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Summary

Although AIMP3/p18 is normally associated with the mac-
romolecular tRNA synthetase complex, recent reports
have revealed a new role of AIMP3 in tumor suppression.
In this study, we generated a transgenic mouse that
overexpresses AIMP3 and characterized the associated
phenotype in vivo and in vitro. Surprisingly, the AIMP3
transgenic mouse exhibited a progeroid phenotype, and
the cells that overexpressed AIMP3 showed accelerated
senescence and defects in nuclear morphology. We found
that overexpression of AIMP3 resulted in proteasome-
dependent degradation of mature lamin A, but not of
lamin C, prelamin A, or progerin. The resulting imbalance
in the protein levels of lamin A isoforms, namely altered
stoichiometry of prelamin A and progerin to lamin A,
appeared to be responsible for a phenotype that resem-
bled progeria. An increase in the level of endogenous
AIMP3 has been observed in aged human tissues and
cells. The findings in this report suggest that AIMP3 is a
specific regulator of mature lamin A and imply that
enhanced expression of AIMP3 might be a factor driving
cellular and/or organismal aging.
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Introduction

Aminoacyl-tRNA synthetases (ARSs) in higher eukaryotes form a
unigue macromolecular complex that consists of nine different
enzymes and three auxiliary factors termed aminoacyl-tRNA syn-
thetase-interacting multifunctional proteins (AIMPs) (Park et al.,
2005b). Diverse functions and diseases have been attributed to
many of the ARSs and AIMPs that are involved in this complex
(Park et al., 2008). In addition to being the smallest component
of the multi-tRNA synthetase complex (Han et al., 2006), AIMP3
is activated in response to DNA damage (Park et al., 2005a) and
oncogenic stimuli (Park et al., 2006), which result in its translo-
cation to the nucleus, where it activates p53 via an interaction
with ATM (Ataxia Telangiectasia Mutated) and ATR (Ataxia Tel-
angiectasia and Rad3-related). Allelic deletions (Park et al.,
2005a) or point mutations (Kim et al., 2008) of AIMP3 that inac-
tivate or reduce its ability to activate p53 are observed in
patients with cancer. Whereas mice that are homozygous null
for AIMP3 showed early embryonic death, heterozygous mice
are born alive but show highly increased susceptibility to various
cancers (Park et al., 2005a). AIMP3 heterozygous cells that are
transformed with oncogenes such as Ras or Myc also displayed
severe nuclear fragmentation and chromosome instability (Park
et al., 2006).

Cellular senescence serves as a major mechanism of tumor
suppression (Collado et al., 2005, 2007). Based on aforemen-
tioned evidence that AIMP3 is a potent tumor suppressor, in the
study described herein, we tested and confirmed the hypothesis
that overexpression of AIMP3 leads to cellular senescence.
Moreover, we generated and characterized AIMP3 transgenic
mice and found that they have a significantly shorter lifespan
than wild-type mice and show characteristics common to
murine models of progeria.

Among the mutations that are associated with progeria are
dominant mutations in LMNA (encoding A-type lamins), which
cause Hutchinson—-Gilford progeria syndrome (HGPS) (De San-
dre-Giovannoli et al., 2003; Eriksson et al., 2003). The LMNA
gene encodes two primary spliced forms in somatic cells (lamin
A and C), which arise by alternate splicing (Fisher et al., 1986;
McKeon et al., 1986). Unlike lamin C, lamin A contains a unique
C-terminus that ends in the residues CaaX (a = aliphatic), which
dictate farnesylation on the cysteine residue (Fisher et al., 1986;
Reid et al., 2004; Rusinol & Sinensky, 2006). Lamin A is farnesy-
lated transiently, after which the endopeptidase ZMPSTE24
mediates a cleavage event that removes the C-terminus, includ-
ing the CaaX motif, to generate mature lamin A (Pendas et al.,
2002; Dechat et al.,, 2008). The most common mutations in
LMNA that are associated with progeria promote altered splicing
and generate a third polypeptide, progerin, that lacks 50 amino
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acids, which include the internal ZMPSTE24 cleavage site, and
thus remains permanently farnesylated (De Sandre-Giovannoli
et al., 2003; Eriksson et al., 2003). Permanent farnesylation of
this polypeptide contributes to disease, because inactivating
mutations in ZMPSTE24 that result in permanent farnesylation When activated by DNA damage or oncogenic stimuli, one

Results

Overexpression of AIMP3 promotes senescence

of prelamin A give rise to a set of progeroid disorders that are mechanism by which AIMP3 might act as a tumor suppres-
also associated with mutations in LMNA (Pendas et al., 2002; sor is by the promotion of cellular senescence. To test this
Agarwal et al., 2003; Navarro et al., 2004). possibility, we transfected HEK293 cells with plasmids for

Surprisingly, we found that cells in culture or mice overex- GFP-AIMP3 and GFP alone (control) and monitored the
pressing AIMP3 showed enhanced proteasome-dependent effects of AIMP3 on cell growth. Whereas the control cells
degradation of lamin A, but not of lamin C, unprocessed lamin showed continuous growth, as determined by the increase
A or progerin. Underlying this specificity for mature lamin A, in the number of the GFP-transfected cells and the cell

