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Abstract: Translationally controlled tumor protein (TCTP) is a highly conserved multifunctional protein localized in the cytoplasm
and nucleus of eukaryotic cells. It is secreted through exosomes and its degradation is associated with the ubiquitin-proteasome
system (UPS), heat shock protein 27 (Hsp27), and chaperone-mediated autophagy (CMA). Its structure contains three a-helices and
eleven B-strands, and features a helical hairpin as its hallmark. TCTP shows a remarkable similarity to the methionine-R-sulfoxide
reductase B (MsrB) and mammalian suppressor of Sec4 (Mss4/Dss4) protein families, which exerts guanine nucleotide exchange
factor (GEF) activity on small guanosine triphosphatase (GTPase) proteins, suggesting that some functions of TCTP may at
least depend on its GEF action. Indeed, TCTP exerts GEF activity on Ras homolog enriched in brain (Rheb) to boost the growth
and proliferation of Drosophila cells. TCTP also enhances the expression of cell division control protein 42 homolog (Cdc42) to
promote cancer cell invasion and migration. Moreover, TCTP regulates cytoskeleton organization by interacting with actin
microfilament (MF) and microtubule (MT) proteins and inducing the epithelial-mesenchymal transition (EMT) process. In
essence, TCTP promotes cancer cell movement. It is usually highly expressed in cancerous tissues and thus reduces patient
survival, meanwhile, drugs can target TCTP to reduce this effect. In this review, we summarize the mechanisms of TCTP in

promoting cancer invasion and migration, and describe the current inhibitory strategy to target TCTP in cancerous diseases.
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1 Introduction

The human translationally controlled tumor pro-
tein (TCTP) was identified in 1989 (Gross et al.,
1989). It contains three a-helices (a,, a,, and a,) and
eleven B-strands arrayed in two small B-sheets, B,-f,-
B, and B.-B,, and a relatively larger B-sheet B,- BBy~
B.-Ps-B;- The small B-sheet B,-p,-B,, and the larger -
sheet are twisted and their arrangement forms a p-tent.
The long 30-33-amino acid loop is one conserved
structural feature of TCTP. This loop connects strands
Bs and B, and possibly has diverse dynamic properties
in various species (Susini et al., 2008). The helices a,
and a, are linked by a short loop that establishes a
kink to form a helical hairpin, which is a hallmark of
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TCTP (Lowther et al., 2002). TCTP is an evolutionarily
highly conserved and pleiotropic protein with 96% se-
quence similarity to the translationally controlled and
growth-related mouse tumor protein p23 (Gross et al.,
1989). TCTP is also called tumor protein translationally-
controlled 1 (Tptl), fortilin, Q23, histamine-releasing
factor, or microtubule and mitochondria interacting
protein (Mmilp) (Brioudes et al., 2010). Initially, the
TCTP protein showed no analogy with any other pro-
teins. Subsequently, researchers found that it was
structurally analogous with methionine-R-sulfoxide
reductase B (MsrB), which is an enzyme involved in
cell protection against oxidation damages via reduc-
ing methionine sulfoxide back to methionine. Then,
TCTP protein was found to be analogous with the
mammalian suppressor of Sec4 (Mss4/Dss4) protein
families (Thaw et al., 2001). Mss4 acts as a relatively
low-efficiency guanine nucleotide exchange factor
(GEF) and also shows guanine nucleotide-free chaper-
one (GFC) activity for certain members of Ras super-
family small guanosine triphosphatases (GTPases)
(Thaw et al., 2001). Hence, TCTP may have a GEF
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or GFC-like activity similar to small GTPases. More-
over, TCTP has attracted increasing attention due to
its intracellular and extracellular roles in many biologic-
al processes. The intracellular functions of TCTP
were linked with its Ca®*-binding activity and associ-
ation with microtubules (MTs) (Haghighat and Ruben,
1992). The Ca*-binding domain of TCTP, which was
mapped using a combination of several deletion con-
structs of rat TCTP and *Ca*"-assay, is confined to
amino acid residues 81-112. This binding region
seems to consist of random coil regions neighboring a
helix (Kim et al., 2000). The extracellular function of
TCTP was identified as a histamine-releasing factor
present in allergic patients (MacDonald et al., 1995),
and was demonstrated for its anti-apoptotic activity in
HeLa and U20S cells (Li et al., 2001). The multifunc-
tional nature of TCTP is realized by a variety of post-
translational modifications, such as phosphorylation,
acetylation, ubiquitination, and sumoylation (Yarm,
2002).

