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Abstract

Tensins are structural adaptor proteins localized at focal adhesions. Tensins can act as
mechanosensors and participate in the transduction of biochemical signals from the extracellular
matrix to the cytoskeleton, acting as an interface able to alter cell behavior in responses to
changes in their surrounding environment.

This review aims to provide a concise summary of the main functions of the four known tensins
in cell and cancer biology, their homology and recently unveiled signaling mechanisms. We
focus specifically on how tensin 4 (TNS4/Cten) may contribute to cancer both as an oncogene
supporting metastasis and as tumour suppressor in different types of tissue. A better
understanding of the cancer mechanistics involving tensins may provide the rationale for
development of specific therapeutic strategies.

Introduction

Tensins were first identified in the 1980s as F-actin (filamentous actin) capping proteins
localised to focal adhesions. Later, tensins were considered not only as structural proteins, but
also as adaptor proteins linking F-actin to both the cytoskeleton and the extracellular matrix
(ECM) (Wilkins & Lin, 1986; Wilkins, Risinger & Lin, 1986; Bockholt & Burridge, 1993;
Chuang, Lin & Lin, 1995). The microenvironment can influence cell motility through the
mechanical properties of the extracellular matrix (such as density or stiffness) and through
growth factors embedded in the extracellular matrix. As adaptor proteins, tensins act as
mechanossensors and they can participate in the transduction of biochemical signals from the

- ECM to the cytoskeleton, hereby altering the behaviour of cells in response to changes in the
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extracellular matrix. This review aims to provide insight on the role of different tensins in the
development of cancer and, in particular, the recently unveiled mechanisms through which
tensins, specifically tensin 4 (Cten) contribute to cancer both as oncogenes (supporting
metastasis) and as tumour suppressors.

Survey methodology

In order to conduct our literature search we have used Pubmed, Google Scholar and Scopus as
search engines. The terms to search for relevant published articles included: Tensin 1, Tensin 2,
Tensin 3, Tensin 4, Tensins, Cten, Beta-catenin, EGFR. Doctoral thesis available in accessible
repositories were also considered for our literature review.

Homology and evolutionary biology of tensins

All tensins have in common the presence of the SH2 (Src homology 2) and PTB
(phosphotyrosine binding) domains. TNS2 has an additional C1 domain (protein kinase C
conserved region) at the N-terminus (Hafizi et al., 2010) and TNS4 lacks the actin-binding
domain (ABD) at its N-terminus which is present in the other tensins and which is duplicated in
TNSI1 (Figure 1A) (Lo, 2014). Whilst there is marked evolutionary sequence conservation
between all four tensins at the SH2 and PTB domains, homology at the N-terminus is limited to
tensins 1, 2 and 3 since TNS4 lacks the majority of this region (which contains the actin-binding
domain). TNS4 is only detected in mammals and may be a mammalian-specific gene. The other
Tensins are also expressed in mammals and TNS1 expression was further detected in nematodes,
zebrafish and hydrozoans (Lo et al., 1997; Chen et al., 2002, 2013a; Cui, Liao & Lo, 2004a).
Alignment of coding sequence shows that Tensins 1 and 3 are more closely related to each other
than to TNS2 whilst TNS4 is the most distant member (Figure 1B). Individual alignments of the
separate domains (SH2, PTB) reflect the same phylogenetic relationship between tensins,
suggesting these regions evolved at the same pace as the N-terminus region.
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Figure 1 - (A) Structure of members of the Tensin family. Tensin-1, Tensin-2 and Tensin-3 contain an ABD (actin
binding domain), SH2 (Src homology 2) domain and PTB (phosphotyrosine binding domain). Tensin-2 has a
conserved protein kinase C region 1 that is not present in other Tensins. TNS4 has a SH2 domain and PTB domain
but lacks the ABD. Among all Tensins, Nuclear localization signal (NLS) and Nuclear export signal (NES) was
identified in TNS4. (B) Molecular Phylogenetic analysis of tensins by Maximum Likelihood method.
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123  Tensins 1 — 3 are also close relatives of the tumour suppressor gene Phosphate tensin homolog
124  (PTEN) and they share homology in the N-terminal region C2 domains (responsible for

125 membrane targeting) and protein tyrosine phosphatase (PTP) domains(Haynie, 2014). Other
126  proteins sharing homology with the first N-terminal 150 aa of the tensins 1-3 are the cyclin-G
127  associated kinase (GAK) and Auxilin (Haynie, 2014), although these cannot be classified as
128  members of the tensin family. Although sharing domains with kinases and phosphatases, none of
129  the tensins have been reported to have any enzymatic activity. Our own data have shown that
130  they can be the targets of kinase activity but their biological activity is related to their role as
131  structural proteins (Akhlaqg, 2016). To underline the potential impact of structural homology,
132  there is a range of PTEN oncogenic mutations that mimic the structure of tensins and auxilins
133  such as mutations occurring at PTEN P-loops. These are permissive for its activity in vitro and
134  do not affect the enzyme catalytic activity (Rodriguez-Escudero et al., 2011).