AIMP3 interacted with and recruited the ubiquitin ligase, count, the growth of AIMP3 transfectants was significantly
Siah1, to lamin A but failed to bind progerin or lamin C retarded  (Fig. 1a,b). GFP-AIMP3  transfectants showed
because the C-terminal region that is lacking in progerin or decreased residence in S phase and a compensatory increase
lamin C was required for the interaction. Collectively, these in GO/G1 phase as they were cultured, which further sug-
findings lead to a model whereby AIMP3 promotes a pheno- gests an antiproliferative activity of AIMP3 (Fig. 1c). Given
type that is associated with progeria by altering the relative that AIMP3 can activate p53 in response to DNA damage,
levels of A-type lamin isoforms. via ATM and ATR (Park etal, 2005a), and that the
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Fig. 1 AIMP3 suppresses proliferation and induces cellular senescence. (a) Bright-field (left panel) and fluorescence (right panel) microscopy images of 293 cells
expressing GFP and GFP-AIMP3 at the indicated times after transfection. (Bar = 10 pm). (b) Growth curves of 293 cells expressing GFP and GFP-AIMP3. (c) Cell
cycle profiles of 293 cells expressing GFP-AIMP3. Nuclei isolated from cells at the indicated times following expression of GFP-AIMP3 were stained with propidium
iodide and analyzed by flow cytometry. The vertical axis indicates the percentage of cells in the GO-G1, S, and G2-M phases of the cell cycle (20 000 events were
acquired per sample). (d) The effect of AIMP3 (+ indicates 6 ug mL™" of AIMP3-encoding plasmid) on senescence-associated B-galactosidase activity was
determined by X-gal staining in p53*/* and p53™/~ HCT116 cells. (Scale bar = 20 um, magnification x20) (e) The effect of AIMP3 on DcR2 levels was also
determined by western blotting of DcR2 in p53-inactive PC3 and HCT116 cells (+ and ++ indicate 2 and 4 ug mL™" AIMP3 plasmid, respectively).

(f) B-galactosidase staining of AIMP3 WT and TG mouse embryonic fibroblast cells after the serial passage of 8. (Scale bar = 20 pm, magnification x20)

(g) Immunoblot analysis of AIMP3 and senescence markers DcR2 and p16 in heart cells obtained from AIMP3 WT and TG mice.
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activated p53 can induce senescence as well as cell death
(Tyner et al., 2002), we investigated whether AIMP3 induces
cellular senescence in a p53-dependent manner. We trans-
fected the AIMP3 expression construct into p53** and
p53™"~ HCT116 cells and determined whether AIMP3 could
induce cellular senescence as measured by senescence-asso-
ciated B-galactosidase activity (Dimri et al., 1995). AIMP3
transfection increased B-galactosidase activity in both p53™~
and p53*/* HCT116 cells to a similar degree (Fig. 1d). To
confirm this observation further, we introduced AIMP3 into
two different cell lines, namely p53-inactive PC3 (Shappell
et al., 2001) and HCT116 cells, and monitored senescence
by determining the cellular level of DcR2, which is another
known marker of senescence (Sun et al., 2007). The level of
DcR2 was increased by the introduction of AIMP3 in both
types of cell in a dose-dependent manner (Fig. 1e), providing
further evidence the p53-independent induction of cellular
senescence by AIMP3.

To determine whether the cellular senescence induced by
AIMP3 can take place in vivo, we generated transgenic (TG)
mice that express AIMP3 constitutively at higher level than wild-
type controls. A cDNA encoding mouse AIMP3 was inserted into
an expression vector that contained a chicken B-actin promoter
(Kim et al., 2002b) (Fig. S1a) and was used to generate a trans-
genic mouse as described in the Methods. The integration of the
exogenous AIMP3 ¢DNA into the FVB/N mouse chromosome
was confirmed by genomic PCR using different primer pairs
(Fig. S1b,c,f). The elevated expression of AIMP3 in the TG mice
was verified by both western blotting with a specific antibody
and RT-PCR (Fig. S1d,e).

When B-galactosidase activity was compared by X-gal staining
in mouse embryonic fibroblasts (MEFs) from the AIMP3 WT and
TG mice, the AIMP3 TG cells showed higher staining than the
WT cells (Fig. 1f). Conversely, the B-galactosidase activity was
reduced when AIMP3 transcript was suppressed by its specific
SIRNA (Fig. S2). We also isolated heart cells from the mice and
compared the senescence markers, DcR2 and p16 (Sun et al.,
2007; Swarbrick et al., 2008), by western blotting. Again, the
cells of AIMP3 TG mice showed a higher level of DcR2 and p16
than those of the WT littermates (Fig. 1g).

AIMP3 transgenic mice exhibit a progeroid
phenotype

We examined whether the cellular senescence induced by
elevated expression of AIMP3 is linked to the phenotype of
AIMP3 TG mice. Although AIMP3 TG mice were born alive,
they stopped gaining weight much earlier than their WT
littermates (Fig. 2a), and the TG mice also showed enhanced
mortality compared to the WT littermates (Fig. 2b). The TG
mice also displayed alopecia (Fig. 2¢,d), wrinkled skin with
reduced adipocytes (Fig. 2e), lordokyphosis (Fig. 2f), reduced
bone mineral deposits in female (Fig. 2g), and reduced bone
thickness (Fig. 2h). This phenotype is characteristic of mouse
progeroid models.

Expression of AIMP3 correlates inversely with lamin
A levels

We sought to address the p53-independent mechanisms by
which AIMP3 expression promotes cell senescence and the
progeroid phenotype. Given that mutations in LMNA, which
encodes A-type nuclear lamins, are linked to progeria, we con-
sidered the possibility that activated AIMP3 might translocate to
the nucleus and affect the function of A-type lamin function in
some manner. Nuclear deformation is a sign of altered function
of A-type lamin and is also associated with cellular senescence
(Verstraeten et al., 2007; Dechat et al., 2008). Therefore, we
monitored the appearance of nuclei with altered morphology in
Hela cells transfected with the AIMP3 expression construct
using antibodies to lamin A, which forms a latticework structure
between the nuclear envelope and the underlying chromatin.
The percentage of cells with deformed nuclear structure was
increased to approximately 57% when the cells were transfect-
ed with the plasmid for AIMP3, whereas only 8% of the control
cells showed nuclear deformation (Fig. 3a). To confirm this
observation further, we also monitored the response of lamin A
to AIMP3 by co-transfection of the expression vector for GFP-
lamin A with that for AIMP3 or empty vector. Again, after trans-
fection with the AIMP3 expression construct, approximately
63% of the cells showed disrupted nuclear morphology with
the formation of GFP-lamin A nuclear foci, whereas similar mor-
phology was observed at approximately 9% of the control cells
(Fig. 3b).

