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Tumor suppressor protein p53, our most critical defense
against tumorigenesis, can be made powerless by mechanisms
such as mutations and inhibitors. Fortilin, a 172-amino acid
polypeptide with potent anti-apoptotic activity, is up-regulated
in many human malignancies. However, the exact mechanism
by which fortilin exerts its anti-apoptotic activity remains
unknown. Here we present significant insight. Fortilin binds
specifically to the sequence-specific DNA binding domain of
p53. The interaction of fortilin with p53 blocks p53-induced
transcriptional activation of Bax. In addition, fortilin, but not a
double point mutant of fortilin lacking p53 binding, inhibits
p53-dependent apoptosis. Furthermore, cells with wild-type
p53 and fortilin, but not cells with wild-type p53 and the double
point mutant of fortilin lacking p53 binding, fail to induce Bax
gene and apoptosis, leading to the formation of large tumor in
athymic mice. Our results suggest that fortilin is a novel p53-
interacting molecule and p53 inhibitor and that it is a logical
molecular target in cancer therapy.

Tumor suppressor protein p53 keeps us free of cancer when
it is functional. Mice lacking p53 (p53 /") spontaneously
develop numerous neoplasms within 6 months (1). Mutated
p53 genes are seen in more than 50% of all human cancers,
making them the most frequently observed genetic derange-
ment in human cancer (2). At a molecular level, the ability of
p53 to eliminate cancerous cells relies on its ability to induce
apoptosis, through either the transcriptional activation of pro-
apoptotic genes such as Noxa (3), PUMA* (4), and Bax (5) or the
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direct transcription-independent activation of Bax on mito-
chondria (6). Growing cancers manage to keep p53 in check
either by mutating the p53 gene itself (7-9) or by expressing
p53 inhibitors such as Mdm?2 (9, 10).

The function of fortilin, a ubiquitous, highly conserved, 172-
amino acid polypeptide also known as “translationally con-
trolled tumor protein,” or TCTP, remained unknown (11, 12).
Investigation in our laboratory and others showed that fortilin
possesses potent anti-apoptotic activity (13—15). Fortilin is
overexpressed in human cancers (16, 17), the depletion of
which is associated with spontaneous death of cancerous cells
(13, 18). Higher levels of fortilin are associated with more
malignant cancer phenotypes (14). Although heterozygous
fortilin-deficient mice (fortilin "’/ ~) were normal in appearance
and fertile, homozygous fortilin-deficient (fortilin™/~) mice
were embryonically lethal around 3.5 days postcoitus due to
massive apoptosis, as reported by our laboratory and others
(19-21).

The mechanism by which fortilin functions as an anti-apo-
ptotic molecule has been under robust investigation. First,
based on the fact that fortilin physically interacts with myeloid
cell leukemia protein-1 (MCL1), an anti-apoptotic Bcl-2 family
member, it was suggested that fortilin stabilizes and exerts its
anti-apoptotic activity through MCL1 (22). However, fortilin is
capable of protecting cells from apoptosis in the absence of
MCLI1 (23), suggesting that fortilin is anti-apoptotic indepen-
dently of MCLI1. Secondly, fortilin functionally antagonizes
Bax, a pro-apoptotic Bcl-2 family member (21), presumably by
inserting itself into the mitochondrial membrane and prevent-
ing Bax from dimerizing within the membrane. However, there
is no physical interaction demonstrable between fortilin and
Bax (21), and it is still unclear how fortilin blocks Bax dimeriza-
tion in the mitochondrial membrane. Thirdly, fortilin binds
calcium (17, 24-28) and blocks calcium-dependent apoptosis
(29). However, the strength of the binding of fortilin to calcium
was moderate at most with a dissociation constant of 7.58 —=17.5
uM (29). Fourthly, fortilin binds and destabilizes transforming

tor-B-stimulated clone-22; SSDBD, the sequence-specific DNA binding
domain; RE, responsive element; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide; Ret, retroviral; Ad, adenoviral; Hzf, hemato-
poietic zing finger.
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growth factor-B-stimulated clone-22 (TSC-22), a pro-apopto-
tic molecule, and protects cells against apoptosis (30). However,
it remains unclear whether the direct interaction between forti-
lin and TSC-22 is required for the destabilization of TSC-22.

Fortilin is localized in not only the cytosol but also in the
nucleus (13). The putative mechanisms described above by
which fortilin functions anti-apoptotically do not necessarily
explain the nuclear presence of fortilin. We speculated that
fortilin might interact with one of the nuclear pro-apoptotic
molecules and block its pathway, leading to apoptosis. Because
p53 rapidly accumulates in the nucleus in response to DNA
damage (31) and induces apoptosis through the transcriptional
activation of pro-apoptotic genes including Bax (32), Noxa (3),
and PUMA (4), we asked whether fortilin physically interacted
with p53 and blocked the pro-apoptotic activity of p53. The
data presented here support that fortilin specifically binds p53
and blocks the p53-induced transcriptional activation of Bax
and resultant apoptosis. We propose that fortilin is a novel neg-
ative regulator of p53-mediated apoptosis.

EXPERIMENTAL PROCEDURES

The detailed experimental procedures are found in the sup-
plemental Experimental Procedures.

