
Chapter 6

Role and Fate of TCTP in Protein Degradative

Pathways

Michel Vidal

Abstract This chapter focuses on published studies specifically concerning TCTP

and its involvement in degradation or stabilization of various proteins, and also in

its own degradation in different ways. The first part relates to the inhibition of

proteasomal degradation of proteins. This can be achieved by masking

ubiquitination sites of specific partners, by favoring ubiquitin E3 ligase degrada-

tion, or by regulating proteasome activity. The second part addresses the ability

of TCTP to favor degradation of specific proteins through proteasome or

macroautophagic pathways. The third part discusses about the different ways by

which TCTP has been shown to be degraded.

Abbreviations

Bre5 Brefeldin A sensitivity 5

CMA Chaperone-mediated autophagy

DHA Dihydroartemisinin

HIF1α Hypoxia-inducible factor 1α
HRF Histamine releasing factor

Hsp27 Heat shock protein 27

Mcl-1 Myeloid cell leukemia 1

Mdm2 Murine double minute 2

Mmi1 Microtubule and mitochondria interacting protein

Mss4 Mammalian suppressor of yeast Sec4

Mst-1 Mammalian sterile twenty-1

NTHK1 Tobacco histidine kinase-1

Pim-3 Serine/threonine-protein kinase Pim-3

PRX1 Peroxiredoxin-1

Rpn 26S proteasome regulatory subunit

Rpt Proteasome regulatory particle base subunit
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UPS Ubiquitin–proteasome system

TCTP Translationally controlled tumor protein

Ubp3 ubiquitin specific protease 3

VHL von Hippel–Lindau protein

6.1 Introduction

Translationally controlled tumor protein (TCTP), also known as fortilin or HRF

(histamine releasing factor), is a multifunctional protein implicated in diverse

processes such as apoptosis (Yang et al. 2005; Liu et al. 2005; Susini et al. 2008),

survival (Lucibello et al. 2011; Diraison et al. 2011), the cell cycle (Gachet et al.

1999; Cucchi et al. 2010; Burgess et al. 2008), proliferation and growth (Chen et al.

2007b; Hsu et al. 2007), development (Le et al. 2016; Roque et al. 2016), and DNA

repair (Zhang et al. 2012; Hong and Choi 2013). TCTP has been shown to be

subjected to various posttranslational modifications that can change its intracellular

behavior. It is a cytosolic protein which was also found to be functionally associated

with subcellular compartments such as mitochondria, nucleus, and microtubules

(Susini et al. 2008; Hong and Choi 2013; Bazile et al. 2009). TCTP interactome was

recently characterized and about a hundred interacting proteins were identified

(Li et al. 2016). From a functional standpoint, TCTP often regulates protein

behavior by favoring stabilization of protein partners or, on the contrary, promoting

degradation of others. Regarding its own expression, TCTP has been shown to be

transcriptionally and translationally regulated (Bommer et al. 2002, 2010, 2015;

Amson et al. 2012). Moreover, TCTP can be unconventionally secreted in the

extracellular space while exhibiting cytokine-like activity (MacDonald et al.

1995) or released within exosomes and resulting in a decrease in its intracellular

levels (Amzallag et al. 2004).

6.2 TCTP as Protein Stabilizer

TCTP has often been described as a chaperone protein due to its stabilizing effect

on protein partners. TCTP does not have foldase or holdase characteristics like

those of classical chaperone proteins, although it has been reported that human and

parasite (Schistosoma mansoni) TCTP can bind to a variety of denatured proteins

and protect them from thermal shock (Gnanasekar et al. 2009). Note also that TCTP

was shown to be structurally close to the mammalian suppressor of yeast Sec4

(Mss4) protein that binds to the GDP/GTP free form of Rab proteins, which is

called the guanine nucleotide-free chaperone (Thaw et al. 2001). Moreover, TCTP

has been reported to inhibit, in different ways, degradation of specific proteins by

the ubiquitin–proteasome system (UPS).
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6.2.1 TCTP Masks the Ubiquitination Sites of Its Partners

A widely described function of TCTP relates to its anti-apoptotic activity (Susini

et al. 2008; Graidist et al. 2004; Baudet et al. 1998). This anti-apoptotic function is

partly due to TCTP-induced p53 downregulation (Amson et al. 2012), preventing

transcriptional activation of the pro-apoptotic gene Bax. However, TCTP has been

shown to inhibit apoptosis in other ways, such as via stabilization of the extremely

labile anti-apoptotic protein Mcl-1, thus counteracting Bax dimerization (Susini

et al. 2008). TCTP interaction with Mcl-1 was found by two-hybrid screening and

confirmed in GST pull-down and co-immunoprecipitation experiments (Liu et al.