Given that transfection of the AIMP3 expression construct
induced nuclear deformation, we checked by the use of western
blotting with an antibody specific to lamin A whether the levels
of lamin A were altered in AIMP3 TG MEF cells. We found that
the level of lamin A was reduced in AIMP3 TG cells compared
with that in the WT cells (Fig. 3c). The senescence of MEFs that
was induced by AIMP3 was rescued by exogenous supplementa-
tion of lamin A (Fig. S3), which indicates a functional association
of AIMP3 with lamin A in the control of cellular senescence.
Immunohistochemical analysis of lamin A in the skin of AIMP3
transgenic mice also revealed decreased levels of lamin A and
frequent deformed nuclei in comparison with wild-type mice
(Fig. S4), which also implies that the AIMP3-dependent reduc-
tion in lamin A is associated with the progeroid phenotype.

To confirm further whether AIMP3 could specifically influence
the cellular level of lamin A, we introduced different amounts of
AIMP3 into Hela cells and determined their effect on nuclear
lamins. The introduction of AIMP3 reduced the level of lamin A,
but not that of prelamin A, lamin B or lamin C (Fig. 3d). Notably,
the level of prelamin A increased upon AIMP3 transfection,
which might reflect a compensatory attempt to increase the
expression of the LMNA gene in response to the reduction in
lamin A levels that was induced by AIMP3. Thus, the conse-
guence of enhanced expression of AIMP3 was a dramatic
increase in the ratio of prelamin A to mature lamin A. We also
introduced AIMP3 into p53*/* and p53™~ HCT116 cells and
analyzed the change in the level of lamin A. Lamin A levels
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Fig. 2 Progeroid phenotype of AIMP3 transgenic mice. (a) The growth of AIMP3 WT and TG mice (n = 70 for each group) was monitored by measuring body
weight every 2 weeks for 24 months. The number of AIMP3 transgenic mice decreased gradually as they aged. (b) The survival of AIMP3 WT and TG mice (n = 70)
was determined by counting the number of live mice every month. (c) Photograph of 10-month-old AIMP3 WT and TG mice. The transgenic mice show alopecia.
(d) The number of mice affected by alopecia was determined at the indicated age. (e) The dermal histology of AIMP3 WT and TG mice was examined by
hematoxylin and eosin staining. E, D, and A stand for epidermis, dermis, and adipocytes, respectively. The skin of the TG mouse showed apparent wrinkles and
reduced subcutaneous fat. (f) Whole-body radiograph of 18-month-old WT and TG mice. The AIMP3 TG mice demonstrated pronounced lordokyphosis. (g) Bone
mineral contents (g cm™2) of WT and TG mice are shown and compared (n = 8 for each group). (h) Hematoxylin and eosin stained cross-sections of bone from
18-month-old WT and TG mice revealed the reduction in cortical bone thickness of the tibia in AIMP3 TG mice.

decreased in response to increased AIMP3 independently of p53
(Fig. 3e). Conversely, knockdown of AIMP3 increased the levels
of lamin A in two different cell lines (HEK 293 and Hela) that
expressed GFP-lamin A (Fig. 3f).

AIMP3 mediates ubiquitin-dependent degradation of
lamin A

Given that the level of AIMP3 was correlated inversely with that
of lamin A, we transfected the plasmid for AIMP3 into 293 cells
and examined using RT-PCR whether transcription of lamin A
was affected. The expression of lamin A was not increased by
the exogenous introduction of AIMP3 (Fig. S5a), which implies
that the downregulation of lamin A induced by AIMP3 may take

© 2010 The Authors

place at the post-transcriptional stage. We investigated subse-
quently whether AIMP3 interacted with lamin A to mediate the
degradation of lamin A. To test this possibility, we immunopre-
cipitated endogenous AIMP3 from 293 cells, and co-precipita-
tion of lamin A was analyzed by western blotting. Under these
conditions, we found that AIMP3 was co-precipitated with lamin
A (Fig. 4a). Similarly, interaction between the two proteins was
also observed by co-immunoprecipitation of GFP-lamin A and
GST-AIMP3 in 293 cells (Fig. 4b).

Cellular levels of lamin A are thought to be controlled at the
post-transcriptional stage by different mechanisms. First, we
tested whether AIMP3 can induce caspase 6-dependent cleav-
age of lamin A (Broers et al., 2002; Ruchaud et al., 2002). The
proteolytic cleavage product of lamin A was detected in the

Aging Cell © 2010 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland
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Fig. 3 AIMP3 induces nuclear deformation via specific downregulation of lamin A. (a) HelLa cells were transfected with empty vector (EV) or the AIMP3 expression
construct, and nuclear morphologies were compared by immunofluorescence staining of lamin A using anti-lamin A antibody as the primary antibody and
Alexa555-conjugated secondary antibody. Approximately 1000 cells from the EV or AIMP3 transfectants were counted and two representative cells are shown. (b)
The GFP-lamin A expression construct was co-transfected with EV or the AIMP3 expression construct into Hela cells, and localization of lamin A was monitored by
green fluorescence. Two representative cells are shown out of a total of approximately 1000 cells counted. (c) Cellular levels of lamin A and AIMP3 were
determined in AIMP3 WT and TG mouse embryonic fibroblasts by western blotting with an antibody that reacted specifically with lamin A (Santa Cruz H102) and
anti-AIMP3 antibodly, respectively. (d) The expression construct for Myc-AIMP3 was transfected into Hela cells at the indicated concentrations (ug mL™"), and its
effect on the cellular levels of lamin A, prelamin A, lamin B, and lamin C was determined using antibodies that were specific to these proteins. (e) The AIMP3
expression construct was transfected into p53*/* and p53~/~ HCT116 cells at the indicated concentration (ug mL™"), and the change in the level of lamin A was
determined by western blotting. (f) The effect of knockdown of AIMP3 with its specific SIRNA on the lamin A level was monitored by western blotting in 293 and
Hela cells. The GFP-lamin A expression construct was transfected into the two cell lines, and the level of expression was determined by western blotting with

anti-GFP antibody.

