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Abstract

DNA damage response is a cellular survival mechanism exploited by cancer cells to exert resistance to therapies and has
become a target of many antitumor agents. Translationally Controlled Tumor Protein (TCTP) is a multifunctional protein
involved in malignant transformation, cancer progression and therapeutic resistance. Recently, several reports have incrimi-
nated TCTP in DNA repair mechanisms with new insights for explaining how TCTP partakes in this molecular activity. Here,
we summarize and discuss DNA damage repair mechanisms in different contexts and highlight how TCTP manipulates the
repair mechanism to drive cancer progression and chemoradiation resistance. Finally, we consider the future direction of
this field, with a particular focus on combination strategies with TCTP inhibitors (i.e., gene inhibition, small molecules) and

chemotoxicity to overcome TCTP-driven therapy resistance.
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DNA damage and repair mechanisms: a bird’s
eye view

The human genome is constantly under threat from
both external and internal sources. Environmental exposure to
ionizing radiations or endogenously generated radical oxygen
species (ROS) and replicative errors result in multiple forms of
DNA lesions [1]. These lesions possess differing degrees of com-
plexity ranging from, base damage, single strand breaks (SSB) to
intra-and interstrand cross linkages (ICL), DNA-protein cross-
links (DPC), and double strand breaks (DSBs) [2] (Figure 1). How
cells address DNA damage depends on the type of damage, cell
cycle phase and availability of repair factors. Table 1 shows dif-
ferent types of DNA damage, their corresponding repair systems
and activated genes in mammalian and yeast contexts (Table 1).
In any case, when cells incur DNA damages, they activate check-
point mechanisms and transcriptional signals that allows cell
cycle arrest and lesion repair. If the damage is extensive and out-
weighs the cellular capacity to repair, cells will undergo cell death
by apoptosis. If the damage is repaired, cells can then resume
cycling, as part of the process known as checkpoint recovery [3].
If the damage is not repaired or incompletely resolved, cells can
decide to override the checkpoint system and re-enter the cell
cycle with damaged DNA and consequent genetic alterations, a
process called checkpoint adaptation [3]. These genetic changes
can be propagated to progeny, giving rise to mutations that pro-
mote the development of cancer and degenerative diseases (also

called stochastic affects) [4]. These series of coordinated events

through which cells manage genomic assaults are known as the
DNA damage response (DDR) [5]. DDR is therefore a conglom-
eration of molecularly conserved DNA repair pathways consist-
ing of distinct protein complexes that coordinate the maintenance

of genomic integrity [5,6] (Table 1).

Eukaryotic cells possess extensive repair mechanisms
to ensure the stability of the genome and cell survival, avoiding
the consequences of propagating unrepaired or defectively re-
paired damage into progeny, which canlead to genomic instability
and diverse pathological conditions such as cancer. While Single
strand break (SSBs) and base damage lesions, which do not distort
the helical structure of the DNA, are repaired by base excision re-
pair (BER), bulky adducts and cross-linkages are repaired by nu-
cleotide excision repair (NER) (Figure 1). Double strand breaks
(DSBs) are resolved through a more complex repair mechanisms
involving two separate intricate pathways referred to as Non-ho-
mologous end-joining (NHE]) and Homologous recombination
(HR) [7-11] and will constitute, largely the focus of our discus-
sion. The DDR is coupled with apoptosis and cell cycle regulations
such that, the cell cycle checkpoints kinases (CHK1 & CHK2) are
signaled to halt or delay the cell cycle progression while repair is
activated or, in a case of irreparable damage, the apoptotic signals
are activated to execute the cells at the expense of genetic alter-
ation [12]. Generally, maintaining the balance between apoptosis
and proliferation during cellular response to DNA damage is of
utmost importance in cellular homeostasis constitutes the major

factors driving genome surveillance and maintenance [13-16].
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Single strand break (SSBs) and base damage lesions which do not distort the helical structure of the DNA are repaired by

base excision repair (BER), bulky adducts and cross-linkages are repaired by nucleotide excision repair (NER) (See figure 1

for DNA damage types and appropriate repair routes). Double strand breaks (DSBs) are resolved through a more complex

repair mechanisms involving two separate intricate pathways referred to as Non-homologous end-joining (NHEJ) and

Homologous recombination (HR)

Figure 1: Forms of DNA damage, their corresponding repair pathways and signalling complexes

Single strand breaks repair

DNA single-strand breaks (SSBs) are, most of the times,
generated by cellular metabolic processes and/or external geno-
toxic agents. SSBs can cause double-strand breaks when they en-
counter replication folks in a repeated cell cycle. [17] Although
SSB constitutes threats (less deleterious) to genomic integrity,
theydo not distort the helical structure of the DNA. However, sev-
eral mechanisms have been described for SSB repair [7]. Most
genotoxic agents such as ionizingradiation and some chemother-
apies, upon exposure to DNA, generate differentforms of damage

including lesions and double-strand breaks as well as SSBs.

