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Abstract
Bcl-xL plays a critical role in maintaining cell survival. However, the relationship between the
potential interaction of Bcl-xL with other cytosolic proteins and the regulation of cell survival
remains incompletely defined. We have identified translationally controlled tumor protein
(TCTP), a multifunctional protein, as a novel antiapoptotic Bcl-xL-interacting protein. TCTP
interacted in vivo and in vitro with Bcl-xL, and their sites have been mapped to an N-terminal
region of TCTP and the Bcl-2 homology domain 3 of Bcl-xL. Consistent with a role in
maintaining T-cell survival during activation, TCTP was significantly upregulated in murine T
cells activated by T-cell antigen receptor (TCR) ligation and CD28 costimulation, which was
correlated with the upregulation of Bcl-xL in activated T cells. Moreover, downregulation of
TCTP expression by antisense technology in T cells results in the increase of T-cell apoptosis.
Furthermore, the N-terminal region of TCTP was required for its ability to inhibit apoptosis. In
conclusion, this study has demonstrated that an N-terminal region of a cytosolic protein, TCTP, is
required for its binding to Bcl-xL and for its antiapoptotic activity.
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Introduction
Bcl-x proteins play an essential role in maintaining T-cell and thymocyte survival (Boise et
al., 1995; Ma et al., 1995; Motoyama et al., 1995; Yang et al., 1997b; Opferman and
Korsmeyer, 2003; Marrack and Kappler, 2004) and T-cell function (Boise et al., 1995; Ye et
al., 2002). The dominant antiapoptotic isoform of the Bcl-x gene, Bcl-xL, has been
implicated in the prevention of cytochrome c release by maintaining the integrity of the
mitochondrial membrane (Motoyama et al., 1995). The current model for Bcl-xL function
requires that Bcl-xL be anchored to membranes (Ma et al., 1995; Ye et al., 2002; Marrack
and Kappler, 2004). However, Bcl-xL is present in both soluble cytosolic and membrane-
bound forms (Hsu et al., 1997) and may move through the cytosol before becoming attached
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to mitochondrial membrane (Adams, 2003; Jeong et al., 2004). Furthermore, among the five
Bcl-x isoforms identified (Boise et al., 1993; Fang et al., 1994; Gonzalez-Garcia et al.,
1994; Yang et al., 1997b), the antiapoptotic Bcl-x isoforms that share Bcl-2 homology
domains 1–4 (BH1–4) with Bcl-xL, Bcl-xγ, Bcl-xΔTM, and Bcl-xβ have no membrane-
anchoring domain and are located in the cytosolic fraction (Fang et al., 1994; Yang et al.,
1997b). The functional significance of the cytosolic localization of prosurvival Bcl-x
isoforms remains incompletely defined.

We hypothesized that a protein complex exists consisting of Bcl-xL and another cytosolic
protein, which are temporally co-upregulated in T-cell activation and functionally
collaborated for T-cell survival. To test this hypothesis, we used a yeast two-hybrid system
to screen a lymphocyte cDNA library for cytosolic Bcl-xL-interacting proteins. We have
identified translationally controlled tumor protein (TCTP) as a novel Bcl-xL-interacting
protein. TCTP is a multifunctional protein (also see an excellent review by Bommer and
Thiele, 2004). Intracellular TCTP was previously identified as a microtubule-stabilizing
protein (Yarm, 2002), an antiapoptotic protein (fortilin) (Li et al., 2001), and a guanine
nucleotide dissociation inhibitor regulating protein translation (Cans et al., 2003). We show
that both TCTP and Bcl-xL are highly upregulated during T-cell activation induced by T-
cell antigen receptor (TCR) and CD28 costimulation, suggesting a role for TCTP in unifying
the cell survival function of Bcl-xL with certain pathways in T-cell activation.

Results
Bcl-xL interacts with TCTP

To examine whether novel cytosolic protein(s) may interact with Bcl-xL, the yeast two-
hybrid system was used with full-length Bcl-xL as bait. After screening, three identical
clones with a 0.8 kb cDNA insert were detected (not shown). GenBank BLAST searching
identified this cDNA as TCTP (Bommer and Thiele, 2004) (GenBank accession:
NM_009429). Murine TCTP cDNA had an open reading frame (ORF) of 519 bp and
encoded 172 amino acids (aa). The results of Bcl-xL interaction with TCTP revealed by
yeast two-hybrid screening included the positive activation of a nutritional reporter gene
(HIS3) and subsequently the positive activation of a second reporter gene (β-galactosidase)
(not shown), suggesting that Bcl-xL interacted with TCTP inside the cells. To test whether
the interaction between Bcl-xL and TCTP is direct, GST pull-down assays were performed
with 35S-labelled TCTP prepared by in vitro transcription and translation (TNT) and purified
GST-Bcl-xL fusion protein. The results in Figure 1a–c show that TCTP interacts specifically
with Bcl-xL but not with two negative controls including glutathione S-transferase (GST)
control and glutathione Sepharose beads control (not shown). The stringency of the buffer
used in the GST pull-down assay was stronger than that used in previous studies for the
identification of Bcl-xL interaction proteins Rad9 (Komatsu et al., 2000) and BAR (Zhang
et al., 2000), suggesting the high specificity of the interaction between TCTP and Bcl-xL.
The direct interaction between TCTP and Bcl-xL was confirmed by repeating the pull-down
assay with GST-TCTP and 35S-labelled TNT-prepared Bcl-xL (Figure 1c, right panel). The
interaction between TCTP and Bcl-xL was further established in vivo with co-
immunoprecipitation (co-IP) assays. As shown in Figure 1d, we found that anti-Bcl-xL
antibodies, but neither the Ig control nor an unrelated antibody (anti-splicing factor ASF/
SF2), specifically co-immunoprecipitated endogenous TCTP. Similarly, anti-TCTP
antibodies, but neither the Ig control nor an unrelated antibody (anti-ASF/SF2), also
specifically co-immunoprecipitated endogenous Bcl-xL (Figure 1e), suggesting that Bcl-xL
interacted with TCTP in cells. Under these immunoprecipitation conditions, the anti-TCTP
antibodies also co-immunoprecipitated endogenous Mcl-1, as previously reported (Figure 1f,
left panel) (Zhang et al., 2002), which also served as a positive control for the co-IP
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experiments in identification of TCTP–Bcl-xL interaction. These results suggest that TCTP
interacts not only with Mcl-1 but also with another antiapoptotic, Mcl-1 homologous, Bcl-2
family protein Bcl-xL. In addition, since our data (Figure 1f, right panel) and others’ show
that Mcl-1 does not interact with Bcl-xL in cells (Bae et al., 2000), our results suggest that
TCTP interacts with Bcl-xL directly, instead of mediating through Mcl-1.