control 293 cells when they were treated with the inhibitor of
de novo protein synthesis, cycloheximide (Fig. S5a, left three
lanes). However, the caspase-dependent cleavage of lamin A
was not observed, despite the fact that the level of lamin A
decreased more rapidly in the presence of exogenous AIMP3
than in its absence (Fig. S5b, right three lanes). These results
suggest that the AIMP3-dependent downregulation of lamin A
may occur by a route separate from the cleavage mediated by
caspase 6. We also examined the possible degradation of lamin
A via the lysosomal pathway. When cells were treated with
NH,4Cl, which inhibits lysosome activity, AIMP3-dependent deg-
radation of lamin A was unaffected (Fig. S5c). Thus, it was
unlikely that lamin A was degraded via lysosomes.

Another possibility was that lamin A might be degraded
through the ubiquitin-dependent proteasome pathway. There-

fore, we tested whether AIMP3-dependent destabilization of
lamin A involves ubiquitination. When AIMP3 was introduced
into HCT116 p53™/" cells, the cellular level of GFP-lamin A was
decreased significantly (Fig. 4c, left two lanes), but it was not
affected when the cells were treated with MG 132, which blocks
proteasome activity (Fig. 4c, right two lanes). These results sug-
gest that AIMP3 may induce ubiquitin-dependent degradation
of lamin A. Therefore, we examined whether AIMP3 actually
enhances the ubiquitination of lamin A. Ubiquitination of
endogenous lamin A was increased when p53~~ HCT116 cells
were treated with MG132 and supplemented exogenously with
AIMP3 (Fig. 4d). We also transfected p53™~ HCT116 cells with
the expression constructs for GFP-lamin A and HA-ubiquitin,
treated them with MG132, and then monitored the effect of
AIMP3 on ubiquitination of GFP-lamin A. Ubiquitination of
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Fig. 4 AIMP3 binds specifically to and reduces the cellular level of lamin A via
ubiquitin-mediated degradation. (a) The interaction of endogenous AIMP3
with lamin A was determined by co-immunoprecipitation. Proteins extracted
from 293 cells were immunoprecipitated with anti-lamin A antibody, and
co-precipitation of AIMP3 was determined by western blotting. (b) The
expression constructs for GFP-lamin A and GST-AIMP3 were transfected into
293 cells in the indicated combinations, and GST-AIMP3 was
immunoprecipitated with glutathione-Sepharose. Co-precipitation of GFP-
lamin A was analyzed by western blotting with the anti-GFP antibody.

(c) p537/~ HCT116 cells were transfected with the indicated plasmids
expressing Myc-AIMP3 and GFP-lamin A, treated with MG132 for 6 h, and
the cell lysates were analyzed by western blotting with anti-Myc and anti-GFP
antibodies, respectively. (d) p53™/~ HCT116 cells transfected with EV or the
Myc-AIMP3 expression construct were treated with MG 132 and subjected to
immunoprecipitation with anti-lamin A antibody. The precipitates were
separated by SDS-PAGE, and ubiquitinated lamin A was detected by western
blotting with anti-ubiquitin antibody. () p53~/~ HCT116 cells expressing HA-
ubiquitin, Myc-AIMP3, and GFP-lamin A were grown in the absence and
presence of MG132. The cell lysates were immunoprecipitated with anti-GFP
antibody, and the precipitates were immunoblotted with anti-HA antibody.

GFP-lamin A with HA-ubiquitin was increased by the introduc-
tion of AIMP3 (Fig. 4e). We also examined whether AIMP3 is
involved specifically in the ubiquitination of lamin A. To address
this question, we transfected 293 cells with an expression vector
for AIMP2, which is another cofactor that is associated with the
multi-tRNA synthetase complex (Kim et al., 2002a), and com-
pared its effect on the level of lamin A with that of AIMP3. In
contrast to AIMP3, AIMP2 did not reduce the level of lamin A
(Fig. S5¢), which suggests a specific involvement of AIMP3 in
the control of lamin A levels. Taken together, these results sug-

© 2010 The Authors
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gest that AIMP3 can control the cellular levels of lamin A via
ubiquitination.

AIMP3-mediated ubiquitination of lamin A involves
Siah1

The E3 ubiquitin ligase, Siah1, has been suggested to catalyze
the ubiquitination of lamin A (Depaux et al., 2006; Winter et al.,
2008). We tested whether the ubiquitination of lamin A that is
induced by AIMP3 involves Siah1. First, we checked whether the
level of lamin A was affected by the combination of Siah1 and
AIMP3. Whereas the level of lamin A was decreased by the intro-
duction of Siah1, as expected, the addition of AIMP3 aug-
mented the effect of Siah1 further (Fig. 5a), which suggests a
cooperative effect of the two proteins on the downregulation of
lamin A. We transfected the plasmid for AIMP3 and reduced
Siah1 levels by siRNA simultaneously and found that the ubiqui-
tination of lamin A mediated by AIMP3 was reduced by knock-
down of Siah1 (Fig. 5b). Similarly, the Siah1-dependent
ubiquitination of lamin A was decreased in a dose-dependent
manner when the expression of AIMP3 was suppressed by siRNA
(Fig. 5¢). We investigated subsequently the interaction between
Siah1 and AIMP3 by co-immunoprecipitation. As the level of
expression of Siah1 increased, its association with Myc-tagged
AIMP3 was also enhanced, whereas Siah1 itself was not precipi-
tated with anti-Myc antibody (Fig. 5d). Direct interaction of
Siah1 with AIMP3 was confirmed by an in vitro pull-down assay
that used radioactively labeled Siah1 and GST-AIMP3 (Fig. 5e).
We tested whether the binding of Siah1 to lamin A was affected
by AIMP3, using a co-immunoprecipitation assay. When the
expression of AIMP3 was suppressed by siRNA, the amount of
lamin A that was immunoprecipitated with Siah1 decreased
(Fig. 5f), which suggests that AIMP3 can bind to both Siah1 and
lamin A and may mediate their interaction.