Activation of poly (ADP-ribose) polymerase (PARP) is
considered as a key primordial event that characterize cellular re-
sponse to SSB. PARP binds to SSBs and uses NAD+ to polymerize
PAR, thereby activating the recruitment of other relevant repair
markers such as XRCC1 (X- Ray Repair Cross Complementing
1) to the site of damage [18]. XRCC1 reportedly binds to DNA
ligase IIT and DNA polymerase {3 and interacts with BER repair
effectors to execute repair. Inhibition of PARP blocks PARylation
and recruitment of XRCCI1 thereby generating DSB in a subse-
quent cycle. In cells harboring HR deficiency such as that found
in a subset of familial breast and ovarian cancer patients due to
BRCA1/2 germline or somatic mutation, synthetic lethality is
created making PARP inhibitors effective anticancer drugs either
as a monotherapy or in combination with DNA damaging agents
[19, 20].

Translationally controlled Tumour Protein: one name,
multiple functions

Translationally controlled Tumour Protein (TCTP, also
named TPT1, p23 or fortilin) is a highly conserved multifunc-
tional protein that is involved in regulating several biological
processes. It is abundantly present in virtually all eukaryotic
cells and possesses a high degree of homology between species
with significant wide spectrum of distribution in several human
tissues [23]. Since its discovery about three decades ago, TCTP

has since received substantial functional and expressional char-

acterization in both human and animal models. It is involved in
cell growth and development, cell cycle regulation, cellular stress
response, immune responses, apoptosis and autophagy [24-27].
TCTP is differentially expressed in a number of human cancers
such as breast, ovarian and prostate cancers [28-30] where it,
promotes cell migration, inversion and metastasis through in-
duction of epithelial to mesenchymal Transition [31]. TCTP is a
regulator of the cancer stem cell compartment [32] and has been
identified as an important factor in tumour progression [33] and
reversion [34,35]. Transient ectopic expression of TCTP protects
both HeLa and U20S cells from undergoing etoposide-induced
apoptosis by the blockage of caspase-3-cleavage [36]. Moreover,
TCTP was described as a pro- survival protein antagonizing BAX
function [27]. Activation of P53 and Siah-1 downregulates TCTP
expression both at protein and mRNA levels highlighting TCTP
as a pro-tumour gene [37]. It is reportedly dysregulated in a few
non-oncological diseases such as certain forms of inflammatory,
metabolic and allergic diseases [38,39] and has since emerged a
rational therapeutic target [40,41]. Data from our laboratory had
shown that TCTP interactionwith hsp27: a stress-induced chap-
erone that is highly overexpressed in a number of cancer phe-
notypes including castration-resistant prostate cancer (CRPC),
modulates the multifaceted functions of TCTP including it roles
in DNA damage repair and RNA splicing [42]. Abrogation of this
interaction with a Hsp27 inhibitor (OGX-427), restored sensi-
tivity of CRPC to therapies [42]. TCTP is also reciprocally and
negatively regulated by P53 [43]. TCTP competes with NUMB
for MDM2 binding thereby interfering with p53-MDM?2 com-
plex formation and promoting MDM2-mediated ubiquitination
and degradation of P53. Mice lacking TCTP are vulnerable to
P53-dependent apoptosis while TCTP proficiency portends
poor differentiation, tumor aggressiveness and poor prognosis

in breast cancer phenotype [43].
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Table 1: Showing DNA repair factors involved in DNA strand breaks repair and damage signaling in Mammals and yeast (Adopted

from [21])
Mammals | Yeast (S.Cerevisiae)
DNA strand Break
NHE]J
MREII-RAD50-NBSI  [MRN],  Ku70-ku80-
Mrell-Ra50-Xrs (MRN) Ku70-ku80
End Binding DNAPKcs complex

Artemis, APLE PNK, APTX

End processing

LigaseIV-XRCC4-XLF complex

Lig4-Lif1-Neil

Ligation

MRN, CtIP, EXOI, BLM, DNA2?

