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Background: Mortalin, an essential chaperone, is enriched in cancers; it possesses pro-proliferative and anti-apoptotic
functions and has been found mutated in some Parkinson patients.
Results: Mutant mortalins lack functions involved in carcinogenesis and cause increased oxidative stress; we demonstrate the
factors and mechanism of their role in Parkinson disease.
Conclusion: Mutations in mortalin contribute to Parkinson disease.
Significance: This work contributes toward an understanding of mortalin-associated diseases for therapy.

Mortalin/mtHsp70/Grp75 (mot-2), a heat shock protein 70
family member, is an essential chaperone, enriched in cancers,
and has been shown to possess pro-proliferative and anti-apo-
ptosis functions. An allelic form of mouse mortalin (mot-1) that
differs by two amino acids, M618V and G624R, in the C termi-
nus substrate-binding domain has been reported. Furthermore,
genome sequencing of mortalin from Parkinson disease patients
identified two missense mutants, R126W and P509S. In the
present study, we investigated the significance of these muta-
tions in survival, proliferation, and oxidative stress tolerance in
human cells. Using mot-1 and mot-2 recombinant proteins and
specific antibodies, we performed screening to find their bind-
ing proteins and then identified ribosomal protein L-7 (RPL-7)
and elongation factor-1 � (EF-1�), which differentially bind to
mot-1 and mot-2, respectively. We demonstrate that mot-1,
R126W, or P509S mutant (i) lacks mot-2 functions involved in
carcinogenesis, such as p53 inactivation and hTERT/hnRNP-K
(heterogeneous nuclear ribonucleoprotein K) activation; (ii)
causes increased level of endogenous oxidative stress; (iii)
results in decreased tolerance of cells to exogenous oxidative
stress; and (iv) shows differential binding and impact on the
RPL-7 and EF-1� proteins. These factors may mediate the trans-
formation of longevity/pro-proliferative function of mot-2 to

the premature aging/anti-proliferative effect of mutants, and
hence may have significance in cellular aging, Parkinson disease
pathology, and prognosis.

Aging is an innate multifactorial process that leads to func-
tional deterioration of living systems over time and ends with
death. The mortality of an organism is largely considered as an
outcome of accumulation of structural and functional errors
that gradually trigger senescence (1). Although the exact play-
ers that limit the lifespan of normal cells are not completely
known, it is generally accepted that cellular aging or senescence
is a signal transduction program that induces an irreversible
growth arrest state in normal cells. Tumor suppressor pathways
(p53 and/or retinoblastoma protein and their regulators, such
as p16INK4a, p21WAF1, and p14ARF) have been established to
play critical roles in cellular senescence (2– 4). What activates
these gene functions is not fully understood. One likely candi-
date is DNA damage, particularly at chromosome ends, that is
generated spontaneously with each cell division in the form of
attrition of the telomeres (5, 6). DNA damage and oxidative
stress-related signaling have recently been linked not only to
cellular aging/replicative senescence but also to the age pathol-
ogies including Parkinson and Alzheimer diseases (7–9). Pro-
tein modifications, e.g. the oxidation, glycation, and deamida-
tion of asparaginyl and glutaminyl residues, the formation of
isopeptide bonds, and the accumulation of molecular damage,
have been reported to contribute to cellular and organismal
aging. Interestingly, tissue susceptibility to experimentally
induced protein modification not only depends on tissue type
and age, but also on the maximum lifespan potential of species
(1, 10). Accumulation of misfolded proteins is especially pro-
nounced in aged cells. Hence they heavily depend on their
innate “proteotoxic surveillance” provided by ubiquitous
molecular chaperones, the heat shock proteins. Chaperones are
necessary to regulate various cellular signaling processes and
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prevent deleterious age-associated accumulation of protein
aggregates (11, 12). Although a high degree of complex aggre-
gates is found in the post-mitotic neurons with age-related neu-
rodegenerative diseases (Alzheimer, Parkinson, and Hunting-
ton diseases, etc.), the induction of Hsps4 has been shown to
counteract the aging process. This may be one reason why long-
lived species and immortal cells constitutively express Hsps
(13, 14).