Cell Culture and Cell Lines—All cell lines were maintained in
high glucose Dulbecco’s modified Eagle’s medium (DMEM)
and supplemented with 10% fetal bovine serum (FBS) at 37 °C
in an atmosphere containing 5% CO,,.

Biochemical Characterization of Fortilin-p53 Interaction—
Western blot analyses (13), in vitro glutathione S-transferase
(GST) pulldown assays (33), in vivo immunoprecipitation and
Western blot analysis (22, 34), the immunocytochemical co-lo-
calization of fortilin and p53 (34), and the docking study (35)
were performed as described previously.

Functional Characterization of Fortilin-p53 Interaction—
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay (19), DNA fragmentation assay (19), and
caspase 3 activation assay (13) were performed as described
previously. Real-time quantitative reverse transcription-PCR,
ELISA, and electrophoretic mobility shift assay (EMSA) were
performed as described by us previously (36).

Nude Mouse Tumor Xenograft Assays—All mouse experi-
ments were performed under the approved Institutional Ani-
mal Care and Use Committee (IACUC) as described previously
(37).

Statistical Analyses—The degree of the spread of data was
expressed by = S.D. p < 0.05 was considered to be statistically
significant.

RESULTS

Fortilin Specifically Interacts with p53—To test whether
fortilin interacts with p53, we performed a standard GST pull-
down assay, mixing [**S]methionine-labeled p53, MCL1
(known to interact with fortilin) or Bcl-xL (control) in separate
reaction buffers containing either GST-fortilin or GST alone.
MCL1 was co-precipitated by GST-fortilin (Fig. 14, lane 2, Co-
precipitants), but not by GST alone (lane 5, Co-precipitants).
Bcl-xL was not co-precipitated by either GST-fortilin or GST
alone (Fig. 14, lanes 3 and 6, Co-precipitants). In this system,
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p53 was co-precipitated by GST-fortilin (Fig. 14, lane 1, Co-
precipitants), but not by GST alone (lane 4, Co-precipitants),
suggesting the presence of specific interaction between purified
fortilin and p53 in vitro.

U20S cells harbor wild-type p53 (38). To validate the inter-
action between fortilin and p53 in vivo, we generated U20S
cells overexpressing hemagglutinin (HA)-tagged fortilin
(U208, itin-11a) Or HA tag alone (U20Sg,,, .y 114) and sub-
jected the cleared total cell lysates from these cells to immuno-
precipitation using anti-HA antibody (Fig. 1B, top panel, lanes 1
and 3). HA-tagged fortilin was successfully immunoprecipi-
tated from the lysate from U20S a1, but not from
U20Sg,,,pty-1ia (Fig. 1B, top panel, lanes 2 and 4). In this system,
the p53 signal was detectable only in the presence of success-
fully immunoprecipitated fortilin-HA (Fig. 1B, bottom panel,
lanes 2 and 4). We then repeated the same experiment using a
different anti-HA antibody preparation (rat 3F10 primary anti-
body and anti-rat IgG magnetic beads for Fig. 1B; 3F10 matrix
beads for supplemental Fig. S1). In this system, the anti-HA
antibody successfully immunoprecipitated fortilin-HA (sup-
plemental Fig. S1, top panel, lane 4). The p53 signal was detect-
able in the presence of fortilin-HA (supplemental Fig. S1, mid-
dle and bottom panels, lane 4), but not in its absence
(supplemental Fig. S1, middle and bottom panels, lane 3).

We then performed a reverse in vivo co-immunoprecipita-
tion assay by equally dividing the cleared total cell lysates from
U20S,, . iin_11a Cells into three microcentrifuge tubes and incu-
bating them with the bare agarose beads, beads coated with
normal mouse IgG, or beads coated with anti-p53 antibody (FL-
393AC). Beads coated with anti-p53 antibody, but not other
types of beads, successfully immunoprecipitated native p53
(Fig. 1C, top panel, lane 4 versus lanes 2 and 3). In this system,
both fortilin-HA (Fig. 1C, middle and bottom panels, lane 4)
and native fortilin (Fig. 1C, bottom panel, lane 4) were co-im-
munoprecipitated by p53.

Finally, we performed the same in vivo reverse co-immuno-
precipitation assay on cells expressing only native fortilin and
p53. The equally divided aliquots of the cleared total cell lysates
from wild-type U20S cells were treated with either a mixture of
DO1 and Pab421 antibodies or control mouse normal IgG.
Native p53 was successfully immunoprecipitated by anti-p53
antibodies, but not by control IgG (Fig. 1D, top panel, lanes 1
and 2). In this system, the signal of native fortilin was detectable
only in the presence of immunoprecipitated p53 (Fig. 1D, bot-
tom panel, lane 1), but not in its absence (lane 2).