MRX, Sae2, Exol, Sgs1, Dna2,

HR

End Resection

RPA, RAD51, RAD52, RAD54, RAD51 paralogs,
BRCAZ2, PALB2

Rfa, Rad51, Rad51, Rad54, Rad55,
-Rad57

Homology search strand pairing

PCNA, Pol o

PCNA, Pol o

MUSS81, EMEI, GENI, SLX1- SLX4, XPP-ERCC1

Mus81-Emel, Yenl, Six1, Six4, Radl-
Rad10

DNA Synthesis HR resolvases

BLM, -TOPOIII-RAM11- RAM12, RTEL1

Sgsl-Top3-Rmil, Srs2

Dissolution of HR intermediates

SSB

Detection

PARP-1

End processing

APEL, XRCC1, PNK, APTX

Gap filling ligation Ligaselll, Pol B
DNA damage signaling
MRX, Rfa [+RFC-Like, PCNA- like
Sensors MRN/RPA
checkpoint clamp
Transducers ATM, ATR-ATRIP Tell, Mcc1-Ddc2
Mediators
ATM signaling 53BP1, MDCI, BCA1, MCPH1, PTIP Rad9
ATR signaling TopBPI, Claspin, Dpbl1, Mrel
Effectors CHK1, CHK2 Chkl, Rad53

Footnote: NHE] - Non-homologous end joining, HR - Homologous recombination, NR- Non reported, ATM- Ataxia Telangia-
tectsia Mutated, ATR- Ataxia-telangiectasia- and Rad3-related, DNA-PKcs- DNA-dependent protein kinase, catalytic subunit,
MRN- MREI11- RAD50- NBS1, 53BP1-p53 binding protein 1, BRCA-1- breast cancer 1, BRCA-2- breast cancer 2, CHK-I- Check-
point kinase I, CHK-II- Check point kinase 1, P53- Tumor Protein 53 gene. CDC25C- cell division cycle 25C [5,6,21,22]

An explicit involvement of TCTP in DNA repair recent-
ly emerged and has increasingly become a subject of attraction.
This emerging role of TCTP has ostensibly gained enormous
support due to the recently uncovered crosstalk between TCTP
and key members of the DNA damage response (DDR) machin-
erysuch as ATM, DNA-PK, 53BP1 and p53 etc (Table 1) and has
formed the basis for considering TCTP as a molecular player in
the maintenance of genomic integrity [44-46]. Recently, a compi-
lation of reports on the roles of TCTP in differentaspects of tumor

biology including DNA damage and Repair was published sug-

gesting, in generalterms, the involvement of TCTP in genotox-
ic cellular response and possible therapeuticopportunities [47].
Although various views and perspectives have been presented in
thiscontext, the specific nature of DDR-TCTP interface has not
been fully defined. In this review,we provide advanced knowledge
of DNA repair mechanisms with particular reference to NHE]
and HR signal transductions that culminate to DNA repair. We
bring an insight into how TCTP-dependent regulation of the key
recombination markers at different stages of the DNA repair sig-

nal transduction, affects cellular behaviour and response to DNA
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damage induction. We also elaborate on the therapeutic possi-
bilities associated with the DDR-TCTP intersection and suggest
further approaches to better address unresolved issues bordering
on TCTP-DNA repair interplay.

TCTP Roles in damage sensing and mediation

Upon DNA damage induction, the sensor factors de-
tect the damage signals, identify and locate the damage sites. The
damage signals are amplified to the transducers or mediators,
which in turn, relay the signal to the effector complex of proteins
[48]. Damage sensing and recognition is an important aspect of
DNA repair signaling which allows cells to recognize the pres-
ence of damage and set in motion the damage recovery system.
The MRN complex (Mre-11-Rad50- Nbsl1) activation is the ma-
jor early sensory indicator of DSB which further activates ATM
or ATR depending on the source of damage [49-51]. MRN-de-
pendent activation of ATM induces ATM autophosphorylation
which in turn, phosphorylates H2AX at ser139 to form yH2AX
as well as CHK2 which can all be visualized as foci at the damage
site [52] (Figure 2a). CHK2 phosphorylates p53, which acts as a
transcription factors to other repair factors as well as causes cell
cycle inhibition through p21[53]. Contrary to ATM that is acti-
vated by IR-induced DSB, ATR is activated by internally generat-
ed DSB such as replication fork stalling and oxidative stress-in-
duced DSBs [50]. Both ATM and ATR phosphorylate H2AX to
amplify the damage signal and recruit repair mediators to the

damage site for other downstream events [50].

