 function (17), coexpres-
sion of AIMP2 WT and S156A mutant would mimic the
situation of AIMP2 haploid, which showed increased tumor
susceptibility. This finding suggests a possibility that mutations
of AIMP2 disrupting its TGFb signal-mediating activities
could promote tumorigenesis. Interestingly, the AIMP2
mutants, such as G209S or E97D, P98L, and T99S, that could
not bind Smurf2 (Supplementary Fig. S1E), were also found in
cancer cell lines (15). It would be interesting to see whether

these mutants would also induce the phenotypes as shown in
this work.
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