These data (Fig. 1, A-D) consisting of in vitro pulldown
assays and in vivo forward and reverse immunoprecipitation
Western blot assays, clearly suggest that fortilin specifically
interacts with p53. To evaluate whether ultraviolet (UV) irradi-
ation and resultant DNA damage affect the intensity of the
fortilin-p53 interaction, we UV-irradiated U20S,, in11a cells,
immunoprecipitated HA-tagged fortilin, and evaluated the
amount of p53 co-immunoprecipitated by fortilin-HA. UV irradi-
ation increased p53 expression in a dose-dependent fashion (sup-
plemental Fig. S2A, Input). More p53 was co-immunoprecipitated
by fortilin-HA in the presence of mild to moderate UV irradiation
(540 mJ/cm?), suggesting that UV irradiation leads to more forti-
lin-p53 interaction (supplemental Fig. S2, A and B). Further
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FIGURE 1. Fortilin specifically interacts with p53, a tumor suppressor protein. A, in vitro co-precipitation of p53 by fortilin in GST pulldown assay. Input,
autoradiography of the 1/20 portion of binding mixture; Co-precipitants, **S-labeled proteins co-precipitated by pulled down GST-fortilin or GST only. B, in vivo
co-immunoprecipitation of native p53 by overexpressed HA-tagged fortilin using rat anti-HA antibody (3F10) and magnetic beads coated with anti-rat
antibody. U205 ,4ifin-1ia U20S cells stably overexpressing HA-tagged fortilin; U20S,.,,,,.,.1a, U20S cells stably overexpressing human influenza HA tag; upper
panel, Western blot (WB) analysis of HA-fortilin in the input and immunoprecipitated (/P) fractions; lower panels, Western blot analysis of p53 contained in input
and co-immunoprecipitated fractions by DO1 anti-p53 antibody. C, in vivo reverse co-immunoprecipitation of native and HA-tagged fortilin by native p53
followed by Western blot analysis of p53 (top panel), HA tag (middle panel), and fortilin (bottom panel) in the input and immunoprecipitated fractions. D, in vivo
reverse co-immunoprecipitation of native fortilin by native p53. Upper panel, Western blot analysis of immunoprecipitated p53; lower panel, Western blot
analysis of co-immunoprecipitated fortilin. £, confocal co-localization of p53 with fortilin. UV-irradiated HeLa cells were stained with DRAQ5, anti-p53 (DO-1),

and anti-fortilin (MBL International) antibodies. merge, a merged image of the above three images. Size bar = 50 um.

investigation is necessary to determine whether this is due to
increased affinity between fortilin and p53 (such as through
the post-translational modification of fortilin and/or p53) or
increased availability of fortilin and/or p53 for each other.

To evaluate the spatial localization of fortilin in relation to
that of p53, UV-irradiated HeLa cells were immunostained
using anti-p53 (DO1) and anti-fortilin (MBL International)
antibodies. Bound antibodies were detected by anti-mouse
Alexa Fluor 488 and anti-rabbit rhodamine red-X secondary
antibodies, respectively. The p53 signal was mostly localized
in the nucleus, whereas the fortilin signal was present in both
the nucleus and the cytosol, although a higher amount was
found in the nucleus (Fig. 1E, DRAQS, a-p53, and a-fortilin).
The merged image suggests that the two molecules co-local-
ize in the nucleus, but not in the nucleoli or cytosol (Fig. 1E,
merge), suggesting that fortilin interacts with p53 in the
nucleus.

Both N Terminus and C Terminus Portions of Fortilin Are
Crucial for Its Interaction with p53—p53 is a 393-amino acid
protein consisting of four major domains (Fig. 2B): 1) transcrip-
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tional activation domain (amino acids 1-42); 2) sequence-spe-
cific DNA binding domain (SSDBD, amino acids 102-292); 3)
oligomerization domain (amino acids 324 —355); and 4) C-ter-
minal domain (amino acids 367-393) (39). Fig. 2, A and B, sum-
marize an experiment in which we incubated the in vitro-trans-
lated wild-type p53 and its four deletion mutants in individual
mixtures with either GST alone or GST-fortilin. Although GST
alone failed to pull down wild-type or mutant p53 proteins (Fig.
24, lanes 6-10), GST-fortilin pulled down both wild-type
p53(1-393) and two mutants p53(43-323) and p53(103-292),
but not p53(1-102) or p53(293-393). This suggests that fortilin
binds to the SSDBD of p53 (Fig. 2, A and B). p53(1-102)
migrated more slowly than p53(103-292), presumably because
the rigidity of the proline-rich region between amino acid res-
idues 50 and 85 of p53 contributed to anomalously slow migra-
tion in SDS-PAGE as reported previously (40). These data are
also consistent with the in vivo data that fortilin interacted with
wild-type p53 in U20S cells, but not with a mutated p53 that
contained only the half of the SSDBD in NCI-H1793 cells (sup-
plemental Fig. S3).
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Fortilin comprises three domains with distinct hydrophilici-
ties: domain 1 (amino acids 1-70), domain 2 (amino acids
71-120), and domain 3 (amino acids 121-172) (Fig. 2F) (13). To
identify the regions of fortilin important for p53 binding, we
first performed GST pulldown assays on deletion mutants of
fortilin. Domains 1 and 3 bound p53 (Fig. 2, C, lanes 2 and 4, and
F), but domain 2 did not (lane 3). Within domain 1, the N
terminus 20 amino acids were required for p53 binding (Fig. 2,
C, lanes 6 and 7, and F). p53(43—-323), the SSDBD of p53, bound
more strongly to fortilin and its mutants than did wild-type p53
(Fig. 2C, lanes 9-16 versus lanes 1-8).