135  The homology of TNS4 across mammalian species has been investigated and a phylogenetic tree
136  of the relationship between TNS4 in domestic mammals shows conservation across species

137  Figure 2. Similarly, the core promoter region of TNS4 was identified as a conserved 327 bp

138  fragment, although alternative TNS4 promoters may exist (Chen et al., 2013b). Within this

139  previously identified region, we have conducted a bioinformatics search and found other putative
140  binding sites for TCF4/LEF1 and C-myc which have yet to be proven experimentally (Raposo et
141 al., 2019 Submitted). TNS4 is expressed at high levels in the prostate and placenta in humans
142  and mice, but low levels of TNS4 can be detected in the lung, brain, skeletal muscle and kidney
143  (Chen et al., 2013a).

144
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Figure 2 - Molecular Phylogenetic analysis of tensin 4 in domestic mammals by Maximum Likelihood method.
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The subcellular localization of a protein is important for its biological function (Butler &

167  Overall, 2009). Like other tensin members, TNS4 mainly localizes to focal adhesion complex
168 (Lo, 2014), where it recruits and stabilizes several proteins and enhances cellular functions

169  (Table 1). However, TNS4 has been shown to present in the nucleus (Liao et al., 2009a; Albasri
170  etal., 2011a) suggesting that it may possess a nuclear localization signal (NLS). Hong et al. have
171 recently demonstrated that TNS4 contains a nuclear localization signal (NLS), a nuclear export
172  signal (NES) and two focal binding sites. Deletion of the NLS abolished TNS4 nuclear

173  localization. Moreover, transfecting a TNS4 construct lacking the NES expression led to

174  accumulation of TNS4 in the nucleus and induced HeLa cell proliferation (Hong et al., 2019b).
175  We ourselves have also searched for an NLS and we have discovered a putative NLS protein

176  motif common to tensins 1, 3 and 4 (KLFFRRHYP), but absent in TNS2 (Figure 3). The score of
177  the NLS region in TNS2 representing its likelihood to translocate into the nucleus was also lower
178  (5.4) than for the other tensins (between 6-8) with the highest scoring NLS being that of tensin4,
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indicating it is the most likely protein to have nuclear translocation. Even though nuclear
translocation of TNS1 and 3 and its effects has not been reported yet, it is very probable these
tensins, as in the case of TNS4, signal to the nucleus and shuttle between the nucleus and the

cytoplasm.
TNS1_NLS1-30 LF F'LN VTF cDL M TE- - -
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Figure 3 - Alignment of NLS regions in the four tensins and highlighted conserved amino acid residues.

Although the tensins are mainly structural proteins without any enzymatic domains, they play a
significant role in cell signalling as part of their role in regulating cell adhesion and cellular
interaction with the extracellular matrix. Interactions between the four different tensins and
epidermal growth factor receptor signalling have been reported. The most explored of these is
TNS4 and recently it has been shown that TNS4 is involved in the transduction of extra-celluar
signals for a wide variety of growth factors. These data place TNS4 at the heart of a nexus of
signalling pathways, the paradigm of which would be EGFR/KRAS/MAPK signalling (Albasri
et al., 2011a; Al-Ghamdi et al., 2013; Thorpe et al., 2015; Asiri et al., 2018b, 2019). In this
pathway, TNS4 has been shown to mediate its effect through the reduction of EGFR degradation
(Hong et al., 2013) by interacting with the phosphotyrosine residues of EGFR through its SH2
domain (Figure 4). This ability to bind to phosphotyrosines in EGFR is also present in both of
the SH2 and PTB domains of TNS2, but not those of TNS1 and 3. However, Tensins 1 — 3 are
able to interact with phosphotyrosine residues of ErbB2, whereas TNS4 is not (Jones et al.,
2006). The complexity of the relationships between the tensins is shown in untransformed breast
cells where activation of ErbB2 (a member of the EGFR family) results in a displacement of
TNS3 by TNS4 at focal adhesions (called the “tensin switch”) (Katz et al., 2007). The
mechanistic basis of this switch is not known but, in colorectal cancer, this switch is not seen and
our data shows that in fact levels of both TNS3 and TNS4 increase following EGF stimulation
(Thorpe et al., 2015) (Figure 5).
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In vitro assays of TNS4 function

TNS4 expression in Clinical samples

Normal Prostate

Cleaved during apoptosis(Lo, Lo & Lo, 2005).
Increases cell adhesion(Yang et al., 2016b).
Disturbs acinar formation(Wu & Liao, 2018).