Next, we examined whether endogenous TCTP and Bcl-xL reside in the same cellular
compartment. All images were acquired by confocal microscopy and deconvolved. We used
HeLa cells to facilitate our immunofluorescence studies by taking into consideration the
expression of both TCTP and Bcl-xL in HeLa cells as well as the high degree of
conservation of both proteins between mice and humans. Consistent with previous reports,
TCTP (red; Figure 1g1) was predominantly localized in the cytosol with a punctuated
pattern (Gachet et al., 1999; Bommer and Thiele, 2004). Similar to the previous report that
Bcl-xL is localized in both cytosol and mitochondria (Hsu et al., 1997), we found that Bcl-
xL (green; Figure 1g2) was localized in both cytosol and mitochondria (not shown). As
judged by the yellow spots localized in cytosol (Figure 1g5) after superimposing subcellular
TCTP in red (Figure 1g1) with that of Bcl-xL in green color (Figure 1g2), we conclude that
TCTP and Bcl-xL are partially colocalized in the cytosol. Furthermore, as judged by the
white spots localized in mitochondria (Figure 1g6) after superimposing subcellular TCTP in
red (Figure 1g1), that of Bcl-xL in green color (Figure 1g2) with the mitochondria in blue
(Figure 1g4), we also conclude that TCTP and Bcl-xL are partially colocalized in the
mitochondria.

The N-terminal region of TCTP mediates its interaction with Bcl-xL
By comparing TCTP sequences from 24 eukaryotes (Thaw et al., 2001), two highly
conserved TCTP signature regions were identified, including the TCTP1 signature from aa
45 to 55 and the TCTP2 signature from aa 129 to 147, both of which may mediate the
interactions between TCTP and other molecules. Furthermore, several TCTP-interacting
proteins have been identified with the interaction domains mapped: (1) the C-terminal self-
interaction domain from aa 126 to 172 (Yoon et al., 2000); (2) the polo-like kinase
interaction domain from aa 107 to 172 (Yarm, 2002); (3) the tubulin binding domain from
aa 79 to 123 (Thaw et al., 2001); (4) the Ca2+ binding region from aa 81 to 112 (Kim et al.,
2000); (5) the triad binding surface consisting of Glu12, Leu74, and Glu134 for binding the
Rab G protein-like translation elongation factor eEF1A (Thaw et al., 2001; Cans et al.,
2003); and (6) Arg21 critical for the interaction between TCTP and the Bcl-xL homolog
Mcl-1 (Zhang et al., 2002). To map the Bcl-xL-interacting region in TCTP, we constructed
three TCTP deletion mutants: (a) the TCTP1–50 aa mutant, (b) the TCTP1–150 aa mutant
that contains both TCTP1 and TCTP2 signature regions, and (c) the TCTP40–172 aa mutant
that also contains both TCTP1 and TCTP2 signature regions but lacks the N-terminus of
TCTP. As shown in Figure 2a, Bcl-xL bound to the TCTP1–50 aa and the TCTP1–150 aa
deletion mutants but not to the TCTP40–172 aa mutant, suggesting that the Bcl-xL
interaction region was localized to the TCTP N-terminal 1–40 aa region.

We further searched the N-terminal 40 aa of TCTP for a Bcl-xL-interacting region. We
found an N-terminal sequence (20IREIADGL27) in TCTP that is highly conserved among
mice, rabbits, and humans (Figure 2b). This region of TCTP included the Arg21 that was
critical for the TCTP–Mcl-1 interaction (Zhang et al., 2002). We mutated the amino acids
Ile20, Arg21, Glu22, and Asp25 in the N-terminal region of TCTP into Ala20, Ala21, Ala22,
and Ala25 (Figure 2b). The mutation from Ile20 into Ala20 was designed according to those
mutations previously used in Bcl-xL BH3 mutant peptide to disrupt hydrophobic
interactions between interacting partners (Shangary and Johnson, 2002). The mutations of
the other three charged amino acids from Arg21, Glu22, and Asp25 into Ala21, Ala22, and
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Ala25, respectively, were designed using the charge-to-alanine scanning mutagenesis
approach (Gibbs and Zoller, 1991) to disrupt potential protein–protein interactions while
causing only minor perturbation in protein structure (Gibbs and Zoller, 1991). As shown in
Figure 2c, wild-type (WT) GST-TCTP precipitated Bcl-xL, but an equivalent amount of
GST-TCTP bearing the mutated N-terminal region, and GST did not precipitate Bcl-xL. Of
note, the N-terminal mutant form of GST-TCTP was capable of precipitating β-tubulin
(Figure 2d), suggesting that the lack of detectable interaction between Bcl-xL and the
mutant TCTP was not due to potential misfolding of the latter protein. These results show
that the N-terminal region of TCTP, but not the β-tubulin binding domain from aa 79 to 123
of TCTP (Gachet et al., 1999), mediates its interaction with Bcl-xL.