It is not surprising that the aberrant activation of
TCTP may trigger a range of pathological processes,
with the most significant being cancer. Tumor pro-
teins, such as Kirsten rat sarcoma viral oncogene homo-
log (KRAS), B-Raf proto-oncogene, serine/threonine
kinase (BRAF), neurofibromin 2 (NF2), and v-myc
myelocytomatosis viral oncogene homolog (MYC),
are usually highly expressed in cancer and participate
in the processes of promoting proliferation, angiogen-
esis, invasion, and metastasis (Cho et al., 2022; Liu
et al., 2022; Wei et al., 2022; Zhou et al., 2022).
Although TCTP is not a tumor-specific protein, its
high level in cancerous tissues was often associated
with a more aggressive form of disease and poor
patient prognosis. On the contrary, low levels of
TCTP result in a higher survival rate. Typically, this
can be attributed to its anti-apoptotic effect and the
promotion of cancer cell division and tumorigenesis.
These functions of TCTP on cancer have been reported
by seven review articles (Bommer and Thiele, 2004;
Chan et al., 2012a; Koziol and Gurdon, 2012; Nagano-
Ito and Ichikawa, 2012; Amson et al., 2013a, 2013b;
Acunzo et al., 2014). In recent years, the functions of
TCTP involved in the invasion and migration of can-
cer have raised growing concern (Xiao et al., 2016;
Gao et al., 2020). TCTP exerts GEF activity on small
GTPase Ras homolog enriched in brain (Rheb) to
boost the growth and proliferation of Drosophila cells
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(Dong et al., 2009), and it enhances the expression of
small GTPase cell division control protein 42 homo-
log (Cdc42) to promote cancer cell invasion and mi-
gration (Xiao et al., 2016). TCTP regulates cytoskele-
ton organization to promote cell movement by associ-
ating with actin microfilament (MF) and MT proteins,
which have strong kinetic characteristics between
polymerization and depolymerization (Bazile et al.,
2009). Epithelial-mesenchymal transition (EMT) occurs
in the process of tumor invasion and migration, and
a number of molecules are engaged in its initiation
process. As one of these molecules, TCTP induces
EMT and ultimately promotes cancer cell movement
(Bae et al., 2015). TCTP is a promising pharmaco-
logic target for cancer treatment. Compelling evidence
has shown that the drugs’ histamine inhibitors and ar-
temisinin analogues effectively target TCTP and re-
duce its expression to inhibit tumorigenesis (Fujita
et al., 2008; Seo and Efferth, 2016). In this review,
we focus on the role of TCTP of promoting cancer
cell invasion and migration, and summarize the anti-
cancer effects of drugs achieved by reducing TCTP
levels. In this way, we aim to provide a comprehen-
sive and clear scientific background for researchers
to develop novel avenues in cancer treatment.

2 Secretion and degradation of TCTP

Many secretory proteins contain a signal sequence
that consists of 13-30 hydrophobic amino acids at
their N-termini, and are secreted in an endoplasmic
reticulum/Golgi-dependent pathway. Some proteins,
however, exit cells independent of the endoplasmic
reticulum/Golgi apparatus (Bell and Hunt, 1992; Wan-
dall, 1992). Several potential mechanisms of such
unconventional means of protein secretion have been
proposed, including plasma membrane resident trans-
porters, lysosomes, membrane blebbing, and exosome
secretion (Wandall, 1992). TCTP is secreted in exo-
somes. Hypoxia and ischemia promote TCTP secre-
tion by the activation of hypoxia-inducible factor la.
Under this condition, the secretion of TCTP from
LoVo and HCT116 cancer cells is increased in a time-
dependent manner with the upregulation of intracellu-
lar TCTP (Xiao et al., 2016). Subsequently, TCTP co-
localizes and interacts with tumor suppressor-activated
pathway 6 (TSAP6), which facilitates TCTP export
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through exosomes at the plasma membrane of vesicu-
lar structures (Amzallag et al., 2004). Another exosome-
related mechanism for TCTP secretion is that the over-
expression of H/K" adenosine triphosphatase (ATPase)
increases TCTP secretion from HEK293 and U937
cells (Choi et al., 2009).

Although TCTP is a specific target for ubiquitin-
proteasome system (UPS) degradation and it interacts
with E3-ligases, it is not a substrate of ubiquitin li-
gases. Accordingly, TCTP has a relatively long half-
life. It was revealed that the half-life of TCTP medi-
ated by the UPS pathway is subsequently shortened
when dihydroartemisinin (DHA) binds with TCTP
(Fujita et al., 2008). Two additional mechanisms have
been reported to expedite the degradation of TCTP:
the knockdown of heat shock protein 27 (Hsp27) and
the overexpression of chaperone-mediated autophagy
(CMA). On the one hand, the knockdown of Hsp27
leads to decreased protein expression of TCTP with-
out affecting its messenger RNA (mRNA) expression
in a prostate carcinoma cell line (Baylot et al., 2012).
On the other hand, CMA reduces the level of TCTP
after acetylation as a posttranslational modification
(Bonhoure et al., 2017).