The heat shock protein 70 family (Hsp70) family member
mortalin (also called mtHsp70/Grp75/PBP74) was first identi-
fied as “mot-1/mortality factor” in cytoplasmic extracts of
senescent murine fibroblasts and mortal mouse cell hybrids
(15). It induced cellular senescence in NIH 3T3 cells (16). In
contrast, overexpression of mortalin-2 (mot-2) protein (differs
by only two amino acids in the C terminus; V618M and R624G)
caused malignant transformation of immortalized mouse fibro-
blast and enhanced longevity of in vitro human fibroblasts (17,
18). Knocking in extra copies of a Caenorhabditis elegans
homologue of mot-2 caused increase in their lifespan (19).
These effects have been ascribed, in part, to the ability of mot-2
to (i) inactivate wild-type p53 functions including transcrip-
tional activation (20, 21), control of centrosome duplication
(22), and deregulation of apoptosis in cancer cells (23–25); (ii)
activate telomerase and hnRNP-K (26); (iii) and regulate oxida-
tive stress (27, 28) and mitochondrial structure (29, 30). On the
other hand, deficiency in mortalin has been well connected to
the age-related pathologies including Alzheimer and Parkinson
diseases (28, 31–33). Genomic studies have identified mutants
of mortalin in PD patients from Swedish and German popula-
tions (31, 32). In light of this information and to resolve the
functional significance of these mutants in aging and age
pathologies, we generated human cells expressing mot-1 or
mortalin-PD (mot-PD) mutant proteins. We demonstrate that
in contrast to the role of mot-2 in cancer phenotype, these pro-
teins cause growth arrest of cells by different signaling pathway.

EXPERIMENTAL PROCEDURES

Cell Culture—Human osteosarcoma (U2OS), lung adenocar-
cinoma (A549), neuroblastoma (IMR32), and rat glioblastoma
(C6) were maintained in DMEM (Gibco BRL), and melanoma
(G361) was maintained in McCoy’s 5A medium (Gibco BRL)
containing 10% fetal bovine serum (Gibco BRL) and 1� antibi-
otic-antimycotic (Gibco BRL). Cells were procured from the
Japanese Collection of Research Bioresources (JCRB) Cell
Bank, National Institute of Biomedical Innovation, Osaka,
Japan (A549, IMR32, and G361), DS Pharma Biomedical Co.
Ltd., Osaka, Japan (U2OS), and Cell Resource Center for Bio-
medical Research, Institute of Development Aging and Cancer,
Tohoku University, Japan (C6).

Construction of Retroviral Vectors and Derivative Cell
Lines—Full-length mot-1, mot-2 (15, 16), and point-mutated
mortalins found in Parkinson disease patients (R126W and

P509S) (32) were generated by PCR and cloning into the Hin-
dIII site of the pCX4neo vector. All the constructs coded for
full-length proteins containing signal peptide sequence. They
harbored the following amino acid alterations at 624, 618, 509,
and 126 residues: mot-1, RVPR; and mot-2, GMPR, GMPW,
and GMSR, respectively. Retroviruses were produced in Plat-E
cells. The stably infected cells were maintained in 100 �g/ml
G418-supplemented medium.

Recombinant Protein Expression and Purification—Esche-
richia coli M15 cells were transformed with the expression con-
structs pET16/mot-1 and pET16/mot-2 and cultured at 37 °C
until A600 read 0.5– 0.7. Isopropyl-1-thio-�-D-galactopyrano-
side was added to a final concentration of 1 mM, and cells were
further cultured for 5 h. Bacteria were harvested by centrifuga-
tion and lysed by sonication in Buffer A (100 mM NaH2PO4; 10
mM Tris-HCl, pH 9.0; 8 M urea; 10 mM �-mercaptoethanol; 15
mM imidazole). The lysate was centrifuged at 20,000 � g for 20
min, and the soluble fraction was used for purification using
nickel nitrilotriacetic acid-agarose beads (Ni-NTA-agarose)
(Qiagen, Inc.). Lysate from the bacteria expressing mot-1 or
mot-2 proteins was incubated with the beads placed in a col-
umn followed by washing three times with buffer (100 mM