There is compelling evidence that TCTP is required for
the damage sensing signaling and may be indispensable in this re-
gard. Using normal human fibroblast, Zhang et al. demonstrated
that TCTP is upregulated following cellular exposure to low dose
(10Gy delivered at 0.2Gy/h) of gamma-radiation, translocates
to the nucleus and exists in complex with some critical factors
of DNA damage signal sensing and transductions such as ATM,
yH2AX, 53BP1 and Ku70/80 [44]. Upregulation of TCTP was in a
manner dependent on ATM and depletion of TCTP resulted in
a decrease in the DNA binding ability and nuclear abundance of
Ku70/80, attenuation of ATM kinase activity as well as delayed
YH2A% foci formation. Consequently, cells that lacked TCTP failed

to recover from irradiation-induced chromosomal damage [44].

Similarly, an independent in-vivo experiment inves-
tigating the role of TCTP in growth regulation in Drosophila
models, demonstrated that TCTP (dTCTP) directly modulates
the activity of Drosophila ATM (dATM) and mutation of dTCTP

resulted in a significant increase to radiation sensitivity, defects
in growth rate and chromosomal stability [54]. Altogether, these
suggest that TCTP is required for the recruitment of ku70/80 and
ATM respectively to thesite of damage and plays important roles
in the upstream events of both NHE] and HR pathways. There-
fore, it is attractive to infer that TCTP is indispensable in damage

sensing and mediation.
TCTP roles in Non-Homologous End Joining (NHE])

Non-Homologous End Joining (NHE]) is the error
prone repair pathway of DSBs occurring predominantly at the
G1 phase of the cell cycle. Ku70/80 is the DNA-binding subunit
of DNA- dependent protein kinase (DNA-PK) and an exclusive
marker of NHE]. TCTP association with the KU-complex has
been reported and highlight the role of TCTP in regulating the
NHE] via the KU-complex [55]. Upon cellular decision to com-
mit repair through the NHE], Ku70/Ku80 heterodimer senses the
signal and recruits other critical components of the repair path-
way including p53-binding protein 1 (53BP1), DNA-dependent
protein kinase catalytic subunit (DNA-PKcs), XRCC4, ligase IV,
XLF and Artemis (Figure 1), which then process the broken DNA
and seal the two ends [8,56]. The DNA-PK phosphorylates the
histone H2AX that in turn recruits other effector proteins to the
damaged site for onward execution of repair. While 53BP1 acts to
protect the DSB ends from undergoing end resection, DNA-PK
stabilizes the DSB end through the phosphorylation of Artemis.
Artemis facilitates the end processing suchthat a complex of pro-
tein factors such as DNA Ligase 4 (LIG4), X-ray repair cross-
complementing protein 4 (XRCC4), XLF-XRCC4-like factor,
interact to complete the repair process. Due to the special end
processing requirement for the generation of ligatable DNA
ends associated with radiation-induced DSB, this repair pathway
is usually characterized by base pairs deletions, random exchange

of nucleotides and generalized sequence alteration [57].

TCTP involvement in the NHE] pathway is evidenced
in its interaction with the Ku- complex (ku70/80). TCTP deple-
tion attenuates the nuclear abundance of the ku70/80 complex
upon irradiation of normal human cells, implying that TCTP is
required for both nuclear translocation of ku70/ku80 and other
ku-related nuclear functions. Accordingly, studies have shown
that protein translocation across biological membranes requires
molecular chaperonsto manage their loosely folded structures
for efficient transmembrane transport [58,59]. This supports
the assertion that TCTP exhibits its chaperon-like activity [60]