Bcl-xL BH3 domain is required for its interaction with TCTP
To examine whether the Bcl-xL N-terminal common region, shared by all the Bcl-x
antiapoptotic isoforms, mediates the interaction of Bcl-xL with TCTP, we used both GST-
Bcl-xL and GST-Bcl-xγ in GST pull-down assays. As shown in Figure 2e, both GST-Bcl-xL
and GST-Bcl-xγ precipitate TCTP, suggesting that Bcl-xL interacts with TCTP via the N-
terminal Bcl-x common region (aa 1–188) shared by both Bcl-x isoforms (Yang et al.,
1997b) rather than the Bcl-x isoform-specific C-terminal regions. Since the BH3 domain is
responsible for both hetero- and homodimerization between anti-apoptotic and proapoptotic
molecules, we examined whether the BH3 domain of Bcl-xL mediates its interaction with
the N-terminal region of TCTP (Diaz et al., 1997; Shangary and Johnson, 2002). We used a
peptide competition assay using peptide sequences comprising the WT or mutant form of the
Bcl-xL BH3 domain. The mutations in the Bcl-xL BH3 domain peptide altered some of the
critical residues responsible for the Bcl-xL–TCTP interaction, decreasing the competitive
capacity of the peptide (Shangary and Johnson, 2002). As shown in Figure 2f, increasing
concentrations of cold peptide bearing the WT Bcl-xL BH3 domain sequence
(90LREAGDEF97) attenuated the binding of 35S-labelled Bcl-xL to GST-TCTP. In contrast,
the Bcl-xL BH3 domain mutant peptide 90AREAGAEF97 (mutated residues are underlined)
did not competitively reduce the binding of Bcl-xL to GST-TCTP, even at high
concentrations of the cold mutant peptide (Figure 2f). Taken together, these results suggest
that the interaction between Bcl-xL and TCTP is specifically mediated through the Bcl-xL
BH3 domain and an N-terminal region of TCTP.

TCTP is co-upregulated with Bcl-xL during T-cell activation
Northern blot analyses (Figure 3a) show that TCTP and Bcl-xL are both expressed in
lymphoid tissues, suggesting that coexpression of antiapoptotic TCTP and Bcl-xL may play
an important role in T-cell function. We reasoned that expression of TCTP may be
upregulated during T-cell activation induced by TCR ligation and CD28 costimulation,
similar to that of Bcl-xL (Boise et al., 1995) and IL-2 (Schwartz, 2003). Thus, we examined
the expression of TCTP protein at several time points (0, 12, 24, and 48 h) following murine
T-cell activation induced by TCR ligation and CD28 costimulation. IL-2 secretion was
significantly upregulated during T-cell activation, suggesting that T cells were fully
activated (Figure 3b). TCTP protein levels were significantly upregulated when T cells were
activated with plate-bound anti-CD3 antibody alone. The upregulation of TCTP expression
in T cells activated with combined anti-CD3 and anti-CD28 antibodies was higher than that
in T cells activated by anti-CD3 alone (Figure 3c). The co-upregulation of Bcl-xL and TCTP
suggested a novel mechanism by which activated T cells can survive.

Antiapoptotic effects of TCTP require its N-terminal region
Previous reports showed that Bcl-xL (Boise et al., 1993; Ma et al., 1995; Motoyama et al.,
1995) and TCTP (Li et al., 2001; Graidist et al., 2004) play critical roles in the promotion of
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cell survival. Since we showed that TCTP and Bcl-xL are dramatically co-upregulated in
primary T cells induced by TCR ligation and CD28 costimulation (Figure 3c), we further
examined whether endogenous TCTP expression levels in T cells are critical for survival of
T cells. TCTP antisense cDNA was constructed in the T-cell expression vector pW120
under the control of a T-cell-specific tyrosine kinase p56lck distal promoter (Wildin et al.,
1995). As shown in Figure 4a, the transfection of TCTP antisense in Jurkat T cells resulted
in the partial knockdown of TCTP expression in comparison to that in the Jurkat T-cell
control transfected with pW120 empty vector, as judged by Western blot with anti-TCTP
antibody, similar to that described previously (Yang et al., 1997b). In contrast, β-actin
expressions in the cells transfected with the vector control and transfected with pW120-
TCTP antisense were comparable. More importantly, partial knockdown of endogenous
TCTP expression by TCTP antisense in Jurkat T cells resulted in an increase in apoptotic
cell populations by 44% in comparison to control cells transfected with the pW120 vector
alone, as judged by Annexin V-FITC-stained cell populations (Figure 4b and c). These
results suggest that endogenous TCTP expression is critical for maintaining T-cell survival.

We further examined whether TCTP inhibition of apoptosis is dependent on the intact N-
terminal region of TCTP. As shown, overexpression of WT TCTP significantly inhibited
apoptosis in HeLa cells induced by Taxol from 50% to less than 10%. In contrast,
transfection of cells with TCTP bearing mutations within the N-terminal region failed to
inhibit Taxol-mediated apoptosis in HeLa cells at the equivalent expression levels as that of
WT TCTP (Figure 4d and e). Previous reports have shown that TCTP stabilizes
microtubules (Yarm, 2002) and inhibits various forms of apoptosis (Li et al., 2001; Zhang et
al., 2002; Bangrak et al., 2004; Graidist et al., 2004). As shown in Figure 4f, TCTP co-
immunoprecipitated β-tubulin, but Bcl-xL did not. Since the β-tubulin binding domain of
TCTP is located in aa 79–123 (Gachet et al., 1999), which different from the Bcl-xL binding
region in the N-terminus of TCTP, as expected, we also found that TCTP N-terminal region
mutant bound to β-tubulin (Figure 4g). These results suggest that the Bcl-xL BH3 domain
and the N-terminal region of TCTP do not participate in binding to β-tubulin. These results
also suggest that the antiapoptotic effects of TCTP result from its interaction with Bcl-xL
rather than β-tubulin.