3 Mechanism of TCTP in promoting cancer
cell movement

Cell migration includes not only extending prom-
inences (lamellipodia and filopodia) and forming new
adhesions at the cell fronts, but also cell body move-
ment, the adhesion release of cell tails, and contrac-
tion of the cell body (Howe, 2004). The cytoskeleton
is comprised of many different structural proteins, such
as actin and tubulin, which can form polymers, ultim-
ately promoting cell invasion and migration. TCTP
interacts with the cytoskeleton, mostly with MFs and
MTs, and regulates the cytoskeleton organization to
influence cell shape and motility. Small GTPase Cdc42
can participate in the regulation of the cytoskeleton,
and TCTP may control cell movement by the regula-
tion of Cdc42 (Xiao et al., 2016). The structure of
TCTP possesses strong similarity with the MsrB and
with the Mss4/Dss4 protein family, and the function
of TCTP partially depends on GEF activity (Cans
et al., 2003). In addition, TCTP initiates the EMT
process to promote cancer cell movement.

3.1 TCTP exerts GEF activity on Rheb and regu-
lates Cdc42

The guanosine triphosphate-guanosine diphos-
phate (GTP-GDP) cycle of small GTPase is regulated
by two classical regulatory proteins. The activation
of small GTPase is performed by GEFs, and its inacti-
vation is regulated by GTPase-activating proteins
(Mertens et al., 2003). It was found that TCTP is dir-
ectly associated with Rheb, a small GTPase as well
as an upstream protein of mammalian target of rapa-
mycin complex 1 (mTORC1), and exerts its GEF
activity on Rheb to promote the growth and prolifer-
ation of S2 cells or Drosophila (Hsu et al., 2007). A mu-
tation from glutamic acid to valine in the GTPase-
binding groove of TCTP™" abolishes its GEF activity
(Hsu et al., 2007). Subsequently, a decreased TCTP
level does not affect mTORC1 signaling in NIH3T3-
Al4 cells and S2 cells, and a stable interaction be-
tween TCTP and Rheb has not been observed in
HEK293T cells (Rehmann et al., 2008; Wang et al.,
2008). However, TCTP was proved to have the ability
to bind Rheb and to accelerate GDP release from
Rheb in HEK293T cells (Dong et al., 2009). Moreover,
TCTP activated the mTORC1 pathway in vivo, and
the presence of key residues of TCTP—Rheb inter-
action was experimentally confirmed with site-directed
mutagenesis and biochemistry in vitro and cell biologic-
al analyses in vivo, which strongly supported that
TCTP plays a GEF function on Rheb in HEK293T
cells (Dong et al., 2009). This relationship between
TCTP and Rheb needs to be further confirmed in
cancer cells.

Furthermore, TCTP was shown to be related to
other small GTPases. The protein levels of both TCTP
and RhoA were dramatically higher in ovarian cancer
OVCAR3 cells than in ovarian surface epithelial
HIO180 cells (Kloc et al., 2012), while the over-
expression of TCTP only activated Cdc42, but not
RhoA or Racl, using GTPase-linked immunosorbent
assay (G-LISA) in LoVo cells, and decreased TCTP
expression inhibited cancer cell invasion and migra-
tion by lowering Cdc42 activation in gallbladder can-
cer cells (Zhang et al., 2017). The positive correlation
between the expression of TCTP and Cdc42 was
further confirmed in clinical colorectal cancer patient
samples by immunohistochemistry staining assays
(Xiao et al., 2016), but it is still unclear whether TCTP
regulates Cdc42 through GEF activity.



3.2 TCTP interacts with the cytoskeleton to pro-
mote cancer cell invasion and migration

The actin cytoskeleton is a highly dynamic net-
work, and the polymerization of globular actin (G-
actin) to filamentous actin (F-actin) generates a variety
of architectures to regulate cell movement in tumor
tissues (Yu et al., 2020). TCTP is interacted with MF in
cell-free extracts and clearly colocalizes with curly
F-actin at the cell border (Bazile et al., 2009). Immuno-
fluorescence revealed cytoplasmic fibers stained
with TCTP antibody in Xenopus XL2 cells, and TCTP
was found to localize to a subset of actin-rich fibers in
migrating cells, although it failed to bind to purified
F-actin (Bazile et al., 2009). However, another re-
search reported that TCTP participated in the Ca*'-
mediated multimerization of F-actin (Arcuri et al.,
2004; Ishida et al., 2017). Cofilin binds to both G-actin
and F-actin and is believed to promote tumor metasta-
sis by enhancing actin dynamics at the leading cell
edge (van Rheenen et al., 2009). TCTP and cofilin are
colocalized in the cytoplasm and exhibit a strong sig-
nal with low background in 16HBE cells (Huang
et al., 2015). The primary sequence of TCTP revealed
homology with the actin-binding region of cofilin, and
TCTP peptide had a higher affinity for G-actin than
for F-actin and promoted cofilin release from G-actin.
This suggests that TCTP may channel active cofilin to
F-actin, increasing the cofilin activity cycle to promote
tumor metastatis (Tsarova et al., 2010).