on the ku70/80 thereby facilitating its nuclear translocation and
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function. In addition, since TCTP is found in complex with the
ku70/80 at the site of damage, it further suggests that TCTP may
play an important function, alongside the ku-complex, in the re-
cruitment process driving NHE] activation. Moreover, Ku-bind-
ing activation predominantly occurs at the G1 phase of the cell
cycle. Independently, knockdown of TCTP has been shown to
induce cell cycle arrest and prevent G1/S-phase transition under
normal condition [61,62]. Put together, this shows that TCTP
interaction with the ku promotes other NHE]J-dependent down-
stream events relating to cell cycle regulation. As opposed to its
functions in an unstressed state, we propose that TCTP is in-
volved in functions relating to checkpoint adaptation, damage
bypass, and attenuation of cell cycle regulators and restarting of
the cell cycling process under stressed condition. It is pertinent to
note that NHE] exhibits fast, quick and error-prone repair kinet-
ics consequent upon possibilities of genetic alterations [8]. Why
and how NHE] pathway exhibits this peculiar characteristic is
not entirely clear. To this end, we assert that the error-prone des-
ignate associated with NHE] may be connected, at least in part,
to the TCTP functions in NHE] downplaying the effective DNA
repair processes and apoptosis in favour of proliferation and cell
survival. Overall, this goes further to connote that ‘while ideal
DDR signals promote cell death at the expense of mutated cell
life; arising from unrepaired/defectively repaired DNA damage,
TCTP may promote genetically aberrated cell life at the expense
of cell death’ and may explain the involvement of TCTP in cancer
progression and therapy resistance asdiscussed later in this arti-
cle. Secondly, it also suggests that TCTP cellular functions occur
in a context- dependent manner. However, TCTP functions in

NHE] require further experimental validations.
TCTP roles in Homologous recombination (HR)

In response to DSB, damage recognition by MRN com-
plex and ATM activation characterize the early events of the HR
pathway [49]. One of the critical steps of the HR repair is the
DNA nucleolytic end resection that is orchestrated by MRE11
mediated by CtIP and EXO1 (Exonucleasel) in the presence of
BRCA1 and BLM (Bloom’s syndrome helicase). Contrary to the
NHE], the HR repair pathway has a slower kinetics and requires
a homology sequence from the sister chromatid to achieve er-
ror-free repair. While NHE] occurs in almost all phases of the
cell cycle, HR repair is confined at the S/G1-M phases where a
more accurate repair is of the greatest essence [22,63] (Figure
2a).

A study investigating TCTP partner proteins in HeLa
cells revealed that several HR markers are significantly enriched
in the TCTP potential interactomes [45]. First in the list of pro-
teins identified are BRATT and BCCIP, which are binding partners
of BRCA1 and BRCA2 respectively. In addition to BRCA related
proteins, MREII and NBSI components of the MRN complex
were also found in the interactomes as well as ATR and Rad51b
[45]. Further investigations reveal that TCTP associates with
Rad51 and this association results in the stabilization of Rad51
at the damage sites. Inhibition of TCTP decreases the stability of
Rad51 and impaired HR efficiency in MCF7. Furthermore, ser-
traline-dependent inactivation of TCTP promotes apoptosis in-
duced DNA damage and resensitized MCF-7 to etoposide and
Olaparib [45]. Interaction with MRN corroborates our earlier
thought that TCTP may play an important function in damage
sensing and mediation upstream of ATM activation. Be it as it
may, TCTP functions in HR remain an open subject of investiga-
tion and discussion. From a second point of view, we recommend
an investigation to ascertain whether TCTP mutation can be as-
sociated with cellular susceptibility to carcinogenesis, which will
also inform if the contribution of TCTP to HR repair as reported
is sufficient to distort HR operation upon TCTP depletion. Con-
versely, cancer cells adopt HR repair route to launch resistance
against chemotherapies, especially at delicate cell cycle phases
prior to replication [64], it is important to investigate whether
the previously reported role of TCTP in chemo and radio resis-
tance [33,65] is associated with enhanced DNA repair through
the HR, and questions whether TCTP is a cancer susceptibility

gene?

Polo-like kinase-1 (PLK1) and TCTP phosphorylation
during DNA repair

Cellular checkpoint mechanisms are activated fol-
lowing DNA damage induction. This results to cell cycle arrest
which allows cells to either repair damage or be committed to
apoptosis. Conversely, for reasons not clearly understood, cells
could decide to adapt the damage, re-enter the cell cycle and
progress with replication at the expense of death in a process
called checkpoint adaptation [66]. One of the key targets of the
DNA damage checkpoint is Polo-like Kinase-1 (PLKI) and has
recently emerged a drug target in cancer [67]. PLKI is involved
in DNA damage repair through regulation of Cdkl1 required to
restart the cell cycle following a DNA damage-induced arrest
[68]. TCTP is a substrate of PLK1 in a mechanism driving cell
cycle progression. PLKI phosphorylates TCTP at ser46 residue