NaH2PO4; 10 mM Tris-HCl, pH 5.9; 8 M urea; 10 mM �-mercap-
toethanol; 0.1% Triton X-100). Recombinant mortalin proteins
were eluted with the wash buffer followed by Buffer B (100 mM

NaH2PO4; 10 mM Tris-HCl, pH 4.5; 8 M urea; 10 mM �-mercap-
toethanol). The eluted proteins were dialyzed for 48 h against
20 mM Tris-HCl, pH 7.8; 150 mM NaCl; and 10 mM �-mercap-
toethanol. Proteins were concentrated by lyophilization and
quantified using the Bio-Rad protein assay kit (Bio-Rad) with
bovine serum as standard. The proteins were separated by SDS-
PAGE and analyzed by Western blot using antibodies as
indicated.

Protein Pulldown Assays and MALDI—Recombinant pro-
teins were mixed with cell lysate from U2OS cells and were
incubated at 4 °C for 12–24 h. Proteins were pulled down with
either Ni-NTA agarose or anti-mortalin antibody. The protein
complexes were washed with NP-40 lysis buffer (15) three
times, resolved in SDS-polyacrylamide gel, and stained with
Coomassie Brilliant Blue. Bands of interest were excised from
the gel and processed for Matrix-assisted laser desorption/ion-
ization MALDI analysis.

Cell Proliferation Rate and Oxidative Stress Response—Cell
proliferation was measured by the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Invitrogen)
using 96-well plates (103 cells/well). For oxidative stress, cells
were treated with 1.0 mM hydrogen peroxide (2 h) followed by
recovery in the fresh medium (48 –72 h). Cells were incubated
with 100 �l of MTT solution (0.5 mg/ml) for 4 h at 37 °C. The
solution was removed, and 100 �l of dimethyl sulfoxide
(DMSO) were added to each well. The absorbance was mea-
sured at 570 nm, using a microplate reader (Infinite 200 PRO;
Tecan Group Ltd.). All assays were performed independently at
least three times.

Colony-forming Assay—Cells (1 � 103) were seeded on 6-well
plates. Cells were maintained until the appearance of colonies
with regular change of medium. Colonies were fixed in metha-

4 The abbreviations used are: Hsp, heat shock protein; PD, Parkinson disease;
RPL-7, ribosomal protein L-7; EF-1�, elongation factor 1-�; hnRNP-K, het-
erogeneous nuclear ribonucleoprotein K; mot, mortalin; mot-F, full-length
mortalin; ROS, reactive oxygen species; Ni-NTA, nickel-nitrilotriacetic acid;
TRAP, telomere repeat amplification protocol.
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nol, stained with 0.5% crystal violet, photographed, and
counted.

Detection of Reactive Oxygen Species—Cells were cultured on
glass coverslips placed in 12-well plates and stained for reactive
oxygen species (ROS) by fluorescent staining using the Image-
iTTM LIVE Green ROS detection kit (Molecular Probes,
Eugene, OR). Images were captured on a Zeiss Axiovert 200M
microscope and analyzed by AxioVision 4.6 software (Carl
Zeiss Microimaging, Thornwood, NY).

Western Blotting—Cells were lysed with radioimmunopre-
cipitation assay buffer (Thermo Scientific) containing complete
protease inhibitor cocktail (Roche Applied Science, Mannheim,
Germany). Cell lysates were separated on a SDS-polyacryl-
amide gel and transferred onto PVDF membranes that were
incubated with antibodies against mortalin (polyclonal: R-anti-
body, S-antibody, and monoclonal: 37-6 clone), Myc tag,
hnRNP-K, elongation factor 1-� (EF-1�), eIF2�, and eEF2 (Cell
Signaling, Danvers, MA); p53 (Santa Cruz Biotechnology, Santa
Cruz, CA); and ribosomal protein L-7 (RPL-7) and actin
(Abcam, Cambridge, UK) as indicated. Protein bands were
detected by chemiluminescence (GE Healthcare, Buckingham-
shire, UK) using a LAS3000-mini (Fuji Film, Tokyo, Japan)
through horseradish peroxidase-conjugated secondary anti-
bodies (Santa Cruz Biotechnology).