2005). It was shown that a mutant form of Mcl-1 unable to bind to TCTP was much

more susceptible to ubiquitination and, conversely, that TCTP overexpression

blocked Mcl-1 from undergoing ubiquitination. TCTP has also been shown to be

involved in protecting cells against ROS-mediated apoptosis independently of p53.

TCTP protects the antioxidant enzyme peroxiredoxin-1 (PRX1) from inactivation

by the kinase Mst-1 (mammalian sterile twenty-1) by masking phosphorylation

sites when physically interacting with PRX1 (Chattopadhyay et al. 2016). TCTP-

shielded PRX1 is enzymatically active, and it was shown that TCTP overexpression

in mouse liver enhanced the peroxidase activity protecting mice against alcohol-

induced ROS-mediated liver damage. Concomitantly, TCTP binding to PRX1 was

also demonstrated to protect PRX1 from ubiquitin–proteasome degradation. TCTP

depletion by shRNA induced PRX1 downregulation which was reversed by adding

the proteasome inhibitor MG-132. Accordingly, TCTP overexpression in the U2OS

cell line or in mouse liver induced a decrease in PRX1 polyubiquitination

(Chattopadhyay et al. 2016). In the same line, TCTP has been identified through

a yeast two-hybrid screen and shown to interact with Pim-3, a proto-oncogene with

serine/threonine kinase activity (Zhang et al. 2013). TCTP is not phosphorylated by

Pim-3 but modulates the protein kinase stability. Actually, depletion of TCTP by

siRNA in the human pancreatic carcinoma cell line PCI55 increases Pim-3 degra-

dation, which is abrogated by the proteasome inhibitor MG132. Accordingly, Pim-3

ubiquitination was promoted by TCTP siRNA treatment.

TCTP is a highly conserved protein identified in a wide range of eukaryotic

organisms, across animal and plant kingdoms and in yeast. Cultivated tobacco

(Nicotiana tabacum) NtTCTP has been shown to regulate seedling growth through

control of cell proliferation. Ethylene is a phytohormone that inhibits vegetative

growth. This inhibition is regulated by a feedback mechanism, in which ethylene-

induced NtTCTP binds to and stabilizes ethylene receptor tobacco histidine kinase-1

(NTHK1) and reduces the plant response to ethylene, promoting plant growth by

increasing cell proliferation (Tao et al. 2015). Interaction of NtTCTP with NTHK1

was identified by two-hybrid screening and confirmed by GST pull-down and

co-immunoprecipitation experiments (Tao et al. 2015). In the presence of cyclohex-

imide, NtTCTP overexpression in plants stabilized NTHK1 compared to wild-type

plants, while this decrease in NTHK1 levels in wild-type plants was abolished by

proteasome inhibitor treatment. It is thus tempting to speculate that in all of these
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cases (Mcl-1, PRX1, PIM-3, and NTHK1), ubiquitination sites on TCTP partners are

masked by TCTP interaction, thus avoiding ubiquitination and further degradation

by the proteasome.

6.2.2 TCTP Binding Leads to E3 Ligase Degradation

TCTP can also stabilize protein by inducing degradation of the specific E3-ubiquitin

ligase involved, thus inhibiting ubiquitination of the protein. This has been described

for TCTP stabilization of hypoxia-inducible factor 1α (HIF1α). The tumor suppres-

sor von Hippel–Lindau protein (VHL) functions as an E3 ligase that can interact

with and ubiquitinate HIF1α (Chen et al. 2013). It has been shown that TCTP

specifically binds to the β-domain responsible for substrate recognition by VHL,

while competing with HIF1α. However, TCTP is not ubiquitinated by VHL, as

suggested by the constant TCTP protein levels observed when VHL is either

overexpressed or depleted. Conversely, TCTP promotes K48-linked ubiquitination

of VHL and its further degradation by proteasomes. TCTP thus competes with

HIF1α for binding to VHL, reduces E3 ligase stability, inducing upregulation of

the HIF1α protein level.