to allow mitotic spindle segregation enabling mitosis completion
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and cytokinesis. Phosphorylation of TCTP correlates well with
PLKI1 level and kinase activity in cells [69]. Moreover, PLK1 de-
pletion by siRNA or inactivation by specific inhibitors caused a
corresponding decrease in phospho-TCTP-Ser46 signal validat-
ing TCTP activation as a direct marker of PLK1 activity [69].
TCTP is involved in tubulin binding and microtubule stabili-
zation during the cell cycle. At metaphase, TCTP binds to the
mitotic spindle and is subsequently detached from the spindle
during the metaphase-anaphase transition [64], which is driven
by TCTP phosphorylation by PLKI. PLKI activity was decreased
by TCTP knockdown [69]. In normal conditions, when cells in
G2 phase are challenged with DNA damage, several key mitotic
regulators such as PLK1 are inhibited to prevent entry into mi-
tosis [70]. This inhibition blocks the phosphorylation of TCTP

thereby blocking cell cycle progression. However, studies have

shown that expression of PLK1 is associated with TP53 inacti-
vation, DNA repair deficiency, and cancer progression [71]. Fur-
thermore, inhibition of PLK1 sensitizes cancer cells to radiother-
apy in a manner dependent on p53 status [72]. Put together, this
provides a link between DNA repair signaling, p53, TCTP, PLK1
and cancer resistance. Our understanding of this molecular in-
terplay suggests that, upon DNA damage induction especially
at G2/M-phase, expression of PLKI is inhibited which in turn
blocks TCTP phosphorylation and cell cycle progression to allow
time for repair.However, in a feedback loop mechanism, TCTP
activates p53 degradation and orchestrates anostensible repair
deficiency thereby re-inducing PLK1 expression and cell cycling
process. By this explanation, TCTP downplays the effective re-
pair process by negatively regulating p53, encouraging defective

repair, adaptive mutability and cancer resistance.

MNR complex
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Figure 2(a): A schematic illustration of TCTP involvement in DSB repair signaling through the NHE] and HR pathways
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Figure 2(b): A schematic illustration of TCTP involvement in downstream DSB repair signaling through the NHE]

and HR pathways

TCTP and P53 pathway: a peep through the lens of DNA
repair mechanisms

DNA damage downstream events are executed by the
effector proteins: a component of DDR signaling that is involved
in halting the cell cycle, apoptosis activation and DNA recovery
processes. Thekeyplayers of these DNA repair downstream events
include P53, CHKI, CHK2CDC25A and CDC25C amongst oth-
ers. CHK1 and CHK2 are considered targets of ATR and ATM
respectively as a response mechanism to IR-induced and rep-
lication-induced DSBs respectively [73] (Figure 2b). Among
these downstream factors, TCTP reportedly interacts with p53
in a manner that defines reciprocal inhibition [43]. The p53 is a
tumour suppressor protein that plays a central role in determina-
tion of cell fate whether to undergo cell cycle arrest or apoptosis
following different types of cellular stress such as hypoxia, onco-
gene activation or DNA damage [74]. P53 levels are generally low
in normal cells due to Mdm2 mediated ubiquitination and deg-

radation through the proteasome pathway or through facilitation

of nuclear export [75]. As indicated above, upon DNA damage,
ATM and ATR phosphorylate p53 at several sites in its trans-ac-
tivation domain, including at Ser15 and Ser20 residues [76]. This
phosphorylation inhibits the interaction of p53 with Mdm2 re-
sulting in p53 stabilization [77]. In addition, ATM phosphory-
lates Mdm?2 and decreases its ability to promote nucleo- cyto-
plasmic shuttling and the subsequent degradation of p53 [78].
This enhances p53 downstream signaling leading to cell cycle ar-
rest and apoptosis activation (Figure 2b). How TCTP plays a role
in P53-dependent response to DNA damage has not been clearly
elucidated previously even though TCTP direct interaction with
MDM2 and P53 is evident in several studies [33,43,79]. However,
we consider three factors in this regard: (1) TCTP possesses anti-
apoptotic activity through regulation of Bcl-2, Bcl-Xl, and Mcl-1
[27] as opposed to p53. (2) TCTP promotes cell cycle progression
[26] as opposed to p53 during stress. (3) p53 and TCTP antag-
onize each other via separate routes (promoter regulation and
MDM2-mediation respectively) [43]. Put together, it is persua-
sively convincing that the pro-survival properties of TCTP are
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not unconnected to its antagonistic action on P53. Whereas p53
promotes cell cycle arrest, DNA repair where repair is feasible
and apoptosis or senescence where otherwise (Figure 3), TCTP
promotes cell cycle progression whether or not the damage is re-

solved in favour of proliferation.