To further evaluate the importance of the N and C termini of
fortilin, we generated fortilin(11-162), fortilin(6-167), and
fortilin(4-169). We subjected them to the same GST pulldown
assay. Wild-type fortilin and fortilin(4-169) (Fig. 2D, lanes 1
and 4) bound p53. However, fortilin(6-167) in lane 2 or
fortilin(11-162) in lane 3 did not bind p53, suggesting that the
4th and 5th amino acids from both ends of fortilin, but not the
1st through 3rd amino acids of fortilin, were critical for p53
binding (Fig. 2F).

We then mutated charged amino acids in these regions, gen-
erating fortilin(Y4A), fortilin(K171A), fortilin(E168A), and
fortilin(Y4A,E168A). We subjected these fortilin mutants to the
GST pulldown assay. Fortilin(K171A) bound more strongly to
p53 than did wild-type fortilin (Fig. 2E, lane 4), a result consis-
tent with our observation of fortilin(4-169) (Fig. 2D, lane 4). In
addition, the binding of fortilin(Y4A) and fortilin(E168A) to
p53 was weaker than that of wild-type fortilin (lanes 2 and 3
versus lane 1). Remarkably, fortilin(Y4A,E168A) showed little
ability to bind p53 in this system (Fig. 2, E, lane 5, and F).
Far-UV CD spectropolarimetric analyses (41, 42) showed that
the secondary structures of these fortilin mutants are preserved
(supplemental Fig. S4). Based on an analysis using published
human fortilin NMR data (Protein Data Bank (PDB) ID: 2HR9),
the 4th tyrosine (Tyr*) and 168th glutamate (Glu'®®) are located
close to each other (Fig. 2G) on the surface of the fortilin mol-
ecule (Fig. 2H). An energy minimization procedure between the
SSDBD of p53 (PDB ID: 1TUP, Fig. 2]) and the area of fortilin
containing Tyr* and Glu'®® (Fig. 2H) yielded a very low inter-
molecular energy at —797 kcal/mol. This suggests highly stable
binding between p53 and fortilin through the area containing
Tyr* and Glu'®® (Fig. 2J).

Fortilin Blocks p53-dependent Apoptosis by Preventing the
Transcriptional Activation of Bax Gene by p53—To evaluate
the role of fortilin in the transcriptional activation of p53 target
genes, we developed a unique luciferase assay system in which
each CHO cell stably harbors a single copy of luciferase reporter
plasmid containing the p53-responsive element (RE) of Bax
gene (CHO ) (32). We transiently transfected the

Bax-luciferase
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CHOg o 1uciferase C€lls with p53 (or control) and with fortilin (or
control) mammalian expression plasmids. Western blot analy-
ses confirmed adequate expression of both p53 and fortilin pro-
teins (Fig. 3A, WB). Background luciferase activity measured in
CHOg, . 1uciferase C€lls was low in the absence of p53 either with
or without fortilin overexpression (Fig. 3A, lanes I and 2,
respectively). When p53 was overexpressed, luciferase activity
increased more than 2-fold (lane 3), suggesting that p53 appro-
priately activated the p53-RE of the Bax promoter. In this sys-
tem, co-overexpression of fortilin significantly reduced the
activation by p53 of the p53-RE of the Bax promoter. (Fig. 34,
lane 4 versus lane 3), suggesting that fortilin blocked p53-in-
duced transcriptional activation of Bax gene.

To evaluate whether fortilin inhibited p53-induced cell
death, we transduced an adenoviral vector that encoded p53
(Ad-p53) or luciferase (Ad-Luc) into U20S cells stably overex-
pressing HA tag (U20Sg,, 114, control) or fortilin-HA
(U20S;, 1itin11a)- We assessed the survival of these cells using
the MTT assay (19). The survival of U20Sg,,, ., cells signifi-
cantly decreased when p53 was overexpressed by Ad-p53 (Fig.
3B, lanes 1 and 2). Strikingly, however, the survival of cells that
overexpress fortilin was not affected by p53 overexpression
(Fig. 3B, lanes 3 and 4). These data suggest that fortilin inhibited
p53-induced cell death.

We next compared the susceptibilities of U20S cells treated
with siRNA against fortilin (SiIRNA i) OF SIRNA| | iferase tO
UV irradiation (43). In the presence of fortilin, UV irradiation
did not significantly increase the DNA fragmentation of U20S
cells (Fig. 3C, lanes 1 and 2). In the absence of fortilin, however,
UV irradiation drastically increased the DNA fragmentation
(Fig. 3C, lanes 3 and 4), suggesting that fortilin protected the
cells against UV-induced apoptosis.

Next, we quantified the Bax message levels within the UV-
irradiated U20S cells that were treated with either siRNAL_ 0
or siRNA| | iferaser USINgG a quantitative real-time RT-PCR assay.
As expected, siRNAL_ ;, but not siRNA drastically
decreased fortilin message levels in both UV-irradiated
and control U20S cells (Fig. 3D, lanes 2 and 4 versus lanes 1 and
3, respectively). In that system, Bax message levels were signif-
icantly higher in siRNAp . ;.-treated cells than in
SIRNA] | iferase-treated cells (Fig. 3E, lanes 3 versus 4), suggest-
ing that the lack of fortilin led to the greater transcriptional
activation of Bax gene in response to UV irradiation.