6.2.3 Mmi1/ScTCTP Modulates Proteasome Activity

The microtubule and mitochondria interacting protein (Mmi1), the yeast homo-

logue of mammalian TCTP, is described as a stress sensor and stress-response

regulator (Rinnerthaler et al. 2006). In high-throughput studies, Mmi1 was found to

be a putative interactor of various proteasomal subunits such as Rpn1, Rpt5, and

Rpn11 (Guerrero et al. 2008). Using fluorescence imaging, Mmi1-GFP was found

to be uniformly distributed in the cytoplasm of exponentially growing yeast cells.

However, when yeasts were submitted to robust heat stress, Mmi1-RFP partially

colocalized with the proteasome (labeled using Rpn1-GFP) in the nucleus and

gradually returned to its diffusely cytoplasmic location as cells recovered from

the heat shock (Rinnerthaler et al. 2013). The partial relocalization of Mmi1 to the

nucleus in heat-stressed cells was confirmed by immunogold electron microscopy.

By comparing the proteasomal activity of WT yeast cells or Mmi1-deleted mutants,

at low temperature or after heat shock, it was shown that Mmi1 slightly but

consistently inhibited proteasome activity. Moreover, Mmi1 was found to interact

with other components that potentially modulate proteasome degradation. Indeed,

Bre5 and Ubp3 can form a complex to specifically de-ubiquitinate proteins by

cleaving off the first conjugated ubiquitin, thus modifying their turnover, as shown

for Sec23 (Cohen et al. 2003). This Bre5-Ubp3 de-ubiquitination complex was

shown to colocalize with Mmi1 in association with stress granules in the cytoplasm

of heat-stressed yeast cells (Rinnerthaler et al. 2013).
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6.3 TCTP as Degradation Inducer

The tumor suppressor p53 is tightly controlled by the E3-ubiquitin ligase Mdm2

protein. Interaction with Mdm2 maintains p53 at low levels under basal conditions

through different mechanisms, including proteasomal degradation after ubiquitination.

In response to stress, the cellular level of p53 is elevated through a posttranslational

mechanism, leading to cell cycle arrest or apoptosis. It has been demonstrated that

TCTP binds to the p53–Mdm2 complex and increases the Mdm2-mediated

ubiquitination and proteasome degradation of p53, concomitantly with Mdm2

autoubiquitination inhibition (Amson et al. 2012). TCTP overexpression or knock-

down in HCT116 cells, respectively, resulted in a decrease or increase in p53 protein

levels. Accordingly, analysis of tissues from Tctp heterozygous (Tctp+/�) mice

revealed readily detectable p53 levels, contrary to Tctp WT mice in which basal p53

levels were undetectable. TCTP-induced p53 degradation is inhibited by the

proteasome inhibitor MG132 and antagonized by NUMB, a regulator of p53 that

was previously shown to bind to the p53–Mdm2 complex, therefore preventing p53

ubiquitination and degradation (Colaluca et al. 2008). Co-immunoprecipitation exper-

iments on endogenous proteins in HCT116 cells demonstrated that TCTP forms

complex with p53–Mdm2 and NUMB (Amson et al. 2012). Importantly, high TCTP

levels were found to be correlated with breast cancer aggressiveness, for which it is an

independent prognostic factor (Amson et al. 2012).

Hepatocellular carcinoma is also a cancer in which TCTP overexpression was

detected and associated with the advanced tumor stage (Chan et al. 2012). It was

shown that the chromodomain helicase/ATPase DNA binding protein1-like gene

binds to the promoter region of TCTP and activates its transcription. TCTP

overexpression was shown to contribute to the mitotic defects of tumor cells by

inducing a decrease in Cdc25, leading to failure in the dephosphorylation of Cdk1

and its dysfunction during mitosis. TCTP-induced Cdc25 downregulation was

shown to occur at the protein rather than mRNA level. TCTP overexpression in

cell lines induced Cdc25 ubiquitination and degradation, which was abolished by

MG132 treatment. Conversely, TCTP depletion by shRNA increased Cdc25 levels,

which in turn increased Cdk1 activity (Chan et al. 2012).

Besides regulating proteasome degradation of various proteins, as seen above,

TCTP has recently been shown to be involved in macroautophagy regulation.

Macroautophagy is a self-degradative process through which macromolecules and

even organelles are transported to lysosomes for degradation by the prominent

formation of autophagic vesicles in the cytoplasm. This process is important for

balancing sources of energy at critical times in development and in response to

nutrient stress. Macroautophagy is orchestrated by a series of core autophagy pro-

teins (ATG proteins) that are evolutionarily conserved (Tsukada and Ohsumi 1993;

Ohsumi 2014). By studying long-term artificial selection of pigs (wild vs domestic

species), TCTP/TPT1 genes have been found to be upregulated during artificial

selection, concomitantly with an increase in female fecundity (Chen et al. 2014).