We asked next whether the N-terminal region of TCTP was critical for resistance to
apoptosis induced by other proapoptotic agents in T cells. The topoisomerase II inhibitor
etoposide induces DNA damage and is widely used as a pro-apoptotic agent (Li and Liu,
2001). To determine whether TCTP exerts antiapoptotic effects in Jurkat T cells, Jurkat T
cells stably expressing the Flag vector, Flag-TCTP, or Flag-TCTP N-terminal region mutant
were established and treated with 50 μM etoposide for 24 h to induce apoptosis. As shown
in Figure 4g and h, WT TCTP inhibited etoposide-induced Jurkat cell apoptosis, but the
TCTP N-terminal region mutant, expressed at the equivalent levels as WT TCTP (not
shown), could not. Of note, in addition to Annexin V-FITC staining, the results were similar
with the propidium iodide (PI) staining (not shown) described previously (Yang et al.,
1997b). These results suggest that TCTP inhibits apoptosis induced by various proapoptotic
agents in different cell types, including T cells. In light of our identification of the N-
terminal region of TCTP as a Bcl-xL-interacting domain, our results demonstrate that the N-
terminal region of TCTP is required for its antiapoptotic activity.

Discussion
TCTP is a novel Bcl-xL-interacting antiapoptotic protein

Having identified a novel interaction between Bcl-xL and TCTP by yeast two-hybrid
screening, we confirmed the interaction with a variety of biochemical approaches, including
GST pull-down assay complemented with site-directed mutagenesis, co-IP assay, subcellular
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colocalization assay, and peptide competition assay. We have further demonstrated that the
TCTP N-terminal region and the Bcl-xL BH3 domain mediate the interaction. Our results
also show that the interaction of TCTP with Bcl-xL via the TCTP N-terminal region is
critical for its antiapoptotic properties. Of note, Taxol was reported using a range of
concentrations from 1 nM to 100 μM and was found to affect cell growth and survival
ranging from (a) a slight inhibition of cell growth at the doses lower than 5 nM, (b) mitotic
arrest and cell death at the low or clinical relevant doses of 5–200 nM, to (c) the immediate
effects including lipopolysaccharide (LPS)-like activity at high doses of 3–100 μM
(Blagosklonny and Fojo, 1999). Our results suggest that TCTP plays a critical role in
inhibiting Taxol-induced apoptosis in Jurkat T cells. The concentration of Taxol used in our
studies (100 nM) has been shown to induce apoptosis through the phosphorylation and
inactivation of Bcl-xL (Biswas et al., 2001; Basu and Haldar, 2003). Therefore, our results
raise the interesting possibility that TCTP may inhibit T-cell apoptosis by preventing the
phosphorylation/inactivation of Bcl-xL. This mechanism is currently under investigation. In
agreement with the cytoprotective effects observed by TCTP overexpression in HeLa cells
and Jurkat T cells examined in this study, the antisense knockdown of endogenous TCTP
from Jurkat T cells was shown to promote apoptosis. Our findings corroborate the
antiapoptotic effects of TCTP described in HeLa cells and U2OS cells (Li et al., 2001;
Graidist et al., 2004), glioma cells (Baudet et al., 1998), and shrimps cells (Bangrak et al.,
2004). Taken together, these studies demonstrate that TCTP plays an important role in
maintaining survival of a variety of cell types, including T cells.

Not all of the Bcl-2/Bcl-xL family members interact with the same set of proteins (Sedlak et
al., 1995). For instance, a recent report has shown that Tankyrase 1 interacts with Mcl-1 but
not with other Bcl-2/Bcl-xL family proteins (Bae et al., 2003). Therefore, the previous
identification of an interaction between TCTP and the Bcl-2/Bcl-xL family member Mcl-1
(Zhang et al., 2002) does not necessarily predict the possibility of TCTP interacting with
Bcl-xL. In fact, the previous studies did not identify an interaction between TCTP and Bcl-
xL (Zhang et al., 2002), presumably due to the differences in the methods and antibodies
used. For instance, the previous studies used Mcl-1 as bait in the yeast two-hybrid screening
(Zhang et al., 2002), whereas we used Bcl-xL as bait in the yeast two-hybrid screening. In
this report, we identify for the first time a novel interaction between TCTP and Bcl-xL.
Since Mcl-1 was not found to interact with Bcl-xL in cells (Bae et al., 2000), our results
suggest that TCTP interacts with Bcl-xL directly, instead of mediating through Mcl-1.
Furthermore, we describe for the first time an N-terminal region of TCTP that mediates its
binding to Bcl-xL and its inhibition of apoptosis. This finding corresponds to a previous
report that has shown that Arg21 in the N-terminal region of TCTP was critical for TCTP
binding to Mcl-1 (Zhang et al., 2002).

TCTP is a unique multifunctional Bcl-xL-interacting protein
The multiple functions attributed to TCTP suggest the intriguing possibility that the Bcl-xL–
TCTP complex may function in multiple signalling pathways. For instance, TCTP is a
pluripotent cytokine (Vonakis et al., 2003) known to promote the growth of B cells (Kang et
al., 2001), to induce a calcium response, and the secretion of IL-4, IL-8, and IL-13 from
basophils (Vonakis et al., 2003; Bommer and Thiele, 2004). TCTP does not bear a classical
signal peptide, suggesting that it may be released via a nonclassical ER–Golgi-independent
secretory pathway facilitated by TSAP6 (Amzallag et al., 2004), analogous to the secretion
of IL-1β (Nickel, 2003). The potential mechanism of how Bcl-xL affects TCTP secretion is
being examined in our laboratory. Of note, we found that TCTP is colocalized with Bcl-xL
in cytosol and mitochondria. In contrast to Bcl-xL, which has a C-terminal transmembrane
domain and can be anchored on mitochondrial membrane (Borner, 2003), our bioinformatic
analyses have not revealed any mitochondrial targeting sequence of TCTP (Mihara, 2000).
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The issue is currently under investigation that whether TCTP is localized to mitochondria
via its interaction with Bcl-xL. TCTP has also been implicated in cell growth and
differentiation (Bommer and Thiele, 2004), as knockdown of TCTP by RNA interference
(RNAi) in Caenorhabditis elegans results in a slow-growth phenotype (Kamath et al.,
2003). TCTP has also been described as a protein with multiple functions, including
cytosolic Ca2+ binding (Kim et al., 2000), microtubule stabilization (Yarm, 2002), and Na/
K-ATPase inhibition (Jung et al., 2004). It is not clear how these intracellular pathways
affect the regulatory function of TCTP in cell growth and survival. Recently, the
biochemical mechanism of TCTP function in cell growth began to be revealed. TCTP
interacts with translation elongation factor eEF1A, and is functional as a guanine nucleotide
dissociation inhibitor, and promotes the efficiency of protein synthesis (Cans et al., 2003),
which is due to the structural similarity of TCTP to the guanine nucleotide-free chaperone
(GFC) structural superfamily with the Mss4/Dss4 family of proteins (Thaw et al., 2001). As
an addition to its multiple roles, our study suggests a novel mechanism by which the
antiapoptotic pathway mediated by TCTP– Bcl-xL interaction may interplay with the TCTP
function in the promotion of protein synthesis and other signalling pathways, and enhance
cell proliferation (Tuynder et al., 2004) in a synergistic manner.