Immunostaining—Cells were plated on coverslips placed in
the 12-well culture plates. They were fixed with chilled fixing
solution of methanol-acetone (1:1) for 10 min prior to incubate
with primary antibodies (p53 and Myc, Santa Cruz Biotechnol-
ogy; Myc tag, Cell Signaling; or mortalin (20)) at 4 °C overnight
followed by extensive washings in PBS-T (PBS with 0.2% Triton
X-100) and incubation with the fluorochrome-conjugated sec-
ondary antibodies (Alexa Fluor 488-conjugated goat anti-rabbit
or anti-mouse or Alexa Fluor 594-conjugated goat anti-rabbit
or anti-mouse (Molecular Probes) as described (20)). Stained
cells were examined on a Zeiss Axiovert 200M microscope and
analyzed by AxioVision 4.6 software (Carl Zeiss). Images were
quantified by ImageJ software (National Institute of Health,
Bethesda, MD). To examine the presence of mortalin in
nucleus, images were acquired with a laser scanning confocal
microscope (Zeiss LSM 700). The files were transferred to a
graphic workstation and analyzed with Imaris software (Bit-
plane, Zurich, Switzerland).

p53-dependent Reporter Assays—Control, mot-1, and mot-2
cells (1 � 105/well) were plated in 6-well plates and transfected
with 1 �g of pGL13-luc plasmid vector containing firefly lucif-
erase gene- and p53-responsive elements. pRL-TK (Promega,
Madison, WI) vector was used as transfection efficiency con-
trol. Cells were lysed, and luciferase activity was measured
using the Dual-Luciferase reporter assay system (Promega) and
a microplate reader (Infinite 200 PRO; Tecan Group Ltd.).

Telomere Repeat Amplification Protocol (TRAP) Assay—
TRAP assay (for semiquantitative detection of telomerase
activity) was performed using the TeloTAGGG telomerase PCR
ELISA kit (Roche Applied Science, Mannheim, Germany). Cell
lysates were prepared in lysis reagent from cultured (2 � 105)
cells. The supernatant collected after centrifugation at
16,000 � g for 20 min at 4 °C was used for TRAP assay. Telo-
merase activity in the sample was calculated as units of activity

relative to the positive control. Heat-inactivated G361 lysate
was used as negative control. All the assays were performed in
triplicate.

Statistical Analysis—The data are expressed as a means �
S.E., and the significance of differences between groups was
determined by the Mann-Whitney test (nonparametric rank
sum test) using StatView software (Abacus Concepts, Inc.,
Berkeley, CA). Differences were considered significant when
p � 0.05.

RESULTS AND DISCUSSION

mot-1 and mot-2 Cause Contrasting Effects on Cell
Proliferation—Retrovirus-mediated exogenous expression of
Myc-tagged mot-1 (Val-618 and Arg-624) and mot-2 (Met-618
and Gly-624) in U2OS, G361, and IMR32 (human) and C6 (rat)
cells revealed morphological differences. Although mot-2
derivatives appeared more rounded and smaller as compared
with the control cells, the mot-1 derivatives showed elongated
and flattened morphology (Fig. 1A and data not shown) in all
these cell types. Cell proliferation/growth rate analyses showed
that mot-1 and mot-2 derivatives divided more slowly and more
quickly than the control cells, respectively (Fig. 1B). Long term
colony-forming assays also revealed similar phenotype in all the
cell lines. As compared with the control cells, mot-1 derivatives
formed smaller and fewer colonies, and the mot-2 derivatives
formed bigger and more colonies (Fig. 1C and data not shown).
We isolated several mot-1 and mot-2 derivative clones of U2OS
cells. The level of expression of mot-1 and mot-2 proteins was
examined by Western blotting with anti-Myc and anti-mortalin
antibodies. Cell proliferation assays of these clones revealed
that although mot-2 accelerated the growth of parent U2OS
cells, mot-1 caused their growth inhibition (Fig. 1D). Further-
more, dose-dependent inhibition of growth was observed in
mot-1-transduced human lung fibroblasts (A549) and mela-
noma cells (G361) and rat glioblastoma (C6) cells (data not
shown), demonstrating that the anti-proliferative effect of
mot-1 was not cell line- or species-specific.