TNS4 expression was higher in three out of four cases when compared to tumour
adjacent tissue (Lo & Lo, 2002b).

Normal human skin

Induces proliferation and possibly differentiation (Seo et al., 2017a).

Localized in basal layer keratinocytes. Downregulated in differentiated keratinocytes
(Seo et al., 2017a).

Normal mammary
gland, Breast

Induces cell migration (Katz et al., 2007).

TNS4 expression not detected (Albasri et al., 2011a).

Prostate cancer

No data reported.

Downregulated in three out of four cases when compared to normal adjacent tissue
(Lo & Lo, 2002b).
TNS4 protein expression correlated inversely with Gleason score(Li et al., 2010b).

Melanoma

No data reported.

TNS4 expression correlated positively with tumour thickness and associated with
poorer prognosis and response to treatment (Sjoestroem et al., 2013b).

Breast cancer

Overexpression of TNS4 (571-715) induces apoptosis whereas
overexpression of full length TNS4 did not (Lo, Lo & Lo, 2005).

High TNS4 expression associated with tumour size, grade, metastasis, upregulation
of EGFR and HER, and shorter cancer-specific and metastasis-free survival (Katz et
al., 2007).

Colorectal cancer

Induces the EMT, promotes cell invasion, migration (Albasri et al., 2009,
2011a; Liao et al., 2009b; Asiri et al., 2019) and cancer stemness (Liao et
al., 2009Db).

Overexpressed in early and late stage (Liao et al., 2009b).
High TNS4 expression associated with a poorer survival rate, metastasis, advanced
Duke’s stage(Albasri et al., 2011a).

HCC

Induces proliferation and migration (Chan et al., 2015).

Upregulated in 43% of HCC patient samples (Chan et al., 2015).
Association between TNS4 expression and patient outcomes was not reported (Chan
et al,, 2015).

Lung cancer

Induces cell proliferation (Muharram et al., 2014b), EMT, invasion
and migration (Bennett et al., 2015; Lu et al., 2018).

Significantly upregulated in stage I, lll and IV compared to adjacent normal tissue
(Sasaki et al., 2003a).
Upregulated in adenocarcinoma compared to normal lung (Misono et al., 2019).
High TNS4 expression associated with poorer disease-free and overall survival
(Misono et al., 2019).

Gastric cancer

Inhibits apoptosis, induces cell proliferation(Muharram et al.,
2014b), migration and invasion (Aratani et al., 2017a).

Upregulated in tumour tissues compared to adjacent normal mucosa. High TNS4
expression associated with poorer 5-year overall survival (Sawazaki et al., 2017).

Cervical cancer

Nuclear TNS4 induces cell proliferation (Hong et al., 2019a).

No data reported yet.

Esophagogastric
cancer

No data reported.

Upregulated in 34% of 104 primary tumour samples. TNS4 expression is associated
with lymphatic invasion, lymph node metastasis, and poorer overall and disease-free
survival (Aratani et al., 2017a).

Thymoma

No data reported.

TNS4 mRNA expression was significantly higher in stage IV when compared to stage
| (Sasaki et al., 2003c).

Pancreatic cancer

Induce cell migration (Al-Ghamdi et al., 2011a).

No data reported.

Table 1-Summary of the reported functions of TNS4 in vitro and associations between TNS4 expression in clinical samples and patient outcomes in various types
of cancer and normal tissue.
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224 Figure 5 - TNS3 and TNS4 upregulation following EGF stimulation in colorectal cancer.
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225 The role of Tensins in cancer

226 Tensin 1

227  Tensin 1 (TNS1) maps to chromosome 2q35 and encodes a 220kDa tyrosine-phosphorylated
228  protein that contains actin-binding and actin-capping domains. In common with the other tensins,
229 it has an SH2 domain and it has regions with homology to auxilin (a cyclin G associated kinase)
230 and to the PTEN tumour suppressor gene (Chen et al., 2002). Additionally, TNS1 has a C2

231  tensin-like domain, which together with SH2 and PTB domains, is responsible for binding to
232  DLCI1 and enhancing Rho-A activity (Shih et al., 2015). In human primary fibroblasts, TNS1 is
233  required for integrin trafficking to fibrillar adhesions and for fibronectin fibril assembly (Pankov
234  etal., 2000). The phosphotyrosine binding domain (PTB) of TNS1 binds to the NPxY motif in
235  the cytoplasmic tails of integrins B1A and B3. During the maturation of focal adhesions, tyrosine
236  phosphorylation of integrin is thought to act as a switch to promote the migration of tensin-

237  integrin complexes into the fibronectin-mediated fibrillar adhesions (McCleverty, Lin &

238  Liddington, 2007).

239  TNSI is not required during embryogenesis for the normal development of tissues and organs. In
240  adult mice TNSI is present in the kidney in the mesangial cells, tubular epthelium and parietal
241  epithelium of the glomerulus. It is necessary for physiological renal function and for the

242  production of extracellular matrix. TNS1-null mice develop multiple large cysts in the renal

243  proximal tubules (Lo et al., 1997; Yamashita et al., 2004).