It is suggested that this could be related to macroautophagy that takes place during
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oogenesis in ovarian granulosa and cumulus cells. TCTP was shown to regulate

AMPK and mTORC1 activities, both of which were involved in macroautophagy

activation under hypoxic conditions. In line with this, it was shown that the

phosphatidylethanolamine-conjugated form of ATG8 (ATG8-PE, also named

LC3-II), a key molecular component initiating and contributing to autophagic

vacuole elongation, was increased in TCTP knockdown COS-7 cells cultured in

normoxic conditions, but decreased in the same cells cultured in hypoxic conditions.

Similar results were obtained under serum starvation conditions. Moreover, by

co-immunoprecipitation, TCTP was found to interact with ATG5, ATG12, and

ATG16, three ATG proteins forming a complex in charge of ATG8 phospholipid

conjugation and autophagic vacuole formation (Walczak and Martens 2013). These

data suggest that TCTP could positively regulate macroautophagy to generate

energy during oogenesis.

6.4 TCTP Degradation

As seen above, numerous studies have shown that TCTP regulates protein degrada-

tion by the ubiquitin–proteasome system or through the macroautophagy pathway

(Fig. 6.1). Surprisingly, very few studies have examined the specific degradation of

TCTP. One explanation is that TCTP is very efficiently and finely regulated at

transcriptional and translational levels (Bommer et al. 2010, 2015). Intuitively, it

is difficult to imagine TCTP as a component that could regulate proteasome degra-

dation, while itself being a specific target for UPS degradation. As a matter of fact,

TCTP can physically interact with E3-ligases (e.g., Mdm2, VHL) but is not a

substrate for these ubiquitin ligases, and accordingly TCTP has been shown to

have a quite long half-life (Tuynder et al. 2002; Baylot et al. 2012).

However, it was reported that in some cases TCTP degradation by UPS can be

upregulated. Dihydroartemisinin (DHA) is a metabolite of artemisinin, a molecule

originally used as an antimalarial drug. The anticancer activity of dihydroartemisinin

was examined in human ovarian cancer cells (Jiao et al. 2007). It was found that DHA

induced cell growth inhibition via the induction of apoptosis with a decrease in

Bcl-xL/Bcl-2 and an increase in Bax/Bad, while also blocking cell cycle progression.

Subsequently, DHA was found to bind to TCTP and shorten its half-life, a process

that is blocked by MG132. TCTP was shown to be ubiquitinated in a DHA-dose

dependent manner, likely after a structural change induced by DHA binding (Fujita

et al. 2008).

The TCTP half-life has also been shown to be shortened after depletion of the

heat shock protein 27 (hsp27) in the prostate carcinoma cell line (Baylot et al.

2012). It was first shown that hsp27 knockdown using antisense oligonucleotides

and siRNA induced apoptosis and enhanced chemotherapy in prostate cancer

(Rocchi et al. 2006). Hsp27 is highly overexpressed in castration-resistant prostate

cancer, and TCTP was found to be a client protein of the chaperone in

co-immunoprecipitation experiments. Overexpression of hsp27 increased TCTP
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levels, while hsp27 knockdown led to a decrease in TCTP protein levels without

affecting expression of its mRNA. Moreover, the proteasome inhibitor MG132 was

found to reverse the effect of hsp27 knockdown and prolonged the TCTP half-life

(Baylot et al. 2012).

These studies showed that TCTP can be degraded by the ubiquitin–proteasome

system. However, these are uncommon situations which probably do not account for

physiologic regulation of TCTP downregulation. As noted earlier, TCTP has been

shown to be posttranslationally modified through ubiquitination but also through

acetylation, phosphorylation, and sumoylation. These modifications can change the

behavior of TCTP, as demonstrated for TCTP phosphorylation by polo-like kinase-1

(PLK1), thus decreasing its microtubule-stabilizing activity (Yarm 2002) and pro-

moting its nuclear localization (Cucchi et al. 2010). Relocalization is a way to

rapidly switch off or promote protein function, in addition to transcription or

translation regulation. Thus, we explored the possibility of TCTP degradation

promoted by posttranslational modification and found that TCTP was degraded by

chaperone-mediated autophagy (CMA) after acetylation (Bonhoure et al. 2017). In

contrast to regular macroautophagy, CMA allows lysosomal degradation of specific

cytosolic proteins on a molecule-by-molecule basis. The selectivity of this pathway

is conferred through recognition by the cytosolic chaperone hsc70 of a pentapeptide

Fig. 6.1 Schematic representation of the different types of involvement of TCTP in protein

degradative pathways discussed in the review. References for steps: ①: Liu et al. (2005), Susini

et al. (2008), Chattopadhyay et al. (2016), Zhang et al. (2013) and Tao et al. (2015);②: Chen et al.