Next, we quantified p53 and Bax protein levels in response to
UV irradiation using ELISA, in the presence and absence of
fortilin. The intracellular p53 concentrations drastically
increased as UV doses increased (Fig. 3F). In that system,
Bax protein concentrations were significantly higher in
siRNA -treated cells than in siRNA -treated cells,

Luciferase’

Fortilin Luciferase

FIGURE 2.Fortilin binds the sequence-specific DNA binding domain through its N and C terminus ends. A, in vitro co-precipitation of p53 deletion mutants
by fortilin in GST pulldown assay. Input, autoradiography of the 1/20 portion of binding mixture; Pulled down proteins, Coomassie Blue staining of GST-fusion
proteins pulled-down by GST-Sepharose beads; Co-precipitants, **S-labeled proteins co-precipitated by pulled down GST-fortilin or GST only. B, summary of
interaction between fortilin and the wild-type and deletion mutants of p53. aa, amino acids. C and D, GST pulldown assay of fortilin deletion mutants.
p53(1-393), full-length p53; p53(43-323), the SSDBD of p53. E, GST pulldown assay of fortilin point mutants. Binding to p53, a densitometric analysis of signal
intensity of co-precipitants. f, identification of a fortilin double point mutant that lacks binding to p53. *, point mutation; —, no p53 binding; +/—, minimum
p53 binding; +, decreased p53 binding; + +, p53 binding similar to wild-type fortilin; + + -+, greater p53 binding. The same GST pulldown assay was performed
at least three times, and the data were found to be consistent among these experiments. G, the proximity of N and C terminus ends of fortilin to each other.

H, the spatial representation of Tyr* and Glu'®

on the surface of fortilin molecule. Positively and negatively charged amino acid residues are colored blue and

red, respectively. /, the SSDBD of p53 bound to DNA. J, docking of fortilin to the DNA binding surface of p53.
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FIGURE 3. Fortilin prevents p53 from transcriptionally activating Bax and blocks p53-dependent apoptosis. A, the blockade by fortilin of the transcrip-
tional activation of Bax gene in luciferase assays (n = 3). CHOgq,, uciteraser CHO cells with the p53-RE of the Bax gene fused to the luciferase gene. WB, Western
blot analysis. B, the inhibition by fortilin of Ad-p53-induced cell death in U20S cells (n = 6) by the MTT assay. NS, not statistically significant. C, the protection
by fortilin against UV-induced DNA fragmentation in U20S cells (n = 3). sSiRNA, ,ciferaser STMall interfering RNA against luciferase; siRNA,,;;i, SIRNA against
fortilin. D and E, quantitative, real-time RT-PCR assay of fortilin (D) and Bax (E) message in UV-irradiated U20S cells treated with either siRNA_,ciferase OF
SiRNA¢,1iiin (N = 4). F and G, ELISA of p53 (F) and Bax (G) protein concentrations (conc.) in UV-irradiated U20S cells treated with either SiRNA_,ciferase OF

SIRNAq,4iiin (N = 4).*, p < 0.05; ***, p < 0.001.

at both the 50-mJ/cm? and the 100-mJ/cm? UV doses (Fig. 3G),
suggesting that fortilin prevented UV-induced p53 from
increasing intracellular Bax concentrations. Considered
together, these data suggest that fortilin prevents p53 from (a)
transcriptionally activating Bax gene (Fig. 3, A, E, and G) and (b)
inducing p53-dependent apoptosis in U20S cells (Fig. 3, B
and C).

To test whether the above observation is true in a different
cell line, we stably knocked down p53 and/or fortilin using a
lentiviral ShRNA system in PMJ2-PC cells, a peritoneal macro-
phage cell line, and generated the four polyclonal cell lines, PM]J2-
PCp53+fortiIin+’ PM]2—PCp53+fortilinf’ P MIZ—PCp53—fortilin+’ and
PMJ2-PC 53 fortitin— (supplemental Fig. S5A). These cell lines
were subjected to UV irradiation, and the degree of DNA frag-
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mentation and caspase 3 activity was quantified. Upon UV irra-
diation, all four cell lines exhibited a significant increase in
DNA fragmentation (supplemental Fig. S5B, lanes 2, 4, 6, and 8
in comparison with supplemental Fig. S5B, lanes 1, 3, 5, and 7)
and caspase 3 activities (supplemental Fig. S5C, lanes 2, 4, 6, and
8 in comparison with supplemental Fig. S5C, lanes 1, 3, 5, and
7). Strikingly, the lack of fortilin was associated with an ~6-fold
increase in DNA fragmentation (supplemental Fig. S5B, lane 2
versus lane 4) and 2.5-fold increase in caspase activities (sup-
plemental Fig. S5C, lane 2 versus lane 4), only in the presence of
p53 (supplemental Fig. S5, Band C, lanes 2 and 4) but not in the
absence of p53 (supplemental Fig. S5, Band C, lanes 6 and 8). In
other words, fortilin failed to protect cells against either DNA
fragmentation or caspase 3 activation in the absence of p53
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FIGURE 4. Fortilin must bind p53 to block p53-dependent apoptosis. A, physical antagonism by fortilin of the binding of p53 to its consensus sequence in
EMSA. Cold probe, p53-RE oligonucleotides without radiolabeling; Ab, antibody; FP, free probe; SS, supershift; p53-RE, a p53-responsive element; NE, nuclear
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Of SAOSget-emptyr SAOSget-Fortiline ANd SAOSge rortilina Cells. F, DNA fragmentation assay of UV-irradiated U20S and SAOS cells. ***, p < 0.001 (n = 4).