In oncological context, one way TCTP confers therapy
resistance on cancers is through its inhibitory activity on P53 via
the stabilization of the E3 ubiquitin Ligase (MDM?2) and p53 pro-
teasome-dependent degradation [80]. From these interactions,

it is reasonable to propose that the anti-p53 activity of TCTP

promotes DNA repair without recourse to the consequences of

repair defects arising from genetic alterations. This is also sup-
ported by the fact that TCTP promotes NHE] repair, which is
an error-prone pathway, through facilitation of K70/80 binding
to the DNA and activation of NHE] downstream signaling [44].
This kind of cellular behavioris famous in cancer cells prolifera-
tion and resistance to DNA damaging agents. This may explain
why TCTP has been consistently implicated in cancer progres-
sion and resistance to therapies [24,33]. As a result, combination
of TCTP inhibition with chemotherapy is a promising treatment
strategy targeting cancer cells. However, it is recommended that
investigations that are more detailed, be performed to unravel
how TCTP drives cellular recovery from DSBs overriding signal

contributions for cell cycle arrest, apoptosis andsenescence

Gy
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Cell cycle arrest
L ’
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4 DNA repair
I N

Senescence

Apoptosis

p53 plays a central role in DNA damage responses (DDRs), which could lead to cell cycle arrest, DNA repair, senescence or apoptosis
upon DNA damage induction. DNA damage activates sensor proteins such as ATM and ATR (1). Activated ATM then phosphor-
ylates CHK2 (2) that subsequently is responsible for phosphorylation of p53 (3). Similarity, activated ATR phosphorylates CHK1
(4) that is required for p53 phosphorylation (5). In addition, ATR can also directly phosphorylate p53 (6). P53 represses TCTP
transcription through its binding to the p53 responsive element that is present in the TCTP promoter (7). TCTP directly interacts
with MDM2 and stabilizes MDM2 (8), which results in increasing the MDM2-mediated ubiquitination of P53 and therefore p53
downregulation (9). P53 also promotes MDM?2 expression by binding to its promoter(10)

Figure 3: A scheme of P53 - TCTP pathway during DNA repair
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Implications for cancer progression and thera-
py resistance

TCTP is overexpressed in different cancer types such as
breast, ovarian, liver, lungs, skin, colon and prostate [29,30,33,81].
Studies have shown that overexpression of TCTP correlates well
with the tumor progression and resistance to therapies. For ex-
ample, our protracted works on TCTP and prostate cancer had
previously established a strong association between TCTP and
prostate cancer progression and resistance to both hormonal and
chemical drugs. Inhibition of TCTP using ASO-strategy resensi-
tized PC cells to docetaxel treatment [40].

In another experiment, TCTP protects A549 cells from
irradiation induced DNA damage while depletion of TCTP ex-
poses the cells to irradiation-induced cell death [65]. Similarly,
Oxaliplatin and 5-FU-induced DNA damage in colorectal cancer
cells resulted in a 4-fold increase in TCTP protein level and pro-
tection from the consequences of irradiation. Conversely, TCTP
knockdown sensitized HCT116 to 5-FU and Oxaliplatin-in-
duced cytotoxicity [61]. These findings indicate that TCTP is in-
dispensable in cancer progression, aggressiveness and resistance
to chemotherapies. However, no mechanism has been clearly
elucidated abintio, to underlie this indication. Here, we put for-
ward a hypothesis that TCTP involvement in DNA repair may
underlie the exacerbation and resistance properties observed in
these cancer types with proficient expression of TCTP. As partly
described above, while we support the notion that TCTP pro-
motes DNA repair notably through the NHE] pathway, this pro-
motion may only be to a limited extent capable to prevent apop-
tosis and drive proliferation in disease context. This proposal is
supported by the fact that, while DDR signals promote apoptosis
or DNA repair (depending on the nature of damage and micro en-
vironmental factors) upon cell cycle arrest [82], TCTP inhibits
apoptosis and promotes cell cycle progression and DNA repair
[27]. In other words, TCTP downplays the signals for effective
DNA repair, thereby promoting adaptive mutability in cancer.
This confers a more complex and aberrated genetic architecture
to cancers allowing them to evade cytotoxicity and engage in ac-
celerated proliferation. From this point of view, we can infer that
TCTP is a proliferation bias protein involved in driving cancer
progression and resistance to therapy through adaptive muta-
bility during DNA repair. We further describe below, an inter-
vention strategy that can complement the effect of therapeutic

agents in cancer treatment.