mot-1 Lacks Transforming Activity of mot-2—mot-2 has been
shown to cause pro-proliferative effect and malignant transfor-
mation of human cancer cells by inactivation of p53 functions,
including transcriptional inactivation (34), control of centro-
some duplication (22), and deregulation of apoptosis (23, 24) in
cancer cells. Most recently, we reported that the nuclear mot-2
activates telomerase and hnRNP-K and contributes to cancer
aggressiveness (26). In light of these findings, we investigated
the capability of mot-1 in these assays. As shown in Fig. 2, A and
B, immunolocalization of transfected mot-1 and mot-2 pro-
teins by anti-Myc tag antibody revealed nuclear staining of
mot-2/Myc; mot-1 was not found in the nucleus. Similar results
were obtained in mot-1 and mot-2 derivatives of G361 and C6
cells (data not shown).

We next examined the expression of p53 and its activity level
in mot-1 and mot-2 derivatives of U2OS and G361 cells. As
shown in Fig. 3, A–C, consistent with earlier studies, p53 pro-
tein as well as its transcriptional activation function decreased
in mot-2-overexpressing cells. In contrast, there was no
decrease in the level of p53 in mot-1 derivatives. Instead,
increase in nuclear p53 and p53-dependent reporter assays was
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FIGURE 1. mot-1 and mot-2 proteins cause contrasting effects on cell proliferation. A–C, morphology (A), relative proliferation (B), and colony-forming
efficacy (C) of the indicated cells transduced with mot-1- or mot-2-encoding retroviruses. D, expression level of Myc-tagged mortalins and proliferation
analyses of mot-1 and mot-2 derivatives of U2OS cells showing, as compared with the control, increased rate of proliferation in all the mot-2 derivatives; mot-1
derivatives proliferated slowly. The data are expressed as a means � S.E. ***, p � 0.001.

FIGURE 2. mot-2, but not mot-1, localizes in the nucleus. A, double immunostaining of mot-1- and mot-2-transduced U2OS cells with anti-Myc and
anti-mortalin antibodies showing nuclear staining only in mot-2 Myc cells. B, high-resolution imaging of cells transduced with Myc-tagged mortalins and
stained for endogenous mot-2 (red) and exogenous mot (green) showing the absence of mot-1 in the nucleus. Images were acquired with a confocal laser
scanning microscope. Nucleus was stained with Hoechst 33342 (blue) and was made transparent to show the existence of mortalin in the nucleus with Imaris
software.
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observed (Fig. 3, B and C). Investigation on the telomerase
activity of mot-1 and mot-2 derivatives of G361 (telomerase
plus cell line) by TRAP assay showed increase in mot-2 deriva-
tives. Interestingly, mot-1 derivatives showed reduction in the
telomerase activity (Fig. 3D). Immunocytochemical examina-
tion of hnRNP-K showed its nuclear enrichment only in the
mot-2 derivatives (Fig. 3E). Most noticeably, mot-1 showed a
high level of endogenous ROS (Fig. 3F) and was more sensitive
to H2O2-induced stress as compared with the mot-2 derivative
cells (Fig. 3G). Taken together, these data showed that mot-1
and mot-2 possess distinct activities, and these differences may
mediate their contrasting effect on cell proliferation.

Identification and Characterization of mot-1- and mot-2-
binding Proteins—To get further insights into the differential
activities of mot-1 and mot-2 proteins, we aimed to identify
their interacting partners. We generated (i) recombinant His-
tagged mot-1 and mot-2 proteins in bacteria and (ii) mot-1- and
mot-2-specific antibodies using their peptides as antigens (Fig.

4A). Characterization of recombinant mot-1 and mot-2 pro-
teins has earlier revealed their different spectra in intrinsic
tryptophan and 8-anilinonaphthalene-1-sulfonic acid (ANS)
fluorescence assays, as well as different chaperoning activities
in luciferase folding and insulin aggregation assays (35). Reac-
tivity to the antibodies to mot-1 and mot-2 proteins was exam-
ined using recombinant proteins. As shown by Western blot-
ting in Fig. 4B, antibodies “R” and “S” were specific to mot-1 and
mot-2 proteins, respectively.