(supplemental Fig. S5, B and C, lanes 6 and 8). These data sug-
gest that fortilin specifically blocks UV-induced, p53-depen-
dent apoptosis through Bax.

The Binding of Fortilin to p53 Is Required for Fortilin to Pre-
vent p53-dependent Apoptosis—To evaluate whether fortilin is
required to bind p53 to block the ability of p53 to function as a
transcriptional activator, we developed an EMSA (36). In this
study, we incubated p53-rich nuclear extracts from U20S cells
transduced by adenoviral vector containing p53 cDNA and **P-
labeled oligonucleotides representing the p53-RE (**P-p53-RE-
probe) with one of the following before gel electrophoresis
and autoradiography: vehicle, GST, GST-fortilin, GST-
fortilin(Y4A,E168A) (A), or GST-fortilin(6 —167) (A5). The 3?P-
p53-RE-probe and nuclear extracts of p53 combined generated
aband (Fig. 44, lane 2, Shift), which vanished in the presence of
competitor or cold p53-RE-probe (lane I). The addition of anti-
p53 antibody caused formation of a probe-p53-antibody com-
plex, which migrated even more slowly (lane 7, supershift (SS)).
Here, GST-fortilin, but not GST alone, significantly reduced
p53 binding to the **P-p53-RE-probe (lane 3 versus lane 4).
Strikingly, fortilin, but neither fortilin(Y4A,E168A) (Fig. 44,
lane 5, A) nor fortilin(6-167) (Fig. 44, lane 6, AS), prevented
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p53 from binding to the **P-p53-RE-probe. This suggests that
fortilin is required to bind p53 to disrupt p53 binding to its
target DNA sequence.

Next, we infected U20S cells with retroviral vector contain-
ing wild-type fortilin (Ret-fortilin), fortilin(Y4A,E168A) (Ret-
fortilinA), or empty vector (Ret-empty, control). We then sub-
jected them to UV radiation and performed both MTT and
caspase 3 activity assays. Neither Ret-fortilin nor Ret-fortilinA
contained epitope tags. Western blot analysis confirmed that both
U20Sge¢ fortitin A U208z .. fortiina €Xpressed more fortilins than
did U20Sg( gmpry and that UV irradiation increased p53 expres-
sion in all three cell lines (Fig. 4B). In this system, the cell
death rate was significantly lower for U20Sg.., ¢o.einin Célls than for
U208kt empty Cells (Fig. 4C, p < 0.05 by analysis of variance).
Remarkably, U20S,. roriina Cells were more susceptible to UV
irradiation than were U208y ¢ortitin OF U20Sge¢ empry Cells (Fig.
4C, p <0.05 by analysis of variance). Consistently, U20Sg .. tortitina
cells had more caspase 3 activation than did U20Sg. empty Cells,
whose caspase activity surpassed that of U20Sg... ¢oriin (Fig. 4D,
p < 0.05 by analysis of variance). These results, when taken
together, suggest that fortilin is required to bind to p53 to block
p53-mediated cell death (Fig. 4, C and D).
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U20S cells harbor wild-type p53 (38), whereas SAOS cells do
not express p53 (44), offering a unique opportunity to evaluate
the role of p53 and fortilin in UV-induced apoptosis. We first
generated and characterized SAOSg. gmptyr SAOSgee Fortilins
and SAOSy.; rortitina (Fig. 4E) and subjected them and the three
U20S counterparts to UV irradiation and the DNA fragmenta-
tion assay. As expected, fortilin, but not fortilinA, protected
U20S cells against UV-induced DNA fragmentation (Fig. 4F,
lanes 2, 4, and 6). Remarkably, however, fortilin did not protect
SAQS cells any better than did fortilinA against UV-induced
DNA fragmentation (Fig. 4F, lanes 8, 10, and 12). These results
suggest that fortilin protected cells more than fortilinA only in
the presence of wild-type p53 (Fig. 4F, lane 4 versus lane 6 and
lane 10 versus lane 12). Also shown was that UV irradiation
induced apoptosis predominantly through p53-dependent
pathways in this system (Fig. 4F, lane 2 versus lane 8). Together,
these data suggest that fortilin is required to bind p53 to block
p53-dependent apoptosis.