Previously, we have solved the three-dimensional structure of
AIMP3 and characterized various point mutations to determine
the residues that are important for its molecular interactions and
tumor suppressive activity (Kim et al., 2008) (Fig. S6a). In this
study, we investigated whether any of these mutations affected
the ability of AIMP3 to suppress the level of lamin A. When each
of these mutants was introduced into 293 cells and the cellular
levels of lamin A compared, we found that the V106A mutant
of AIMP3 did not reduce the lamin A level and the R144A
mutant showed only a partial reduction in lamin A, whereas the
activity of all the other mutants was similar to that of the wild-
type AIMP3 (Fig. S6b). Therefore, we compared the effect of
the wild-type protein and the V106A mutant on the ubiquitina-
tion of lamin A after the introduction of HA-ubiquitin into 293
cells. The V106A mutant had little effect on the ubiquitination
of lamin A, in contrast to the wild-type AIMP3 (Fig. S6c). We
also examined whether the V106A mutant had lost its ability to
bind to lamin A and/or Siah 1 by co-immunoprecipitation. Lam-
in A was not co-precipitated with the V106A mutant, which
suggests that the V106 residue is important for the interaction
of AIMP3 with lamin A (Fig. S6d). The mutation at V106 also

Aging Cell © 2010 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland
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Fig. 5 AIMP3 facilitates Siah1-dependent ubiquitination of lamin A. (a) The FLAG-Siah1 expression construct was transfected into p53~/~ HCT116 cells with or
without the plasmid for Myc-AIMP3, and after 24 h of incubation, the levels of lamin A, Siah1, and AIMP3 were determined by western blotting with anti-lamin A,
anti-FLAG, and anti-Myc antibodies, respectively. Tubulin was included as a loading control. (b) 293 cells were transfected with the indicated combination of HA-
ubiquitin, si-Siah1 and Myc-AIMP3 plasmids and further incubated in the absence or presence of MG132 for 10 h. The cell lysates were then immunoprecipitated
with anti-lamin A antibody, and the precipitates were immunoblotted with anti-HA antibody. The levels of expression of Myc-AIMP3, Siah1, and tubulin in whole
cell lysates (WCL) were determined with anti-Myc, anti-Siah1, and anti-tubulin antibodies, respectively. (c) p53~~ HCT116 cells were transfected with the
indicated combination of FLAG-Siah1, HA-ubiquitin, and si-AIMP3 (0, 0.1, and 0.2 pm). Lamin A was immunoprecipitated, and the ubiquitination of lamin A was
analyzed by immunoblotting with anti-HA antibody. (d) p53~/~ HCT116 cells were transfected with the Myc-AIMP3 expression construct and the indicated
amounts of FLAG-Siah1 plasmid (0, 1, and 2 ug mL™"). The cell lysates were immunoprecipitated with anti-Myc antibody, and co-precipitation of Siah1 was
detected by immunoblotting with anti-Flag antibody. (e) [*°S]-labeled full-length Siah1 was prepared by in vitro translation and mixed with GST or GST-AIMP3.
GST proteins were precipitated with glutathione-Sepharose, and co-precipitation of Siah1 was analyzed by autoradiography. (f) p53~/~ HCT116 cells were
transfected with the FLAG-Siah1 expression construct and different amounts of si-AIMP3 (um). After incubation for 48 h, the cells were harvested and subjected
to immunoprecipitation with anti-Flag antibody. Co-precipitation of lamin A with FLAG-Siah1 was determined by western blotting using the anti-lamin A

antibody.
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appeared to reduce the interaction of AIMP3 with Siah1 slightly.
This residue also might be involved partially in the interaction
with Siah1. These results not only revealed the region of the
AIMP3 peptide that was involved in the interaction with lamin A
but also supported further the importance of the binding of
AIMP3 to lamin A for Siah1-dependent ubiquitination of lamin A.

It is known that the expression of LMNA can also result in the
production of a splice variant, termed progerin (A50) (Eriksson
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et al., 2003) (Fig. 6a). Specific mutations that result in increased
levels of progerin are associated with HGPS. The level of this var-
iant has also been reported to be increased in aged cells of nor-
mal individuals that have a corresponding reduction in mature
lamin A (Wang et al, 2008). Therefore, we investigated
whether AIMP3 also affected the ubiquitination of progerin.
Transfection of the AIMP3 expression construct increased the
ubiquitination of lamin A, as described earlier, but not that of
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Fig. 6 AIMP3 specifically mediates ubiquitination of lamin A but not of progerin. (a) The difference in the structure of exons 11-12 between lamin A and progerin
is shown schematically. The lamin A cDNA consists of 12 exons. Progerin is a form of lamin A that is truncated by 50 aa as the result of an alternative splicing event
between the N-terminal regions of exons 11 and 12. (b) 293 cells were transfected with plasmids for HA-ubiquitin, FLAG-Siah1 and the indicated combination of
GFP-progerin or GFP-lamin A. AIMP3 and lamin A were immunoprecipitated, and the precipitates were separated by SDS-PAGE. Ubiquitination of lamin A and
progerin was determined by immunoblotting with anti-HA antibody. (c) The direct interaction of lamin A and progerin with AIMP3 was analyzed by in vitro pull-
down assay. Radioactive AIMP3 was synthesized by in vitro translation and mixed with GST-lamin A (exon 11-12 fragment) or GST-progerin (A exon 11-12). GST
proteins were precipitated with glutathione-Sepharose, and co-precipitation of AIMP3 was detected by autoradiography. The effect of AIMP3 on cellular turnover
of lamin A (d) and progerin (e) was determined by a pulse-chase experiment. 293 cells were transfected with Myc-AIMP3 and GFP-lamin A or GFP-progerin and
labeled with radioactive methionine for 3 h. Cellular protein synthesis was then blocked with cycloheximide, and GFP-lamin A or GFP-progerin was