Combinational therapy

Inhibition of TCTP in combination with a DNA dam-
aging agent potentially provides a greatly promising interven-
tion strategy to combat TCTP-dependent cancer resistance. This
could be achieved by using TCTP inhibitors such as TCTP-target-
ing Antisense Oligonucleotides (ASOs), Sertraline, Thioridazine
(Figure 4) in parallel with or prior to the use of DNA poisons.
Alternatively, we propose the inhibition of TCTP expression in
combination with a DNA damaging agent combined in a single
nano formulation. These therapeutic combinatorial approaches
will synergistically combine the effects of gene inhibition and
cytotoxicity to achieve enhanced efficacy. To inhibit TCTP at the
mRNA level, we have previously developed a Lipid-conjugated
Antisense Oligonucleotide (LASO) therapy for targeting TCTP.
LASO is able to self-assemble into small particles, organized into
nanomicelles in an aqueous media offering a micellar core that
can encapsulate antitumor agents for enhanced efficacy (Figure
4). Inhibition of TCTP using Lipid-ASO (LASO) correlated well

with tumor sensitivity to cytotoxic drugs such as paclitaxel [41].

Similarly, studies have shown that micelles represent a
candidate vehicle for both carriage and solubilisation of antitu-
mor agents. In preclinical models of prostate cancer for example,
combination of docetaxel (antimitotic agent), rapamycin (mTOR
inhibitor) and 17-N- allylamino-17-demethoxygeldanamycin
(HSP90 inhibitor) in a single micellar system resulted in a more
efficient inhibition of tumor growth in vitro compared to their
individual efficacy and cytotoxic effects of the drugs were more

effective with micellar ~dependent delivery[83].

In this present study, TCTP is highlighted as a driver
of adaptive mutability through defective DNA damage repair
and blockage of apoptosis, thereby promoting replicative im-
mortality in cancer cells and resistance to therapy. Our pro-
posed chemogene conjugate (consisting of TCTP-gene inhibitor
and antitumor agents encapsulated by micelle) takes advantage
of its amphiphilic property and forms an attractive strategy for
synergising gene inhibition and cytotoxicity in a combinatorial
strategic cancer therapy. In addition, this approach will enhance
delivery of chemotherapeutics with decreased rate of non-specif-

ic cytotoxicity.
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Antisense Oligonucleotide (ASO) targeting TCTP (called TCTP-ASO) isassociated witha carrier (1), facilitating its cellular deliv-
ery. Alternatively, Lipid-modified TCTP ASO (TCTP-LASO) canbeself- assembled into nanomicelle (2) which can encapsulate
with a DNA damage poisoner (3) and go through the cell without delivery-aid (4). Inside the cell, ASO and LASO and encap-
sulated drugs can be released (5). ASO and LASO hybrid to the specific sequence of TCTP pre-mRNAs or mRNAs (6), leading
to downregulation of TCTP protein (7). In addition, other small molecules (such as Sertraline and Thioridazine) also can be
used to decrease TCTP protein level (8). These TCTP inhibitors (including TCTP-ASO and small molecules) can be used in
parallel with DNA damage caused therapies (Irradiation, chemo drugs). On the other hand, the encapsulated DNA damage

chemo-drugs released from the nanomicelles can induce DNA damages (9), which subsequently triggers DNA damage re-

sponses (DDRs) (10). TCTP downregulation interrupts DDRs (11), thereby blocking cell cycle arrest and DNA repair, promot-

ing Apoptosis/Senescence, leading to decrease in possibilitiesof mutagenesis/cancer progression and treatment resistances (12)

Figure 4: Strategies of combinatorial treatment with TCTP inhibitors and DNA poisoners

Concluding remarks

TCTP plays important role in DNA damage repair.
This study reveals different aspects of DNA repair mechanisms where
TCTP is involved. First, we discussed cellular mechanisms of DNA
damage repair in different contexts. We reviewed several reports
linking TCTP and DNA damage response. Based on the available
knowledge and scientific evidence,we provide a novel insight that
clearly elucidates the role of TCTP in DNA damage repair. We con-
clude that TCTP promotes DNA repair in a manner that down-
plays the effective repair mechanism in favours of proliferation
and cell cycle progression thereby facilitating adaptive mutability
leading to mutagenesis and therapy resistance in cancer. We then
propose a combinatorial therapeutic strategy that will harbour
TCTP-targeting ASO as TCTP inhibitor and DNA damaging
agent in a single nanoformulation to combat TCTP-driven thera-
py resistance. Further studies on underlying mechanisms for the
roles of TCTP in DDRs are recommended.
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