To identify binding proteins, recombinant mot-1 or mot-2
protein was mixed and incubated with U2OS cell lysate over-
night followed by their precipitation with either Ni-NTA-aga-
rose or anti-mortalin antibody (Fig. 4C). The precipitates were
resolved in parallel lanes on SDS-polyacrylamide gels and
stained with SYPRO� Orange (Fig. 4C). The protein bands that
showed differential binding to either mot-1 or mot-2 were
extracted from gel and subjected to MALDI. The analysis
revealed the identity of five mot-1-binding proteins, i.e. EF-1�,

FIGURE 3. mot-1 lacks cell-transforming activities like that of mot-2. A–C, mot-2-transduced cells showing decrease in the level, nuclear localization, and
transcriptional activation function of p53. The level of p53 in mot-1-transduced cells remained unchanged (A), showed enrichment in nucleus (B), and showed
increase in transcriptional activation function in mot-1-transduced cells (C). D, telomerase activity decrease in mot-1-transduced cells, in contrast to increase in
mot-2-transduced cells. E, mot-2-transduced, but not mot-1-transduced, cells showed enrichment of nuclear hnRNP-K. Quantitation of cells with bright
hnRNP-K fluorescence signal is shown below. F and G, mot-1-transduced cells showed increase in endogenous ROS (quantitation is shown below) (F), and were
more sensitive to H2O2-induced stress (G) than mot-2 cells. H2DCFDA, 2�,7�-dichlorodihydrofluorescein diacetate. The data are expressed as a means � S.E.
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eukaryotic translation initiation factor 4 A isoform, �-tubulin,
BIP-GRP 78, and RPL-7 (Fig. 4C). We next validated the bind-
ing of these proteins by Western blotting of mot-1 and mot-2
immunocomplexes with specific antibodies. As shown in Fig.
4D, we found that RPL-7 precipitated predominantly with
mot-1. GRP78 and tubulin showed no difference, and EF-1�

was found in relatively greater amounts in the mot-2 immuno-
complexes. To investigate the effect of mot-1/mot-2 binding on
RPL-7 and EF-1�, we next examined their level of expression in
respective derivative U2OS cells. As shown in Fig. 4E, mot-1
derivatives showed decrease in the expression of RPL-7, EF-1�,
and hnRNP-K as compared with control cells. p53, as expected
from earlier studies, was decreased in mot-2 derivative cells;
mot-1 derivatives showed increase in p53 expression level. Fur-
thermore, elongation factor 2 and elongation factor 2� also
showed increase in mot-2 and decrease in mot-1 derivative cells
(data not shown).

PD Mutants of Mortalin, R126W, and P509S Mimic mot-1
Functions—Two missense mutations of mortalin have been
detected in Parkinson patients (32, 36). In light of the above
data on anti-proliferative and oxidative stress impact due to
mot-1, we investigated the relevance of PD mutants of mortalin
in disease phenotype. Myc-tagged mortalin mutants (R126W
and P509S) were generated in the background of human full-
length mortalin (also called mot-F) (26) in retrovirus vector
similar to mot-1 and mot-2 (Fig. 5A). Expression of the mutants
was examined by Western blotting with anti-Myc tag antibody
(Fig. 5B). As shown in Fig. 5C, both mutants caused changes in
cell morphology and their growth rate similar to the ones
observed for mot-1-infected cells (Fig. 1A). The mortalin PD
mutant derivative cells were elongated, large, and flattened,
similar to senescent cells, proliferated more slowly than the
control cells (Fig. 5D), and had lower colony-forming efficacy
(Fig. 5E). Similar results were obtained in A549 cells (data not