immunoprecipitated with anti-GFP antibody and subjected to autoradiography.
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progerin (Fig. 6b). We tested whether AIMP3 bound to progerin
as well as to lamin A by an in vitro pull-down assay. We prepared
GST proteins fused to a fragment of lamin A that spanned exons
11-12 or to the corresponding fragment of progerin (Fig. 6a).
These two GST fusion proteins were mixed with radioactively
labeled AIMP3 and precipitated with glutathione-Sepharose.
The AIMP3 was co-precipitated with GST-lamin A, but not with
GST-progerin (Fig. 6¢). We also compared the effect of AIMP3
on the rate of cellular turnover of lamin A and progerin using a
pulse-chase experiment. Although the levels of lamin A were
decreased rapidly following transfection of the AIMP3 expres-
sion construct, compared with those in the control cells
(Fig. 6d), the levels of progerin were affected little by the intro-
duction of AIMP3 (Fig. 6e). Given that transfection of the plas-
mid for AIMP3 did not diminish the level of lamin C (Fig. 3d),
which also lacks the C-terminal region, we examined the inter-
action of AIMP3 with different forms of lamin by co-immuno-
precipitation. AIMP3 showed specific binding to lamin A, but
not to lamin B, C or progerin (Fig. S7). To confirm further the
importance of the C-terminal region of lamin A for the interac-
tion with AIMP3, we prepared the L647R mutant of lamin A,
which blocks processing of the C-terminus, and determined its
ability to bind to AIMP3 using the in vitro pull-down assay. The
radioactively labeled AIMP3 was co-precipitated with wild-type
lamin A, but not with the L647R mutant or progerin (Fig. S7). All
of these results indicate that the targeting of lamin A for degra-
dation by AIMP3 requires a region of the C-terminus of lamin A
that is lacking in lamin C and progerin. These results support
further the importance of the C-terminal extension of proger-
in/prelamin A in causing progeria (Smallwood & Shackleton,
2010).

Discussion

Our findings indicated that increased expression of AIMP3 pro-
moted senescence in cell culture and the accelerated onset of a
range of characteristics that are associated with aging in vivo,
including cachexia, alopecia, lordokyphosis, reduced bone min-
eral deposits in females, reduced bone thickness, and mortality
itself (Fig. 2). This phenotype overlapped significantly with the
murine model of HGPS (Mounkes et al., 2003), which is associ-
ated with the expression of a variant of lamin A, progerin, that
lacks 50 amino acids at the C-terminus and (unlike mature lamin
A) remains fully farnesylated.

Our studies also indicated a direct connection between AIMP3
and lamin A: AIMP3 interacted with lamin A and mediated its
degradation through a proteasome-dependent process that
involved Siah1. Importantly, progerin and lamin C were immune
to degradation mediated by AIMP3 (Figs 3d and 6), presumably
because they lacked a region in the C-terminus that is necessary
for interaction with AIMP3. Given that mice that lack lamin A
specifically and express only lamin C have no robust phenotype
(Fong et al., 2006; Scaffidi & Misteli, 2006), it might be expected
that overexpression of AIMP3, which would result in a high ratio
of lamin C to lamin A, would also lead to the lack of a distinct

phenotype. However, it is likely that the difference is because of
the fact that the level of prelamin A increases as a result of over-
expression of AIMP3, which leads to high levels of prelamin A
relative to mature lamin A. Thus, we propose that AIMP3 trans-
genic mice closely resemble Zmpste24~"~ mice, which fail to
cleave farnesylated lamin A and manifest a progeroid phenotype
similar to that of mice that express progerin. This model predicts
that increased expression of lamin A or an enforced reduction in
prelamin A might rescue senescence and/or the progeroid phe-
notype that is associated with overexpression of AIMP3. Consis-
tently, we found that increased expression of lamin A offsets the
senescent phenotype that was associated with overexpression
of AIMP3 (Fig. S3). In the future, it will be important to test this
assertion in murine models of progeria.

Findings from previous studies in both murine models and
humans have indicated that AIMP3 acts as a tumor suppressor.
It is likely that one mechanism of tumor suppression is mediated
through p53 and involves the ability of AIMP3 to protect against
DNA damage by activating ATM/ATR. This study suggests a sec-
ond mechanism of tumor suppression that is independent of
p53. Many stimuli that are potentially oncogenic induce senes-
cence, and senescence is a well-recognized, potent mechanism
of tumor suppression. However, the effects of senescence
against cancer can also be deleterious and may contribute to
age-related pathologies, as predicted by evolutionary antagonis-
tic pleiotropy (Campisi & d’Adda di Fagagna, 2007). This is illus-
trated by the observation that chronically active p53 promotes
cellular senescence and accelerates the aging phenotype (Tyner
et al., 2002; Maier et al., 2004), as well as by recent studies that
suggest a paracrine pro-tumorigenic effect through the release
of inflammatory factors (Evan & d’Adda di Fagagna, 2009). We
propose that, in addition to the activation of a p53-dependent
checkpoint by AIMP3, tumor suppression, through the induction
of cell senescence, is linked to elevated levels of farnesylated
lamin A relative to mature lamin A. This hypothesis is consistent
with the observations of accelerated senescence in HGPS and
Zmpste24™"~ fibroblasts (Smith et al, 2005; Huang etal.,
2008). This function of AIMP3 might also involve DNA damage
pathways, because models of HGPS are reported to have ele-
vated levels of DNA damage and/or active DNA damage
response pathways (Varela et al.,, 2005; Schumacher et al.,
2008a,b). Moreover, the premature mortality of Zmpste24™'~
mice is rescued partly by the loss of p53 (Varela et al., 2005;
Navarro et al., 2006; Kudlow et al., 2008), which suggests that
DNA damage response pathways might also be involved
in the senescence program associated with the expression of
prelamin A.