Co-upregulation of TCTP and Bcl-xL in T-cell activation induced by TCR and CD28
costimulation suggests their functional collaboration in maintaining activated T-cell
survival

Bcl-xL plays an important role in the survival of T cells activated by TCR and CD28 (Boise
et al., 1995; Yang et al., 2002; Ye et al., 2002; Marrack and Kappler, 2004). Among all the
Bcl-xL-interacting proteins identified so far (Opferman and Korsmeyer, 2003), TCTP is one
of the few antiapoptotic proteins that are dramatically upregulated by TCR ligation and
CD28 costimulation (Boise et al., 1995; Yang et al., 1997b), implying an important role for
TCTP in T-cell survival. Our in silico analysis further confirms a role for TCTP in T-cell
activation. The TCTP promoter contains a TATA box at −30 and potential binding sites for
transcription factors that are activated in response to T-cell activation such as Sp1, NF1,
AP1, c-Ets1, CP2, MZF1, and others. We also note that murine TCTP mRNA has an AU-
rich element (ARE) consisting of AUUUA repeats (not shown), which destabilize mRNAs,
and is a common feature in the 3′ untranslated region of short-lived T-cell cytokines, such as
IL-2 (Shim and Karin, 2002). With our identification of TCTP as a physical and functional
interacting partner of Bcl-xL, we have shown that the Bcl-xL–TCTP-containing complex
may play an important role in maintaining T-cell survival during activation.

Materials and methods
Yeast two-hybrid system

The 0.7 kb cDNA encoding full-length Bcl-xL was subcloned in-frame to the C-terminus of
the GAL4 DNA binding domain in the pAS2-1 vector (BD Clontech, Palo Alto, CA, USA).
A mouse lymphocyte MATCHMAKER cDNA library (BD Clontech), constructed as fusion
proteins to the activation domain in the pACT2 vector, was screened for approximately
1.5×106 independent clones. The primary His+ transformants were further tested for β-
galactosidase activity (the second reporter gene) using a colony lift filter assay to eliminate
false positives.

DNA sequencing and bioinformatic analyses
DNA sequencing was performed by SeqWright Company (Houston, TX, USA). Sequence
analyses were performed using GenBank databases with nucleotide–nucleotide BLAST and
protein–protein BLAST searches (http://www.ncbi.nlm.nih.gov/BLAST/), NCBI Conserved
Domain Database (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), the PROSITE
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database of protein families and domains, (http://us.expasy.org/prosite/) as well as ExPASy
Proteomics Tools.

Northern blotting
Northern blot with multiple mouse tissues was prepared with purified polyadenylated RNA
(Ambion, Austin, TX, USA). Hybridizations were conducted as previously described (Yang
et al., 1997b).

In vitro transcription and translation
PCDNA3.1/V5-His TOPO TA expression plasmid vectors (Invitrogen, Carlsbad, CA, USA)
containing the cDNAs encoding TCTP, Bcl-xL, and Bcl-xγ were used in in vitro TNT
experiments using a TNT T7-coupled system (Promega, Madison, WI, USA) (Yang et al.,
1997b).

Reverse transcription–PCR and PCR cloning
RNA was prepared using RNAzole (Tel-Test, Friendswood, TX, USA). Reverse
transcription (RT) was performed by using the Reverse Transcription System (Promega).
The amplified full-length TCTP PCR product was subcloned into PCDNA3.1/V5-His TOPO
TA expression plasmid (Invitrogen), and confirmed by DNA sequencing. An mRNA sense
primer specific for the 5′ end of the TCTP ORF (5′ ATG
ATCATCTACCGGGACCTCATC3′) and a cDNA sense primer specific for the 3′ end of
the TCTP ORF (5′ACA TTTCTCCATCTCTAAGCCATCCTT3′) were used in PCR
cloning.

Construction of three TCTP deletion mutants
The insert of the first TCTP C-terminal deletion mutant TCTP1–50 aa was prepared by
high-fidelity PCR (BD Clontech) using the TCTP mRNA sense primer GST-TCTP5 specific
for the 5′ end of the TCTP ORF (5′GGCCGCGA
ATTCGATGATCATCTACCGGGACCTCATC3′) to pair with the antisense primer
(5′TTATCCACCGATGAGCGAG TCATCGAT3′) specific for the region around aa 50.
Similarly, the insert of the second TCTP C-terminal deletion mutant TCTP1–150aa was
prepared by high-fidelity PCR also using the TCTP mRNA sense primer GST-TCTP5 to
pair with the antisense primer (5′TTAGTCCAGGAGAGCAACCATACC ATC3′) specific
for the region around aa 150. The TCTP N-terminal deletion mutant was prepared by PCR
with a sense primer TCTP (5′ACAATGGGTGCCATCGATGACTCGC TCATC3′) specific
for the region beginning at aa 40 and the antisense primer GST-TCTP3 specific for the 3′
end of the TCTP ORF. The amplified PCR products were subcloned into TOPO TA plasmid
(Invitrogen) and confirmed by DNA sequencing.