The rearrangement of MTs promotes the forma-
tion of cell polarity and guides migration (Ho et al.,
2014). TCTP is partially colocalized with the MT cyto-
skeleton, but it lacks MT-binding affinity and does
not affect the assembly/disassembly of MTs detected
in pull-down and cell-free extract assays in Xenopus
XL2 cells (Bazile et al., 2009). However, the knock-
down of TCTP by RNA interference provokes a sig-
nificant MT-dependent shape change in XL2 and HeLa
cells, which suggests that TCTP interacts with MTs
and does not behave as a classic MT-associated pro-
tein (Bazile et al., 2009). Depending on the cell type
or the species, TCTP is localized either at the spindle
pole or y-tubulin-containing pericentriolar material, as
shown by immunofluorescence and tagged TCTP ex-
pression in XL2, HelLa, mouse NIH3T3, and monkey
Cos7 cells; however, TCTP associates with MTs indir-
ectly (Jaglarz et al., 2012). The overexpression of
TCTP facilitates cell migration due to inducing actin
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cytoskeletal reorganization. TCTP knockdown by spe-
cific small interfering RNA (siRNA) significantly in-
hibits the motility of primary astrocytes owing to the
reorganization of MTs and the disturbance of F-actin
cytoskeleton network (Ren et al., 2015).

The interactions between TCTP with MTs and
F-actin in cell polarization and movement continuously
evolve, and the relevant cell shape changes are also
linked to the interaction with neighboring cells and/or
extracellular matrix. Focal adhesions are composed of
plasma membrane-associated dynamic supermolecules,
including protein focal adhesion kinase (FAK), vincu-
lin, and paxillin, etc. They link the actin cytoskeleton
to integrin and establish a relationship with the extra-
cellular matrix. For example, integrin [1-mediated
FAK/protein kinase B (Akt) signaling leads to matrix
metallopeptidase-2 (MMP-2) and MMP-9 expression,
and subsequently promotes the invasion, migration,
and adhesion of gastric cancer cells (Wang et al.,
2017). It was identified that TCTP and FAK are co-
expressed and simultaneously upregulated in the mem-
branes of oncogenic H-RasV12-transformed p38a-
deficient mouse embryo fibroblasts cells (Alfonso
et al., 2006). TCTP knockdown reduces the protein
levels of FAK and phosphorylated FAK (p-FAK) and
leads to suppressing the growth and migration abil-
ities of cholangiocarcinoma KKU-MO055 cells (Phan-
thaphol et al., 2017). The knockdown or inhibition of
TCTP also decreases fibronectin, MMP-9, laminin,
vitronectin, and collagen I levels in LoVo cells and
mouse melanoma B16F10 cells (Ma et al., 2010; Bae
et al., 2015).

3.3 TCTP interacts with EMT-related proteins to
promote cancer cell invasion and migration

The EMT is an important biological process to
allow epithelial cells to undergo multiple biochemical
changes and lose their cell—cell interaction as well as
to ultimately gain a mesenchymal phenotype. EMT
may increase the invasiveness and motility of cancer
cells and initiate cancer metastasis (Chaffer and Wein-
berg, 2011). TCTP is a target of transforming growth
factor-B1 (TGF-B1), which is a key regulator of EMT.
The overexpression of TCTP is connected with mes-
enchymal characters, while its downregulation pro-
motes the expression of epithelial markers (E-cadherin)
and inhibits invasion and migration even under the
exposure of TGF-B1 treatment in A549 cells (Mishra
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et al., 2018). TCTP promotes the expression of EMT-
related markers (N-cadherin, a-smooth muscle actin
(a-SMA), Snail, Slug, and Twist), enhances cell inva-
siveness via activating MMP-9, and accelerates migra-
tion by activating mTORC2/Akt/glucogen synthase
kinase 3 (GSK3p)/B-catenin signal transduction (Bae
et al., 2015). The overexpression of recombinant
human TCTP promotes the invasion and migration of
LoVo cells by increasing the expression level of phospho-
c-Jun N-terminal kinase (p-JNK) from the cytoplasm
to the nucleus and enhancing the secretion of MMP-9
(Xiao et al., 2016). Conversely, TCTP knockdown
significantly inhibits cancer cell invasion and migra-
tion detected by transwell assays and scratch wound
healing in lung cancer HCC827 and A549 cell lines
(Wang et al., 2018) and gallbladder cancer NOZ
and GBC-SD cell lines (Zhang et al., 2017). A sup-
pressed TCTP level reverses the induction of EMT
phenotypes and significantly reduces pulmonary metas-
tasis by inhibiting the development of mesenchymal-
like phenotypes in melanoma cells (Bae et al., 2015).
It also decreases the expression levels of MMP-2,
MMP-9, N-cadherin, and a-SAM in glioma U251
cells and mouse melanoma B16F10 cells (Bae et al.,
2015; Jin et al., 2015) (Fig. 1).