Loss of A-type lamins is also associated with decreased func-
tion of retinoblastoma protein (pRB), either through decreased
stability or through hyperphosphorylation (Markiewicz et al.,
2002; Johnson et al., 2004; Van Berlo et al., 2005; Nitta et al.,
2007; Pekovic et al., 2007). As a consequence, Lmna™’~ mouse
fibroblasts have altered cell cycle kinetics that are similar to
those of Rb™"~ fibroblasts; the overall transit time of Lmna™"~
mouse fibroblasts through the cell cycle is not altered, but the
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cells spend reduced time in G1-phase and exhibit a compensa-
tory increase in S-phase (Nitta et al., 2007). It will be of interest
to determine the levels of pRB in cells that overexpress AIMP3
and also in cells that mimic the relevant state of A-type lamins
(prelamin A and lamin C, but no lamin A) to determine the
potential role of altered activation of pRB and its possible links to
cell senescence and tumor suppression.

Previously, we have shown that lower expression of AIMP3
confers higher susceptibility to tumorigenesis in mice, and hypo-
morphic mutations or allelic deletions of the AIMP3-encoding
gene have been found in patients with cancer. In this study, we
found that increased expression of AIMP3 can cause cellular
senescence and promote the progeroid phenotype, which sug-
gests that the cellular level of AIMP3 should be controlled
tightly. In normal cells, AIMP3 is sequestered mainly within the
multi-tRNA synthetase complex (Quevillon & Mirande, 1996;
Han et al., 2006). This cytosolic macromolecular complex might
provide a molecular repository that can buffer temporary or
aberrant fluctuations in the cellular level of this critical factor. A
better understanding of how the level and localization of AIMP3
are modulated in normal mice and of how this affects the rela-
tive levels of the isoforms of A-type lamin will be an important
future goal.

Progerias are segmental in nature and recapitulate only a
subset of the phenotypic changes that are associated with
normal aging (Smith et al., 2005; Schumacher et al., 2008b),
and it has been debated whether the genetic changes that
cause progeria also affect normal aging (Martin & Oshima,
2000; Miller, 2004; Kudlow et al., 2007). Interestingly, several
studies have reported the presence of an altered splice form
of lamin A, identical to progerin, that either accumulates with
age or remains constant but has an impact on the senescent
phenotype in cell culture (Martin & Oshima, 2000; Smith
et al.,, 2005; Broers et al., 2006). These studies have led to
the hypothesis that progerin is involved in the normal aging
process. Herein, we have reported that lamin A is degraded
more rapidly in mice that overexpress AIMP3 than in wild-
type mice, but that the stability of progerin should remain
intact (Fig. 6). Although this phenotype has been observed in
transgenic mice, which have enforced overexpression of
AIMP3, the endogenous levels of AIMP3 can vary depending
on the cell cycle phase or in response to DNA damage (Park
et al., 2005b). We found that the level of endogenous AIMP3
also showed a gradual increase, with a concurrent decrease
in lamin A, as the passage number of human skin fibroblasts
increased (Fig. S8). We also compared the levels of AIMP3
and lamin A in the human tissues of different ages and
observed a similar pattern to that described elsewhere
(Fig. S8). Although further investigation and case studies are
needed, these results support further the possible role of
AIMP3 in the normal human aging process via the regulation
of lamin A. The findings of this work, together with those of
our previous reports, show that AIMP3 appears to play a
pivotal role in the delicate connection between aging and
cancer.

© 2010 The Authors
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Methods

Materials and transfection

Mammalian expression vectors for lamin A and progerin were
generously provided by Tom Misteli (NIH/NCI). The HA-ubiquitin
and FLAG-Siah1 expression vectors were kind gifts of Drs I. K.
Chung (Yonsei University) and Ze'ev Ronai (Burnham Institute),
respectively. For transfection, we used the Lipofectamine sys-
tem, following the manufacturer’s protocol. Cells were trans-
fected with expression constructs for the different types of
lamin, incubated for 24 h or the indicated time, treated with
10 um MG132 for 6 h, and harvested with radioimmunoprecipi-
tation assay (RIPA) buffer. The L647R mutant of lamin A was
generated via site-directed mutagenesis using a QuikChange kit
(Stratagene, Agilent, USA). Proteins extracted from the cells
were separated by SDS-PAGE and subjected to western blot
analysis with the indicated antibodies. The specific antibodies
for prelamin A (C-20), lamin A (H-102), ubiquitin (P4D1), and
lamin B (M-20) were purchased from Santa Cruz Biotechnology
(California, USA) and the antibody that recognized both lamin A
and lamin C (#2032) was from Cell Signaling (Beverly MA, USA).
The anti-p16 antibody was also obtained from Cell Signaling
and the antibodies against DcR2 and GFP were from Santa Cruz
Biotechnology. The anti-AIMP3 antibody (AbCam, Cambridge,
UK) was described previously (Park et al., 2005a). The ECL solu-
tion (WEST-one) for western blotting was purchased from Intron
Biotechnology (Seoul, Korea). For the knockdown of AIMP3 and
Siah1, the cells were transfected with AIMP3 siRNA (5’-CCAAG-
UCUAACAGGAUUGACUACUA-3’), Siah1 siRNA (sc-37495,
Santa Cruz Biotechnology) or universal siRNA as the control
using Lipofectamine 2000 (Invitrogen, KDR, Korea), following
the manufacturer’s instructions, and incubated for 48 h before
further analyses.