FIGURE 4. Identification of mot-1- and mot-2-binding proteins. A, sequence of mot-1 and mot-2 peptides used as antigens for raising specific antibodies R
and S, respectively. B, specificity of R and S antibodies (R-Ab and S-Ab) to recombinant mot-1 (rmot-1) and mot-2 (rmot-2) proteins. CBB stain, Coomassie Brilliant
Blue stain. C, identification of mot-1-binding proteins by immunoprecipitation (with anti-mortalin antibody; Anti-mot Ab) and pulldown assays (with Ni-NTA-
agarose). Proteins showing differential binding with mot-1 are shown by blue arrows. D, validation of RPL-7 and EF-1� as preferentially binding to mot-1 and
mot-2 proteins, respectively. Recombinant mot-1 and mot-2 proteins were incubated with cell lysates followed by immunoprecipitation of the complexes with
anti-mortalin antibody. Immunoprecipitated proteins were examined by Western blotting with specific antibodies. RPL-7 and EF-1� showed preferential
binding to mot-1 and mot-2, respectively. Grp78 and tubulin did not show difference in binding to either mot-1 or mot-2 protein. E, expression analyses of
binding proteins in mot-1- or mot-2-transduced cells. Both RPL-7 and EF-1� were decreased only in mot-1-transduced cells. Although hnRNP-K increased in
mot-2-transduced cells, p53 decreased in mot-2-transduced cells.
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shown). Immunolocalization of the mutant proteins revealed
their cytoplasmic localization (data not shown). Most signifi-
cantly, the mot-PD mutant derivative cells showed high levels
of ROS (endogenous stress) (Fig. 5F). These cells were also
more sensitive to exogenous oxidative stress, determined by
increase in H2O2-induced ROS, as compared with control
mot-F derivatives (Fig. 5G). We examined the expression of p53
and hnRNP-K in these cells and found increased nuclear p53 in
R126W- and P509S-transduced cells in contrast to the decrease
observed in mot-F derivatives (Fig. 6A). p53-dependent
reporter activity also showed contrasting effects; it decreased in
mot-F cells and increased in R126W- and P509S-transduced
cells (Fig. 6B). Furthermore, although nuclear hnRNP-K
increased in mot-F derivatives, R126W- and P509S-transduced
cells showed decrease (Fig. 6C). Western blotting confirmed
these data, showing increase in p53 and decrease in hnRNP-K
in mortalin PD mutant-transduced cells, similar to that of
mot-1, and in contrast to that of mot-2 and mot-F (Figs. 4E and
6D). Furthermore, RPL-7, EF-1�, EF-2, and EF-2� showed
strong decrease in mortalin PD mutant derivatives (Fig. 6D).

The Hsp70 proteins are an important group of molecular
chaperones with life-essential and pro-survival roles. They

function by preventing protein aggregation, assisting folding/
refolding of partially unfolded intermediary structures, and tar-
geting proteins for the degradation machinery, the proteasome.
In all these cellular processes, Hsp70s are thought to interact
with transiently unraveled segments or globally denatured pro-
tein substrates (37). The two murine mortalins differ only by
two amino acid residues in the C terminus; in comparison with
mot-2, mot-1 has Val instead of Met at position 618, as well as
Arg instead of Gly at 624. Furthermore, a comparison of differ-
ent Hsp70s shows that only mot-1 lacks the canonical bend
between helices C and D leading to an aberrant fusion of these
two helical subdomains. This would particularly impact on the
ability of the lid for its conformational heterogeneity as well as
substrate release (38). From this, we extrapolated that the dis-
figurement of its substrate lid may be linked to the senes-
cence-inducing property of murine mot-1 (16, 39) in con-
trast to the known lifespan-extending and immortalization
features of mouse and human mot-2 (17–20). We initially
tested whether or not mot-1 possesses a molecular chaperone
activity. Although mot-2 showed chaperone properties, mot-1
showed low chaperone activity (35). Similarly, lidless variants of
DnaK, which result in a lethal phenotype in yeasts (40), were

FIGURE 5. Functional characterization of mortalin PD mutants. A, schematic presentation of mot-PD mutants. B–E, morphology of mot-PD mutant (mot-F
R126W and mot-F P509S)-transduced U2OS cells and their expression as examined by Western blotting with anti-Myc antibody (B). Cells show flattened and
enlarged morphology (C), slower growth rate (D), and lower colony-forming efficacy (E) as compared with control- and mot-F-transduced cells. F and G,
mot-PD-transduced cells showed higher endogenous ROS (F) and high sensitivity to exogenous (H2O2) stress (G) as compared with control mot-F-transduced
cells. The data are expressed as a means � S.E. SP, signal peptide.
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shown to lack chaperone activity (41). Similar defective chap-
erones also called “sick” chaperones have been implicated in
several inherited diseases (42). Dominant negative mutants of
�-crystalline (R116C) and �-B-crystalline (R120G) have been
shown to lead to non-fatal congenital cataract and desmin-re-
lated myopathies, respectively (43).