Preparation of GST and GST fusion proteins
Full-length cDNAs of Bcl-xL, Bcl-xγ, and TCTP were previously fused in-frame to the C-
terminus of GST by subcloning into the GST vector pGEX-3X (Amersham Biosciences,
Piscataway, NJ, USA) (Yang et al., 1997b). Full-length TCTP was prepared by using a high-
fidelity PCR (BD Clontech) with the TCTP cDNA as the template and two TCTP primers,
including the sense primer GST-TCTP5 specific for the 5′ end of the TCTP ORF and the
antisense primer GST-TCTP3 specific for the 3′ end of the TCTP ORF
(5′GGCCGGGAATTCTTAACATTTCTCCATCTCTAAG CCATC3′). The underlined
sequences were designed for the purpose of subcloning into EcoRI site. A GST-TCTP N-
terminal domain mutant was constructed from the WT pGEX-3X-TCTP vector using a
QuickChange Site-directed Mutagenesis kit (Stratagene, La Jolla, CA, USA). The sense
mutagenic primer Tpt-BH5 (5′TCCGACATCTACAAGGCCGCGGCG

Yang et al. Page 8

Oncogene. Author manuscript; available in PMC 2014 January 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://us.expasy.org/prosite/


ATCGCGGCCGGATCCTGCCTGGAGGTGGAG3′) and the antisense mutagenic primer
Tpt-BH3 (5′CTCCACCTCCA GGCAGGATCCGGCCGCGATCGCCGCGGCCTTGTAG
ATGTCGGA3′) were synthesized. The underlined sequences were designed for mutation of
the N-terminal region of TCTP. Both mutagenic primers were complementary to each other
and specific for the N-terminal region of TCTP between aa 20 and 27. All the recombinant
vectors were confirmed by DNA sequencing. GST and GST fusion proteins were purified as
previously described (Yang et al., 2001).

GST Pull-down
GST pull-down experiments were performed as described previously (Einarson and
Orlinick, 2002). Briefly, 10 μl of 35S-labelled proteins was mixed with either 10 μg GST
protein or GST fusion proteins GST-Bcl-xL, GST-Bcl-xγ, or GST-TCTP, together with
glutathione Sepharose 4B bead slurry and EBC-immunoprecipitation buffer with 0.5%
NP-40 (Adams et al., 2002) (Roche Applied Science, Indianapolis, IN, USA) (0.5% NP-40,
50mM Tris-HCl, pH 8.0, 120mM NaCl complemented with the complete proteinase
inhibitor cocktail (Roche)). After incubation and washes, fusion proteins and any interacting
proteins were eluted, separated by SDS—PAGE, and detected by autoradiography (Eastman
Kodak, Rochester, NY, USA).

Competitive inhibition of the interaction between Bcl-xL and TCTP with Bcl-xL BH3 peptide
and Bcl-xL BH3 domain mutant peptide

Competitive inhibition assays were performed as previously reported (Shangary and
Johnson, 2002). Bcl-xL BH3 domain peptide (N-MAAVKQALREAGDEFELRYRR-C) and
Bcl-xL BH3 domain mutant peptide (N-MAAVKQAAREAGAEFELRYRR-C) were
purchased from ABGENT Company (San Diego, CA, USA). The underlined amino-acid
sequences in Bcl-xL BH3 mutant peptide were mutated.

Co-immunoprecipitation and Western blot
Polyclonal anti-Bcl-xL antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Polyclonal anti- TCTP antibodies were generously provided by Dr Susan
M MacDonald at Johns Hopkins or purchased from Medical and Biological Laboratories
(Naka-Ku Nagoya, Japan). Monoclonal anti-TCTP antibody F4M101 was generously
provided by Drs E Guillaume and JC Sanchez at Hopital Cantonal Universitaire de Geneve
in Switzerland. Co-IP reactions were performed as previous published (Adams et al., 2002).
A 2 μg portion of the respective antibodies was used for each immunoprecipitation.
Monoclonal antibodies to Bcl-xL and TCTP were used in the Western blots.

T-cell activation and IL-2 assay
Mouse splenic T cells were prepared as previously reported (Ye et al., 2002) and activated
by either plate-bound anti-CD3 (145.2C11 clone, 1 μg/ml, BD PharMingen, San Diego, CA,
USA) alone, or plate-bound anti-CD3 (1 μg/ml) and anti- CD28 (37.51 clone, 1 μg/ml, BD
PharMingen) (Ye et al., 2002). Splenic T cells were cultured and collected at 0, 12, 24, and
48 h (Yang et al., 1997b). The IL-2 levels in the supernatant of the activated splenic T cells
were determined by using a mouse IL-2 BD Opt EIA ELISA kit (BD PharMingen).

Immunocytochemistry
Immunocytochemical experiments were performed as previously published (Aumais et al.,
2003). Briefly, HeLa cells grown on coverslips were fixed with 3.7% formaldehyde in PBS
for 45 min at room temperature (Gachet et al., 1999). Fixed cells were subsequently stained
with mouse anti-Bcl-xL monoclonal antibodies (BD PharMingen) or rabbit polyclonal
TCTP antibodies for 1 h. After 3×10 min washes with PBS– 0.1% Tween 20, the following
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secondary antibodies were applied. AlexaFluor488-conjugated goat anti-mouse and
AlexaFluor594-conjugated goat anti-rabbit (Molecular Probes, Eugene, OR, USA)
antibodies were used to detect Bcl-xL and TCTP, respectively. Mitochondria were stained
with the MitoTracker Deep Red 633 (Molecular Probes). Cells were mounted using the
SlowFade Light Antifade kit with 4′,6- diamidino-2-phenylindole (DAPI) (Molecular
Probes). The mounted coverslips were analysed by a laser scanning microscope LSM510
(Carl Zeiss Ltd, Herts, UK) at Baylor College of Medicine Microscopy Core.