Fortilin Negates the Tumor-suppressing Effects of p53 through
Its Binding to p53 in Growing Tumors in Nude Mice—To deter-
mine whether fortilin facilitates tumor growth through its
binding and inhibition of p53, we injected USOS and SAOS
cells containing Ret-Empty, Ret-fortilin, or Ret-fortilinA into
nude mice and followed the tumor growth (n = 10 each). All 10
nude mice injected with U20Sy., foranin @0d six injected with
U20Sgecpmpry formed tumors at the 6th week where
U20Sge¢ fortitin formed larger tumors than did U20Sg. gmpry
(Fig. 5, A-C). Strikingly, U20Sy . toruina did not form any
tumors at the 6th week (Fig. 5, A and B) with only four animals
showing detectable tumors at the 12th week (Fig. 5C). None of
the nude mice injected with SAOSg. gmpey SAOSger Eortitins OF
SAOSget rortiina Cells in Matrigel developed significant tumors
at the 6th week, thus preventing us from assessing the effect of
fortilin in tumor growth in the p53-null environment of SAOS
at this time point (data not shown). At the 15th week, however,
five, three, and four nude mice injected with SAOSg., gpmpiys
SAOSget rortitine A0 SAOSg . portitina Cells, respectively, exhib-
ited significant tumors. The average tumor volumes from
SAOSRet—Empty’ SAOSrger rortitins OF SAOSgec portitina Cells were
235 * 17.1, 23.3 = 40.7, and 95.8 * 154.9 mm?, respectively.
Although the small sample size (n = 12 total) precluded an
adequate statistical comparison on the tumor volumes among
these three groups, these tumor materials were sufficient for
and thus subjected to immunohistochemical evaluation as
described below in Fig. 6. In summary, the U20S cell data above
(Fig. 5) strongly suggest that fortilin facilitates tumor growth
through its interaction with and inhibition of p53.

Fortilin Decreases Bax Expression and Apoptosis in p53-pos-
itive Tumors—To test whether the presence of fortilin inter-
fered with the ability of p53 to induce Bax and apoptosis within
the growing tumors in the nude mouse model above, we immu-
nostained the tissue with anti-fortilin (a-fortilin) and anti-Bax
(a-Bax). We also performed TUNEL staining on these samples.
Twelve (12) tumor samples from the nude mice injected with
SAOS cells were also evaluated. Both U20S and SAOS cells
infected with Ret-fortilin and Ret-fortilinA showed the robust
expression of these constructs in comparison with cells infected
with the control vector (Ret-Empty) (Fig. 6, A-C). In this sys-
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FIGURE 5. Tumor xenograft assays. A and B, tumor xenograft assay using
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ylin-eosin (H&E) staining of tumor xenografts harvested at the 6th week
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tem, the immunoreactivity of Bax was significantly less in
tumors from U20Sg. ¢oreinin than those from U20Sg., oitina
(Fig. 6, D, top panel, and E), whereas the immunoreactivity of
Bax was identical among all the tumors from SAOSg., gmpiys
SAOSyet fortitine @0d SAOSye¢ fortiina (Fig. 6D, bottom panel,
and F). In addition, U20Sg., o 1 DUt not U208k, ¢ortitinas
had a significantly lower TUNEL index than did U208z gmpr,
(Fig. 6, G, top panel, and H). Intriguingly, there was no differ-
ence in TUNEL indices of SAOSg.; gmptyr SAOSget fortitins a0
SAOSget fortitina (Fig. 6, G, bottom panel, and I), which were
uniformly lower than those of the U20S cells. These data, when
taken together, suggest that fortilin facilitates tumor growth by
binding p53 and blocking its ability to induce Bax and
apoptosis.

DISCUSSION

The current study for the first time provides a clear mecha-
nistic insight as to exactly how fortilin protects cells against
apoptosis. This is because we show here that fortilin, a unique
anti-apoptotic molecule that does not resemble either Bcl-2 or
inhibitor of apoptosis (IAP) family member proteins (13), spe-
cifically interacts with p53 (Fig. 1, A-E), prevents p53 from
transcriptionally activating Bax gene (Figs. 3, A, E, and G, and 6,
D and E) and inducing apoptosis (Fig. 3, B, C, supplemental Fig.
S5, Band C), and sustains tumor growth in a whole animal (Fig.
5, A—C) by suppressing p53-dependent Bax induction and
resultant apoptosis (Fig. 6, D—I). Intriguingly, in the absence of
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wild-type p53, fortilinA, which lacks p53 binding, behaved in
the same fashion as wild-type fortilin, failing to protect cells
from Bax induction or apoptosis (Figs. 4F and 6, D, F, G, and 1),
suggesting that fortilin is minimally involved in the non-p53
pathways. Immunocytochemical staining shows that the forti-
lin-p53 interaction likely takes place in the nucleus (Fig. 1E).
The detailed analyses on deletion and point mutants of fortilin
and p53 showed that the N and C terminus ends of fortilin
participate in the binding to the SSDBD of p53 (Fig. 2, A-/). The
ability of fortilin to inhibit the binding of p53 to its consensus
sequence (Fig. 44) and to block p53-mediated apoptosis was
dependent on its binding to p53 (Fig. 4, B—F). We thus propose
that fortilin is a key negative regulator of the p53-Bax apoptosis
pathway. In a supplemental experiment, we evaluated the abil-
ity of fortilin to prevent p53 from inducing PUMA (4) and Noxa
(3), p53-inducible genes. We found that fortilin inhibits the
induction by p53 of Noxa, but not PUMA (supplemental Fig.
S6). A possible differential inhibition by fortilin of p53 target
genes, Bax and Noxa versus PUMA, is currently under investi-
gation in our laboratory. In the final stage of our manuscript
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preparation, we were made aware of a study published on the
interaction between fortilin and p53 where the authors used
fortilin as bait, employed the yeast two-hybrid screening sys-
tem, and identified a portion of p53 as a fortilin interacting
molecule (45). Our work confirms the interaction and provides
the totally new mechanistic insight as to how fortilin protects
cells against p53-mediated apoptosis at all three levels, in vitro,
in vivo, and whole animal.