RPL-7 belongs to the family of ribosomal proteins, highly
conserved multifunctional proteins that serve as integral com-
ponents of protein synthesis machinery and play a key role in
regulation of DNA repair, cell growth, transformation, and
death. It possesses a basic leucine zipper-like domain that
endows it with a high-affinity binding capacity to mRNA/28 S
rRNA and formation of homodimers (44). It is one of the few
ribosomal proteins that, in addition to their presence in the
cytoplasm, are also found in the nucleus, where they interact
transiently or stably with RNA/DNA structures or other pro-
teins. Several ribosomal proteins, including RPL11, RPL5,
RPL23, RPS7, and RPS27L, have been shown to bind and inhibit
MDM2, resulting in an activation of p53 tumor suppressor pro-
tein causing cell cycle arrest (45, 46). In contrast, some other
ribosomal proteins, including RPL35a and RPS9, have been
shown to be involved in deregulation of apoptosis and multi-

drug resistance phenotype of cancer cells (47), suggesting their
functions beyond ribosomal boundaries and in control of cell
proliferation. Interestingly, RPL-7 was identified as a binding
partner and regulator of vitamin D receptor (VDR) and retinoid
X receptor (RXR)-mediated trans-activation (48), and mortalin
was found to bind to retinoic acid receptor (RAR) and retinoid
X receptor, where it plays an essential role in retinoic acid-
induced neuronal differentiation (49).

EF-1� is another highly conserved ubiquitous protein
involved in translation. It catalyzes the GTP-dependent bind-
ing of aminoacyl-transferase RNA (aa-tRNA) to ribosomes and
regulates the rate and fidelity of polypeptide elongation. In
addition, it has been shown to play a major role in the nuclear
export of mRNA and proteins and to regulate the length and
stability of microtubules, mitotic apparatus, and ribosomes
(50). It is often enriched in tumors and has been positively cor-
related with cell growth and proliferation. Overexpression of
EF-1� conferred protection against endoplasmic reticulum
stress and apoptosis induced by growth factor withdrawal (51,
52). It was shown to interact with and inactivate p53 and p73
tumor suppressor proteins, resulting in chemoresistance (53).
It also regulates phosphorylation of Akt/PKB, a serine/threo-

FIGURE 6. Functional characterization of mortalin-PD mutants. A, mot-PD mutants showing increase in nuclear p53 in contrast to mot-F-transduced cells,
as indicated by yellow arrows. B, p53-dependent reporter activity increased in mot-PD-transduced cells in contrast to decrease in mot-F-transduced cells. C,
mot-F-transduced cells show enhanced hnRNP-K protein in nucleus in contrast to its decrease in mot-PD cells. D, expression analysis of mot-PD mutant-
transduced cells for the indicated proteins. Consistent with the immunostaining data, although p53 was found to be increased, the level of hnRNP-K decreased.
RPL-7 and EF-1� (and its related proteins EF-2 and EF-2 �) showed decrease in mot-PD mutant-transduced cells. The data are expressed as a means � S.E.
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nine kinase involved in regulation of cell proliferation, survival,
motility, and angiogenesis. Cells compromised for EF-1�
showed decreased expression of phospho-Akt1 and phospho-
Akt2 proteins, as well as reduced proliferation, survival, and
invasion (54). Our data, described above, showed that the point
mutations in mortalin caused (i) abrogation of its transforming
activities mediated by inactivation of p53 and activation of
hnRNP-K and telomerase, and (ii) caused severe decrease in
RPL-7 and EF-1� proteins that are essential for translation and
proliferation, suggesting that the wild-type mortalin plays a key
role in stability and function(s) of these proteins. Furthermore,
increase in endogenous oxidative stress and higher sensitivity
to exogenous oxidative stress (Fig. 5) of mutant mortalin cells
endorsed its role in stress protection. Lack of these functions
resulted in premature senescence and Parkinson disease.

Taken together, the present study demonstrated, for the first
time, the mechanism and functional significance of mortalin
and its point mutations in control of cell proliferation with
respect to carcinogenesis and premature aging.
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