Inhibition of paclitaxel (Taxol)-induced apoptosis and etoposide-induced apoptosis by
TCTP

Full-length cDNAs of TCTP and the TCTP N-terminal region mutant were fused in-frame to
the C-terminus of the 3x FLAG expression tag sequence in the p3xFLAG-CMV-10
expression vector (Sigma, St Louis, MO, USA). HeLa cells were transfected, respectively,
with the p3xFLAG-CMV-10 vector (Flag vector, empty control), p3xFLAG-CMV-10-TCTP
(Flag-TCTP), or p3xFLAG-CMV-10-TCTP N-terminal region mutant (Flag-TCTP N-
terminal region mutant) and treated with Taxol (100 nM) for 24 h, as described previously
(Biswas et al., 2001). The cells were fixed, permeabilized, and stained with anti-FLAG M2
antibodies (Sigma) and Texas red-conjugated anti-mouse IgG. The nuclei were counter-
stained with DAPI and analysed by immunofluorescence microscopy. Three independent
observers blindly scored FLAG-positive cells for apoptotic morphology. Data are expressed
as the percentage of apoptotic cells in total counted cells.

Jurkat T cells stably expressing WT TCTP, TCTP N-terminal region mutant, or vector
control were established by transfection followed by selection for neomycin resistance (800
μg/ml) (Invitrogen) for 2 weeks. Transfected Jurkat T cells were challenged with 50 μM
etoposide (Yang et al., 1997a) (Sigma) for 24 h and stained with Annexin V-FITC (BD
PharMingen). Cells were analysed for apoptotic fractions by flow cytometry on the
Beckman-Coulter EPICS XL-MCL flow cytometer (Miami, FL, USA) at the Baylor Flow
Cytometry Core.

Promotion of T-cell apoptosis by transfection of TCTP antisense cDNA
An antisense-oriented TCTP cDNA was subcloned into the BamHI site of the expression
vector pW120, in which the expression of TCTP antisense was driven by the T-cell-specific
tyrosine kinase p56lck distal promoter (Wildin et al., 1995). The pW120 empty vector and
pW120-TCTP antisense were transfected into Jurkat T cells with the Nucleofection Kit
(Amaxa Biosystems, MD, USA). At 24 h after transfection, the apoptosis rates of transfected
Jurkat T cells were measured by flow cytometry using the Annexin V-FITC Apoptosis
Detection Kit II (BD PharMingen).
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TCTP translationally controlled tumor protein
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BH3 domain Bcl-2 homology domain 3