In addition to regulating the EMT-related pro-
teins, TCTP is also associated with other tumor pro-
teins involved in metastasis promotion. Higher mRNA
and protein levels of TCTP are related to the exogen-
ous phosphatase of regenerating liver-3 (PRL-3)
identified by proteomes. The knockdown of TCTP by
siRNA inhibits the PRL-3-promoted proliferation,
invasion, and migration of LoVo cells transfected
with the PRL-3 gene (Chu et al., 2011). By compar-
ing whole-cell proteomes on two dimentional-sodium

dodecyl sulfate-polyacrylamide gel electrophoresis
(2D-SDS-PAGE), it was found that the components
of UPS and the proteins involved in cancer prolifera-
tion, metastasis, cytoskeleton metabolism, and ion
binding are changed upon TCTP downregulation in
LoVo cells, in which the expression of 27 proteins
was altered, as shown by mass spectrometry analysis.
This result was validated again by analyzing the pro-
tein expression levels in parental, short hairpin non-
coding RNA (shncRNA)-TCTP, and shRNA-TCTP
LoVo cell groups by western blotting (Ma et al.,
2010). Recently, it was pointed out that TCTP can
maintain tumor growth by negatively regulating cell
autophagy (Lee et al., 2020).

4 TCTP levels in malignant tumors

A large body of clinical evidence indicates that
TCTP is usually expressed at high levels in cancerous
tissues and reduces patient survival rates. The mRNA
and protein levels of TCTP in invasive (microvascular
and neural invasion) and metastatic (liver, lymph node,
and abdominal metastases) gallbladder cancer sam-
ples were higher than those in non-invasive and non-
metastatic ones, and more than 85% of the gallblad-
der cancer specimens showed a positive association
with a high expression of TCTP using immunohisto-
chemistry (IHC) to analyze 73 cancer samples (Zhang
et al.,, 2017). A microarray analysis of 211 clinical
specimens showed that 75% of castration-resistant
prostate cancer samples exhibited TCTP overexpres-
sion, while no or only weak expression of TCTP was
detected in benign or normal tissues (Baylot et al.,
2017). Huang et al. (2018) used an IHC experiment

TCTP

!

E-cadherin }
N-cadherin, Snail, and a-SMA 1

Epithelial cells

Mesenchymal cells

Fig. 1 TCTP promotes the EMT process by downregulating epithelial markers and upregulating mesenchymal markers.
TCTP: translationally controlled tumor protein; EMT: epithelial-mesenchymal transition; a-SMA: a-smooth muscle actin.



and western blot to demonstrate that the expression of
TCTP in colorectal cancer patients (without metasta-
sis) was significantly higher than that in benign polyp
control subjects, and its levels increased further in
metastatic tumors. In 508 breast cancer samples, TCTP
was overexpressed in the scattered cells of the tumor
parenchyma, but not detected in the normal breast
parenchyma. A high level of TCTP was associated
directly with a poor degree of differentiation, high
proliferative activity, and low or negative estrogen re-
ceptor expression, each of which is indicative of ag-
gressive G3 tumors (Amson et al., 2012). Moreover,
the correlation between the high-TCTP status and
a poorer prognosis was maintained after making ad-
justments for the major clinical and pathological par-
ameters in a multivariate proportional-hazard model,
which suggested that TCTP in breast cancer is an in-
dependent predictor of poor prognosis (Amson et al.,
2012). Sun et al. (2019) conducted an IHC analysis of
24 pairs of tumor tissues and adjacent normal tissues,
and found that the level of TCTP in lung cancer tis-
sues was approximately four times greater when com-
pared with adjacent tissues; western blot and real-time
polymerase chain reaction (PCR) experiments showed
similar results. Using the lung cancer database pro-
vided by the website (https://www. kmplot.com) and
the online Kaplan-Meier plotter, they also found that
cancer patients with a high expression level of TCTP
had shorter overall survival time. Our research group
investigated the Gene Expression Profiling Interactive
Analysis (GEPIA) database and analyzed other can-
cers, such as adrenocortical carcinoma, bladder uro-
thelial carcinoma, cervical cancer, and esophageal
cancer, to find that a high expression of TCTP reduces
the survival rate of patients. In addition, a high expres-
sion level of TCTP was significantly correlated with
tumor size and was linked to shorter survival time in
hepatocellular carcinoma (HCC) patients and non-
small cell lung cancer (NSCLC) specimens (Chan
et al., 2012b; Liu et al., 2020). Highly expressed TCTP
was also associated with high pathological grades and
metastatic tumor node metastasis stage and signifi-
cantly correlated with the poor metastasis-free survival
rate in colorectal cancer patients (Xiao et al., 2016).
TCTP protein levels in high-grade lung adenocar-
cinoma tissues are significantly higher than those in low-
grade tissues (Sun et al., 2019). Moreover, high TCTP
scores were highly correlated with overall metastasis
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and shorter survival time according to the analysis of
119 individual cases of cholangiocarcinoma and ovar-
ian cancer tissues, while the age, sex, or histological
type did not have any associations with TCTP protein
levels (Chen et al., 2015; Phanthaphol et al., 2017).