(2013);´: Amson et al. (2012), Chan et al. (2012);④: Guerrero et al. (2008) and Rinnerthaler et al.

(2013);˜: Chen et al. (2014);❻: Jiao et al. (2007) and Fujita et al. (2008) ;❼: Bonhoure et al. (2017)
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biochemically related to KFERQ in the CMA substrate sequence (Kaushik and

Cuervo 2012). The substrate–chaperone complex is targeted to the lysosome and

interacts with the cytosolic tail of lysosome-associated membrane protein type 2A

(LAMP-2A). After unfolding, the substrate translocates into the lysosomal lumen

through a multimeric complex formed by LAMP-2A assembly and is then rapidly

degraded (Cuervo and Dice 2000). The TCTP interactome recently revealed various

chaperones, including Hsc70/HSPA8, as binding partners (Li et al. 2016), and we

confirmed this interaction by GST pull-down and by experiments using a

tri-functional crosslinking reagent. Moreover, by using TCTP fused with a

photoactivable PAmCherry protein, we observed fluorescent TCTP redistribution

from a diffuse cytosolic to a punctate lysosomal pattern upon CMA upregulation in

mouse embryo fibroblasts (MEF). Indeed, TCTP was found to be associated with

CMA-competent lysosomes (LAMP-2A+/hsc70+) isolated from starved rat liver. In

MEFs, TCTP downregulation induced by serum starvation was partly reversed by

blocking lysosomal degradation, but not by proteasome or macroautophagy inhibi-

tion. LAMP-2A silencing in MEFs using siRNA decreased TCTP downregulation.

The use of in vitro lysosomal assays indicated that, in the presence of hsc70 and

ATP, recombinant TCTP translocated and was degraded by purified

CMA-competent lysosomes. Very interestingly, no strict KFERQ-like motif was

found in TCTP. However, acetylation endows Lys19 (Liu et al. 2014) with the status

of critical (pseudo)glutamine in the 19KIREI23 motif. This assumption was con-

firmed by showing that acetylation mimetic mutants (K19Q and K19 N) are effi-

ciently targeted to the lysosomal (LAMP-2A+) compartment, contrary to the

acetylation ablative mutant (K19A). Accordingly, treatment of cells with

deacetylase inhibitors decreased TCTP intracellular levels. Overall, these data

show that CMA is involved in TCTP regulation, while its acetylation is critical for

its degradation (Fig. 6.2).

6.5 Conclusion

TCTP relationships with protein degradative pathways thus appear to be very finely

regulated, as a regulator of its partners’ degradation but also of its own degradation.
It is thus tempting to speculate that acetylation/CMA sequential processing

could be involved in the regulation of TCTP functioning by switching off interac-

tions with partners and inducing its own degradation. Interestingly, the conditional

KFERQ-like motif (19KIREI23) encompasses Arg21, which was shown to be

critical for the interaction between TCTP and the Bcl-xL homolog Mcl-1 (Zhang

et al. 2002). This is in keeping with interaction of TCTP with Mcl-1, which was

reported to increase the TCTP half-life (Zhang et al. 2002). More broadly, the

N-terminal sequence in TCTP, including the conditional KFERQ-like motif, was

shown to mediate binding to the BH3 domain of Bcl-xL (Yang et al. 2005; Thebault

et al. 2016).
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Note that Ku70 is another effector that is activated through deacetylation to

enhance cell survival. Interestingly Ku70, like TCTP with which it interacts (Zhang

et al. 2012), is involved in DNA double-strand break repair and apoptosis regulation

in an acetylation sensitive-manner (Chen et al. 2007a; Subramanian et al. 2005).

Importantly, it has been shown that CMA is upregulated in response to DNA

damage and participates in the timely degradation of nuclear Chk1 subsequent to

its phosphorylation by ATR kinase after DNA repair (Park et al. 2015). We could

speculate a similar fate for TCTP with acetylation subsequent to DNA repair.
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