TNT in vitro transcription and translation

GST glutathione S-transferase
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Figure 1.
TCTP interacts with Bcl-xL. (a) Schematic representation of GST, GST-Bcl-xL, and GST-
TCTP fusion proteins. (b) Migration of purified GST, GST-Bcl-xL, and GST-TCTP on
Coomassie blue-stained SDS–PAGE (upper panel) and their specific reactivity on Western
blot (lower panel) to GST-specific antibodies with bovine serum albumin (BSA) as a
negative control. (c) GST pull-down assay. On the left panel, GST-Bcl-xL, but not GST,
precipitated 35S-labelled TCTP (prepared by in vitro TNT). On the right panel, GST-TCTP,
but not GST, pulled down 35S-labelled Bcl-xL. (d) Co-IP of endogenous TCTP with
endogenous Bcl-xL. The co-IP was performed with anti-Bcl-xL antibodies, an Ig control,
and an unrelated antibody control (anti-ASF/SF2), followed by Western blot with anti-TCTP
antibodies. (e) Co-IP of endogenous Bcl-xL with endogenous TCTP. The co-IP was
performed with anti-TCTP antibodies, an Ig control, and an unrelated antibody control
(antisplicing factor ASF/SF2), followed by Western blot with anti-Bcl-xL antibodies. (f) Co-
IP of endogenous Mcl-1 with endogenous TCTP but not with Bcl-xL. As a positive control
for TCTP interaction with a known partner, the co-IP was performed with anti-TCTP
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antibodies followed by Western blot with anti-Mcl-1 antibodies (left panel). In addition, the
co-IP was performed with anti-Bcl-xL antibodies followed by Western blot with anti-Mcl-1
antibodies (right panel). (g) Colocalization of TCTP and Bcl-xL in cytosol and mitochondria
demonstrated by immunofluorescence confocal microscopy. In panel g1, the subcellular
location of TCTP was revealed with anti-TCTP antibodies followed by secondary antibodies
conjugated to AlexaFluor594. In panel g2, the subcellular location of Bcl-xL was detected
with anti-Bcl-xL antibodies followed by secondary antibodies conjugated with
AlexaFluor488. In panel g3, nuclear DNA was costained with DAPI. In panel g4,
mitochondria were stained with MitoTracker Deep Red 633 and transformed into blue
pseudocolor, as observed by microscope. In panel g5, colocalizing TCTP-Bcl-xL (yellow
areas, arrow) is more abundantly observed in the cytosol. In panel g6, TCTP-Bcl-xL
colocalization is demonstrated in both cytosol (yellow areas) and mitochondria (white areas,
arrow)
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Figure 2.
The N-terminal region in TCTP and the BH3 domain in Bcl-xL mediate the interaction of
TCTP and Bcl-xL. (a) The upper panel shows schematic representation of WT TCTP and
three deletion mutants of TCTP. Bcl-xL interaction was mapped to the region between aa 1
and 40 of TCTP by GST pull-down assay with 35S-labelled TCTP WT, TCTP deletion
mutants, and GST-Bcl-xL. (b) Comparison of the N-terminal regions (8 aa) of TCTP from
three different species. The N-terminal region mutant sequence of TCTP is also presented.
The mutated amino acids (replaced with alanine, A) in TCTP N-terminal region are in bold
and underlined. (c) Dependence of TCTP interaction with Bcl-xL on the N-terminal region
of TCTP. 35S-labelled Bcl-xL was precipitated by GST-TCTP WT but not by an equivalent
amount of GST or GST-TCTP N-terminal mutant (Coomassie blue-stained gel shown on the
right). (d) Appropriate folding of GST-TCTP WT and GST-TCTP N-terminal mutant.
Endogenous β-tubulin was precipitated by GST-TCTPWT and GST-TCTP N-terminal
mutant but not by the GST control. (e)Mapping of TCTP binding domain in the Bcl-x N-
terminal common region shared by the alternative spliced Bcl-x isoforms. The TCTP
binding domain was mapped by GST pull-down assay using 35S-labelled TCTP, GST-Bcl-
xL, and GST-Bcl-xγ. (f) Identification of the BH3 domain in the N-terminal Bcl-x common
region of Bcl-xL as the TCTP binding domain. The binding of 35S-labelled Bcl-xL by GST-
TCTP was competed away with increasing concentrations of WT Bcl-xL BH3 domain
peptide, but not with Bcl-xL BH3 domain mutant peptide
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Figure 3.
Co-upregulation of TCTP and Bcl-xL during T-cell activation. (a) The expression of TCTP
in the lymphoid system (spleen and thymus) and other tissues was revealed by Northern blot
with probes for TCTP, Bcl-xL, and β-actin (as control). (b) T-cell activation was induced by
plate-bound anti-CD3 antibody and anti-CD28 antibody coligation. T-cell activation was
measured by an IL-2-specific ELISA assay over a 2-day time course. (c) Expressions of
TCTP, Bcl-xL, and β-actin were detected by Western blotting at 0, 12, 24, and 48 h after T-
cell activation induced by anti-CD3 alone, or by anti-CD3 and anti-CD28
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Figure 4.
Dependence on the N-terminal region of TCTP for inhibition of apoptosis. (a) Knockdown
of endogenous TCTP expression in Jurkat T cells by TCTP antisense. Transfection of Jurkat
T cells with pW120-TCTP antisense resulted in knockdown of endogenous TCTP compared
to cells transfected with the pW120 empty vector control. Bands of β-actin expression in
control and TCTP antisense-transfected cells are equal. (b) Increased T-cell apoptosis by
knockdown of endogenous TCTP expression in Jurkat T cells. A representative experiment
is shown. Apoptosis in control pW120 vector-transfected and pW120-TCTP antisense-
transfected Jurkat T cells was measured by flow cytometry using FITC-conjugated Annexin
V. Apoptotic cells, as judged by Annexin V-FITC positivity, were significantly increased
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from 4.0% in control Jurkat T cells to 48.8% in pW120-TCTP antisense-transfected Jurkat T
cells. (c) Summary of the Annexin V-FITC flow cytometry data from three independent
experiments. The mean percentage of apoptotic cells and the standard deviation in each
group are presented. (d) Morphological assessment of apoptosis by immunofluorescence
microscopy. Cells were stained with anti-TCTP mAb followed by Texas Red-conjugated
anti-mouse IgG. Apoptotic cells (arrow, left panel) were shrunken and had condensed
chromatin in nucleus. Non-apoptotic cells (arrow, right panel) had unaltered cell structure
and chromatin. (e) Inhibition of Taxol-induced apoptosis in HeLa cells by WT TCTP but not
TCTP N-terminal region mutant. Equivalent expression levels of WT Flag-TCTP and Flag-
TCTP N-terminal region mutant in transfected HeLa cells are demonstrated by anti-FLAG
immunoblotting (upper panel). Apoptosis induced by Taxol was inhibited in TCTP-
transfected cells, but not in the TCTP N-terminal region mutant-transfected cells. Three
independent blinded observers scored for apoptotic cells by microscopy (lower panel). The
mean and the standard deviation in each group were calculated and presented. (f) β-Tubulin
binding to TCTP but not Bcl-xL. Endogenous β-tubulin in HeLa cells was co-
immunoprecipitated by anti-TCTP antibodies, and detected by Western blot with anti-β-
tubulin antibodies. In contrast, β-tubulin was not co-immunoprecipitated by anti-Bcl-xL
antibodies, suggesting that Bcl-xL does not interact with β-tubulin. (g) β-Tubulin binding to
WT TCTP and TCTP N-terminal region mutant. After transfection with FLAG, WT Flag-
TCTP, and FLAG-TCTP N-terminal mutant cDNAs, anti-Flag antibodies were used to
immunoprecipitate Flag-tagged protein. Immunoblotting with anti-β-tubulin antibodies
revealed that β-tubulin co-immunoprecipitates with both WT and mutant TCTP. (h)
Inhibition of etoposide-induced apoptosis in Jurkat cells by WT TCTP but not the TCTP N-
terminal region mutant. A representative experiment is shown. Jurkat T cells stably
expressing the Flag vector, Flag-TCTP, or Flag-TCTP N-terminal region mutant were
treated with 50 μM etoposide for 24 h to induce apoptosis. Etoposide-induced apoptosis, as
judged by Annexin V-FITC positivity, significantly decreased from 66.6% in Flag vector-
transfected Jurkat T cells to 5.5% in Flag-TCTP (WT)-transfected Jurkat T cells, whereas
the rate of the etoposide-induced apoptosis in Jurkat cells transfected with the Flag-TCTP N-
terminal region mutant remained at similar levels (65.2%) as that of controls. (i) Summary
of the data from three independent experiments measuring etoposide-induced apoptosis rates
in vector-transfected Jurkat T cells, WT TCTP-transfected Jurkat T cells, and TCTP N-
terminal region mutant-transfected Jurkat T cells. The mean and the standard deviation in
each group are presented
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