Vimentin is a mesenchymal protein that can pro-
mote EMT. Among six groups of NSCLC specimens,
TCTP and vimentin were upregulated in lung tumors
of three patients, and a positive correlation between
TCTP and vimentin levels was found in lung tumors
of five patients (Liu et al., 2020). Pim-3 is a member
of the Pim family of proto-oncogenes. Zhang et al.
(2013) performed IHC on 148 cases with pancreatic
ductal adenocarcinoma tissues and found that both
TCTP and Pim-3 proteins were expressed positively
in most of these tissues. Moreover, TCTP protein was
detected in large quantities in malignant ductal epithe-
lial cells, but not in normal pancreatic ductal epithelial
cells adjacent to cancer (Zhang et al., 2013). TCTP is
the phosphorylated substrate of polo-like kinase 1
(PLK1). In 88 cases of neuroblastoma, the levels of
PLK1 and phospho-TCTP were significantly higher,
which was related to poor clinical, biological, and
pathological characteristics, such as late-stage tumors
and a high mitotic index (Ramani et al., 2015). The
chromodomain helicase/ATPase DNA-binding protein
1-like (CHDIL) is carcinogenic and can promote the
expression of TCTP. Both CHDIL and TCTP were
upregulated in human HCC samples analyzed by
Chan et al. (2012b). Recently, D'Amico et al. (2020)
found that the higher expression of phospho-TCTP in
human epidermal growth factor receptor 2 (HER2)-
positive breast cancer patients showed poorer clinical
response after trastuzumab treatment. In short, TCTP
is overexpressed in tumors and regulates some key
processes of cancer cells, and thus can be used as an
important target for clinical treatment.

5 Drugs targeting TCTP for cancer treatment

In light of the above-described carcinogenic
roles of TCTP, it seems worthwhile to find pharmaco-
logical compounds to reduce its expression level. Tan-
shinone IIA, an active drug extracted from Salvia milti-
orrhiza, has an anticancer effect, and it downregulates
the level of TCTP in gastric cancer (Su, 2014) and
pancreatic cancer (Huang et al., 2013) cells to inhibit
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cell proliferation. Oxaliplatin, a third-generation plat-
inum compound, has been widely used in cancer chemo-
therapy; it increases TCTP expression first and then
decreases it in colon cancer HT29, SW620, and LoVo
cells. Furthermore, it induces S phase accumulation
and G2/M phase arrest, promotes cell apoptosis, and
inhibits proliferation (Yao et al., 2009). As a traditional
medicinal prescription, Sann-Joong-Kuey-Jian-Tang
also reduces the TCTP level, inhibits cell prolifer-
ation, and promotes cell apoptosis in HepG2 cells
(Chen et al., 2013). Another chemical, curcumin down-
regulates TCTP to induce mitochondrial dysfunction
in HCC J5 cells and promote cell apoptosis (Cheng
et al., 2010).