p53, the guardian of the genome (46), is extensively
regulated. In addition to the regulation by a number of post-
translational modifications, methylation, acetylation, phos-
phorylation, ADP-ribosylation, ubiquitination, sumoylation,
neddylation, and glycosylation (47), p53 is regulated by its phys-
ical association with p53 regulatory molecules. Although there
have been over a dozen p53-interacting molecules reported in
the literature, only five gene products are known to bind the
SSDBD of p53 aside from fortilin. First, both 53BP1 and 53BP2,
1977 and 1134 amino acid polypeptides, respectively, bind the
SSDBD (48) and stimulate p53-mediated transcriptional acti-
vation (49), playing a critical role in ionizing radiation-induced
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cell cycle arrest (50). Secondly, hematopoietic zing finger (Hzf),
transcriptionally induced by p53, binds the SSDBD. This bind-
ing results in preferential transactivation of pro-arrest p53 tar-
get gene (p21) over its pro-apoptotic target genes (Bax) (51).
Thirdly, Brn-3a, a Pit-Oct-Unc (POU) family transcriptional
factor, binds the SSDBD of p53 and prevents p53 from tran-
scriptionally activating Bax while facilitating p53 to induce
p21<IPYWAEL (59 53). Finally, apoptosis stimulating protein of
p53 (ASPP) a protein homologous to 53BP2, also binds the
SSDBD and enhances p53-induced apoptosis, but not cell cycle
arrest (54). Further, fortilin is one of only three molecules that
bind to p53 SSDBD and block Bax gene activation (other two
are Hzf and Brn-3a). Notably, fortilin does not structurally
resemble either Hzf or Brn-3a. Among the other p53 binding
molecules, both Mdm?2 (55) and Mdmx (56) bind the N termi-
nus transactivation domains of p53, whereas YB-1 (57) and
ATM and p53-associated KZNF protein (Apak) (58) both bind
the C terminus of p53.

p53 is designed to play two important, but fundamentally
opposing, roles in response to stress (59). p53, under the low,
constitutive levels of DNA damage, induces cell cycle arrest
through the transcriptional activation of p21<""*YAF1 allow-
ing the cells to repair themselves. Upon the higher levels of
DNA damage, on the contrary, p53 switches from promoting
survival and repair to the induction of apoptosis (59, 60), allow-
ing the organism to eliminate hopelessly damaged cells from
itself. The exact mechanism by which p53 differentially acti-
vates the cell cycle regulatory versus the apoptosis pathway is
unknown, although the partial and total acetylation of p53 by
histone acetyltransferases may be involved in the activation of
the cell cycle regulatory and pro-apoptotic genes, respectively
(47). In addition, the molecules that bind the SSDBD of p53,
such as Hzf (51), Brn-3a (52, 53), and ASPP (54), are shown to
differentially regulate cell cycle progression and apoptosis.
Although it is tempting to speculate that fortilin, an SSDBD
binding molecule, also differentially regulates cell cycle pro-
gression and apoptosis, the role of fortilin in the regulation by
p53 of cell cycle progression is currently unknown and under
investigation.

Yang et al. (15) reported that fortilin interacts with Bcl-xL
using both GST pulldown and co-immunoprecipitation assays.
However, in our current assay (Fig. 14) as well our previous
work (22), fortilin binds MCL1, but not Bcl-xL. It is likely that
fortilin interacts with p53 and MCL1 more strongly than with
Bcl-xL and that our wash condition was too stringent to retain
the interaction between fortilin and Bcl-xL.

The binding of Mdm?2 to p53 (55) results in ubiquitination
and proteasome-mediated degradation of p53, making the half-
life of p53 very short (61— 63) and intracellular levels of p53 very
low. Cell stress such as DNA damage decreases the degree of
sumoylation of Mdm?2 and increases Mdm?2 degradation, lead-
ing to the stabilization of p53 (64). Unlike Mdm2, neither forti-
lin overexpression nor depletion showed any consistent or
detectable changes in the p53 levels by either Western blots or
ELISA (Figs. 3, A, B, and F, and 4, B and E and supplemental Fig.
S5A). The fortilin double point mutant identified in the current
study (fortilinA) may prove to be a viable reagent as the role of
fortilin in the stability of p53 is further investigated.
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Our discovery of the physical and functional interaction
between fortilin and p53 has significant clinical implications.
First, targeting of the fortilin-p53 interaction by small mole-
cules may result in the reactivation of p53 and the induction of
apoptosis within cancer cells that harbor wild-type p53,
although such strategies may not work in cancers that harbor a
mutated p53. Such anti-fortilin small molecules may also be
useful in further improving the response of cancer cells to che-
motherapeutic agents, ionizing radiation, and Nutlin-3A (65)
and MI-219 (66), small molecules that disrupt the p53-Mdm?2
interaction. In addition, such anti-fortilin small molecules may
be useful in the prevention and treatment of atherosclerosis
refractory to 3-hydroxy-3-methyl-glutaryl-CoA reductase
inhibitors (statins) because the lack of functioning p53, more
specifically, macrophage p53 (67, 68), is associated with accel-
erated atherosclerosis (69).
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