Cell culture

The HEK 293 and Hela cells were grown in DMEM (Hyclone) plus
10% fetal bovine serum at 37 °C. The PC3, HCT116 p53*/*,
and HCT116 p53~~ cells were grown in RPMI (Hyclone) that
contained 10% fetal bovine serum, with 2% penicillin and
streptomycin. Embryonic 12.5d AIMP3 wild-type and transgenic
MEFs were established in DMEM (Hyclone, Seoulin Bioscience,
Korea) that contained 10% fetal bovine serum, with 2% penicil-
lin and streptomycin. Cells of passage numbers from 2 to 5 were
used for the experiments.

Generation of AIMP3 transgenic mice

To generate AIMP3 transgenic mice, the full-length murine
AIMP3 cDNA, which encodes 234 amino acids, was obtained by
RT-PCR using murine transcripts as a template and subcloned
into the EcoRl site of the pCAGGS expression vector. This vector
contains a human cytomegalovirus immediate-early enhancer
linked to the chicken-B-actin promoter (Niwa et al., 1991). The

Aging Cell © 2010 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland



820 AIMP3/p18 induces senescence, Y. S. Oh et al.

inserted fragment was cut from the vector with Sall and Hindlll,
and the purified DNA was microinjected into the pro-nuclei of
fertilized eggs from FVB/N mice, which were then transferred to
pseudopregnant female FVB/N mice. Founder genotypes were
determined by PCR of DNA isolated from the tails of the mice
with primers specific to the inserted DNA sequence (Fig. S1a).
Three founders were established. First-generation heterozygote
transgenic offspring were obtained by backcrossing the foun-
ders with C57BI/6J mice. The expression of AIMP3 in the trans-
genic mice was confirmed by immunoblotting and RT-PCR. All
the experiments were performed in the Association for Assess-
ment and Accreditation of Laboratory Animal Care certified
facility, in compliance with animal policies approved by
Sungkyunkwan University School of Medicine.

Phenotype analysis

Lordokyphosis was monitored by whole-body X-ray analysis
in situ at a dose of 20 kV for 20 s under anesthesia. Bone thick-
ness and mineral content were analyzed using the tibia, as
described previously (Ducy et al., 1996). Dorsal skin sections
were fixed, embedded in paraffin, and stained with hematoxylin
and eosin. The thickness of the dermal and adipose layers from
the skin samples was determined by taking eight random mea-
surements along the length of individual skin samples (n = 4) for
each genotype and age group.

p-galactosidase staining

Cells were washed once with PBS (pH 7.2), fixed with PBS con-
taining 0.5% glutaraldehyde, washed again with PBS supple-
mented with 1 mm MgCl;, and stained in X-gal solution
(Senescence B-Galactosidase Staining kit; Cell Signaling Tech-
nology) overnight at 37 °C.

Fluorescence staining

Hela cells were seeded on a cover glass and transfected with
the plasmid for lamin A. After fixation with methanol, the glass
was incubated with blocking buffer (PBS containing 0.01%
bovine serum albumin and 0.05% Triton X-100) for 1 h. After
washing with PBST, the cells were incubated with the primary
antibody (1:200) and then with the Alexa555-conjugated sec-
ondary antibody (1:300). The cells were stained with DAPI. Cells
that expressed GFP-lamin A were examined by fluorescence
microscopy after transfection at x40 magnification using a con-
focal microscope (u-Radiance; Bio-Rad, Seoul, Korea). To quanti-
tate abnormal nuclear morphology, Hela cell nuclei were
examined in two independent experiments, and the results were
displayed graphically.

Western blotting and co-immunoprecipitation

The cells were lysed in RIPA buffer that contained a protease
inhibitor cocktail, and the lysates were centrifuged at 16000 g

for 30 min. To examine the interaction between AIMP3 and
lamin A, the protein extracts were incubated with normal IgG
and protein A/G agarose for 2 h and centrifuged to remove
nonspecific IgG-binding proteins. After centrifugation, we col-
lected the supernatants, added the antibody against lamin A
(2 ug per sample), incubated the samples for 2 h at 4 °C, and
added protein A/G agarose. After washing twice with ice-cold
PBS and once with RIPA, the precipitates were dissolved in SDS
sample buffer and separated by SDS-PAGE. The proteins were
transferred to PVDF (polyvinylidene fluoride) membrane, and
AIMP3 was detected by incubation with the anti-AIMP3 mono-
clonal antibody followed by horseradish peroxidase-conjugated
secondary antibody.

In vitro pull-down assay

GST-lamin A and GST-progerin were mixed with glutathione-
Sepharose in PBS that contained 1% Triton X-100 and 0.5%
N-laurylsarcosine at 4 °C for 2 h. AIMP3 was synthesized by
in vitro translation in the presence of [3°S] methionine using the
TNT Quick Coupled Transcription/Translation system (Promega,
USA). The synthesized peptide was added to the GST protein
mixture mentioned earlier, incubated at 4 °C for 4 h with
rotation in PBS that contained 1% Triton X-100, 0.5% N-lauroyl-
sarcosine, 1 mm DTT, 2 mm EDTA, and 300 um phenylmethyl-
sulfonyl fluoride, and washed six times with the same buffer
but with 0.5% Triton X-100. We then eluted the proteins bound
to the Sepharose beads with SDS sample buffer, separated them
by SDS-PAGE, and autoradiographed the resulting gel.
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