Differentiation therapy is a promising strategy
for cancer treatment, and TCTP plays a key role in
tumor phenotype reversal, which allows the tumor cells
to differentiate into normal tissues. Tuynder et al. (2002)
found 263 genes to be either activated or inhibited
during the reversion process, as confirmed by quanti-
tative PCR or northern blot analysis. Of these, TCTP
had the strongest differential expression. U937 leuke-
mic cells stably transfected with antisense TCTP form
less and smaller tumors than controls when injected
into severe combined immune deficiency (SCID) mice
(Tuynder et al., 2002). Moreover, fibroblasts trans-
formed with v-Src become elongated and have an
increased growth rate. When transfected with anti-
sense TCTP, v-Src-transformed NIH3T3 cells acquire
a flat shape and their growth rate becomes compar-
able to untransfected fibroblasts. These results suggest
that TCTP can be used as a target for differentiation
therapy (Tuynder et al., 2004). By using a chemical
library of more than 31 000 compounds for electronic
screening and molecular docking, ZINC10157406
and AMG900, as new ligands of TCTP, were identi-
fied by Fischer et al. (2021) for cancer differenti-
ation therapy. Microscale thermophoresis and co-
immunoprecipitation showed that ZINC10157406
and AMG900 could bind to the p53-binding site of
TCTP with strong affinity, which could significantly
downregulate the expression of TCTP, increase free
p53 expression, and induce the GO/G1 arrest of MCF-7,
SK-24 OV3, and MOLT-4 cell lines to inhibit cell
growth (Fischer et al., 2021). In addition, F6, an ac-
tive fraction from embryo fish, decreases the level of
TCTP in MDA-MB-231 cells and increases the acti-
vation of p53, which curbs the proliferation, invasion,

and migration of cancer cells, promotes apoptosis, and
reverses the malignant phenotype of tumors (Proi-
etti et al., 2019). Differentiation therapy, as a prom-
ising emerging therapeutic approach, is expected to
be less toxic and more selective than cytotoxic chemo-
therapy. Currently, however, this field of research is
still at its infancy, which motivates researchers to
identify more novel TCTP inhibitors and to study
their anticancer mechanisms, so that they can be used
safely and effectively in clinical application.

TCTP is also called histamine-releasing fac-
tor. After treatment with the antihistamine drugs
levomepromazine and buclizine, TCTP expression
becomes significantly reduced, and the cell cycle of
MCF-7 cells will be blocked in the G1 phase in a
dose-dependent manner without triggering their apop-
tosis (Seo and Efferth, 2016). Levomepromazine and
buclizine bind to TCTP to inhibit the proliferation of
MCEF-7 cells due to the induction of cell differenti-
ation rather than its toxic effect, which was confirmed
by testing the formation of lipid droplets as a differen-
tiation marker (Seo and Efferth, 2016). The analogues
of antihistaminic drugs, sertraline and thioridazine,
have been confirmed to bind with TCTP by surface
plasmon resonance, which leads to reverse TCTP-
induced tumor suppression protein p53 ubiquitination
(Amson et al., 2013a). A study has shown that TCTP
directly interacts with the lysine (Lys)""'-proline (Pro)™
region including the DNA-binding motif of p53 to
prevent the transcriptional activation of the proapop-
totic protein B-cell lymphoma 2 (BCL-2)-associated
X protein (Bax) (Rho et al., 2011). Moreover, sertra-
line and thioridazine bind TCTP to restore mouse
double minute 2 (MDM2) auto-ubiquitination, as well
as to prevent the TSAP6-TCTP complex formation and
to disrupt the binding of TCTP to MDM2. Further
experiments proved that two site mutants (S46E and
S64E) of TCTP lose its ability to bind sertraline and
thioridazine, suggesting that the residues S46 and S64
are related to the interaction of TCTP with these drugs
(Amson et al., 2013a). Sertraline reduces the growth
and migration of prostate cancer stem cells and induces
death by targeting TCTP (Chinnapaka et al., 2020).
In vivo, sertraline and thioridazine suppress the expres-
sion of TCTP protein to decrease the tumor growth in
breast cancers and monocytic leukemia induced in
mice (Tuynder et al., 2004). Meanwhile, research has
shown that sertraline and thioridazine commonly lead



to life-threatening cardiovascular toxicity by inhibit-
ing cardiovascular Na“, K, and Ca* channels (e.g.,
arrhythmia) (Pacher and Kecskemeti, 2004). There-
fore, before they can be used as anticancer drugs, it is
necessary to conduct adequate clinical studies. Sertra-
line has entered clinical studies for cancer treatment,
including an ongoing phase I/II clinical trial involving
end-stage acute myeloid leukemia patients (Amson
etal., 2017).

DHA, as a derivative of artemisinin, is able to
specifically bind to TCTP. Although the cytotoxicity
of DHA has been reported to decrease cell viability
after 6 h of incubation in murine GT1-7 hypothalamic
neurons, its excellent anticancer performance must be
acknowledged (Raghavamenon et al., 2011). DHA re-
duces TCTP expression levels by increasing its ubiq-
uitination and shorting its half-life in a proteasome-
dependent fashion in the vascular smooth muscle
cells, the lung cancer A549 and H1299 cell lines, the
osteosarcoma U20S cell line, and the breast cancer
MDA468 and MCF7 cell lines (Fujita et al., 2008).
DHA also targets phospho-TCTP and notably reduces
its expression in breast cancer cell lines (Lucibello
et al., 2015). Trastuzumab emtansine (T-DM1) is an
anti-HER?2 antibody-drug. DHA can increase the drug
sensitivity of T-DM1 to HER2-positive breast cancer
and disrupt the mitosis process by reducing the level
of phospho-TCTP. The combination of DHA with
T-DM1 enhances the MT toxicity of breast cancer cells
HCC1954 and HCC1569, which contributes to the
therapeutic effect (D'Amico et al., 2020). The metas-
tasis model is built by injecting TCTP-positive NOZ
and TCTP-negative EH-GB-2 gallbladder cancer cells
into mice spleen. Treatment with DHA reduces spleen-
to-liver metastasis by about 50% than vehicle controls,
which suggests that DHA inhibits TCTP-dependent
cell invasion and migration in gallbladder cancer
(Zhang et al., 2017). In a previous study by our group,
a combination of DHA and resveratrol, a natural pro-
duct and a polyphenolic phytoalexin with anticancer
potential, upregulated the tumor suppressor gene de-
leted in liver cancer 1 (DLC1) and significantly down-
regulated TCTP expression compared to each com-
pound alone in HepG2 and MDA-MB-231 cancer
cells (Gao et al., 2020). Furthermore, this combin-
ation treatment impeded the cancer cell migration via
modulating the DLC1/TCTP axis to hinder the Cdc42
regulating JNK/nuclear factor-kB (NF-kB) and neural
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Wiskott-Aldrich syndrome protein (N-WASP) signal-
ing pathways. The combination therapy also effectively
inhibited the growth of xenograft tumors in an avian
embryo model seeded by HepG2 cells (Gao et al.,
2020). Although these drugs are a boon to cancer pa-
tients and some of them have exhibited no issues in
clinical application, the safety of these drugs for
human disease treatment raises concerns, especially
when long-term usage is considered.

6 Outlook and conclusions

Although TCTP is not a tumor-specific protein,
the preferential expression of TCTP underlines the im-
portance of TCTP in the progression of different can-
cers. As summarized in this paper, TCTP shows re-
markable similarity to the MsrB and Mss4/Dss4 pro-
tein families and consequently exerts GEF action on
the small GTPases Rheb as well as Cdc42. It regulates
the cytoskeleton by means of acting on F-actin and
MTs-associated proteins to promote cancer cell inva-
sion and migration. Furthermore, TCTP is involved in
the cell EMT process and interacts with EMT-related
proteins. A high level of TCTP is often associated
with aggressive diseases and poor patient prognosis
in cancers. Therefore, it is straightforward that the
role of TCTP in several malignant tumors and its inter-
actions within cancer cells make it a direct therapeutic
target. Certain drugs, such as histamine inhibitors and
artemisinin derivatives, inhibit the level of TCTP
(Fig. 2). In addition to the existing drugs for blocking
TCTP activity, efforts should be made to develop new
inhibitors or treatment strategies for targeting TCTP,
such as developing peptide-based TCTP inhibitors to
interfere with the protein—protein interaction network
of TCTP, or exploring the effects of post-translational
modifications of TCTP on cancers. Furthermore, it
may be a good idea to seek the structural similarity of
the TCTP with other proteins to reveal its potential
unknown functions and then perform corresponding
suppression. Amson et al. (2013b) and Lupas et al.
(2015) identified several new TCTP structural homo-
logues (Cereblon, retinoic acid-inducible gene-1 (RIG-
I), and domain of unknown function (DUF427)).
However, whether TCTP has a homologous function
like these proteins still needs further exploration. Over-
all, the mechanisms of TCTP in cancer cell invasion
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Fig. 2 Underlying oncogenic mechanisms of TCTP during cancer cell invasion and migration. TCTP associates with MTs
and MFs and interacts with these proteins, leading to cell proliferation, invasion, and metastasis, and this function of TCTP
can be inhibited by drugs. Cdc42: cell division control protein 42 homolog; ECM: extracellular matrix; FAK: focal
adhesion kinase; F-actin: filamentous actin; G-actin: globular actin; MF: microfilament; MMPs: matrix metallopeptidases;
MRCK: myotonic dystrophy kinase-related Cdc42-binding kinase; MT: microtubule; mTORC1: mammalian target of
rapamycin complex 1; N-WASP: neural Wiskott-Aldrich syndrome protein; Pak: p21-activated kinase; Rheb: Ras
homolog enriched in brain; TCTP: translationally controlled tumor protein.

and migration are worth exploring and the existing  Alfonso P, Dolado I, Swat A, et al., 2006. Proteomic analysis

problems need to be further addressed.
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