244  TNSI functions partly through its interactions with Deleted in Liver Cancer (DLC) tumour

245  suppressor genes. DLC1 and DLC3 contain RhoGTPase-activating domains which bind to both
246  PTB and SH2 domains of TNS1 simultaneously (Qian et al., 2007). Through this interaction,
247  TNSI also enhances RhoA activity in a DLC1-dependent manner through a TNS1-DLC1-RhoA
248  signalling axis that regulates endothelial cell proliferation, migration and angiogenesis (Shih et
249  al., 2015) (Figure 6). In addition, the N-terminal domain of TNS1, associates with protein

250  phosphatase-1lalpha (PP1lalpha) resulting in reduced migration and invasion independently of
251  DLC-1 binding (Eto et al., 2007; Hall et al., 2009). Interestingly, phosphorylation of TNS1 by
252  p38 MAPK regulates the specificity of the SH2 domain for binding to different protein partners
253  such as DLC-1, p130Cas and FAK. Thus, TNS1 may provide an intersection point for many
254  signalling pathways including p38 MAP kinase, tyrosine kinases and RhoGTPases (Hall et al.,
255  2010).

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27990v1 | CC BY 4.0 Open Access | rec: 27 Sep 2019, publ: 27 Sep 2019




NOT PEER-REVIEWED

256

257 tproliferation

tmigration

258 tangiogenesis

259
260
261
262
263
264
265
266

267

268 Figure 6 - TNS1 interaction with DLC1 and effects on RhoA.

269  The multiplicity of TNSlactivities may be the reason why it has a complex role in cancer

270  development. In renal cancer, expression of all TNS1 seems to be downregulated suggesting a
271  role as tumour-suppressors (Martuszewska et al., 2009). Similarly, in breast cancer cell lines and
272  breast cancer xenografts in mice, TNS1 appears to have a tumour suppressor function albeit

273  through an interesting mechanism. TNS1 was found to harbour two 3’UTR binding sites for the
274  miRNA miR-548]j, which functions as a metastasis-promoting miRNA. Binding of miR-548j to
275  these sites appears to regulate promote breast cancer cell invasion and metastasis by down-

276  regulating TNS1 and activating Cdc42 (Zhan et al., 2016).In contrast to renal and breast cancer,
277  TNSI1 has been proposed as an oncogene in colorectal cancer (Burghel et al., 2013).

278  Overexpression of TNS1 has been detected in human biopsies of colorectal tumours and reported
279  to be associated with poor prognosis (Zhou et al., 2018).

280 Tensin 2

281  Tensin 2 (TNS2) was identified in the early 2000s as a result of a Blast search for sequences
282  sharing homology with TNS1. TNS2 is mostly conserved at the N-terminal and C-terminal

283  portions, presenting 60% - 70% sequence similarity with TNS1 (Chen et al., 2002). TNS2 has a
284  CI1 domain without homology to other tensins, containing a protein C kinase conserved.
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Transfection with a tensin2 construct containing this C1 domain or C1 and PTPase domains
appear to localize preferentially to the nucleus, suggesting this region has nuclear transport
functions (Hafizi et al., 2010).

Expression of TNS2 occurs in a variety of normal human tissues, and is found to be particularly
intense in heart, skeletal muscle, kidney and liver (Chen et al., 2002). The SH2 domain of TNS2
has also been reported to influence the phosphorylation of IRS-1 (insulin receptor substrate 1)
via binding to phosphatidylinositol-3,4,5-triphosphate, therefore contributing to the regulation of
insulin signalling pathways (Kim et al., 2018). (Hong et al., 2016). The SH2 domain of TNS2
also interacts with a short peptide sequence of DLC1 — (CSRLSIYDNVPG) independently of
tyrosine phosphorylation (Dai et al., 2011). Binding of TNS2 to DLC1 has been shown to occur
via interaction with endogenous caveolin-1, the major component of caveolae, lipid-rich
invaginations concentrating regulatory proteins of signal transduction and pathogenesis of
various cancers (Williams & Lisanti, 2005). This finding suggested the complex formed between
DLCI1 and TNS2 could interact with RhoGTPases to alter cytoskeleton organization (Yam et al.,
2006b).

By data-mining it has also been reported that in most cancers TNS2 is downregulated, and low
TNS2 levels are associated with a poor prognosis in breast and lung cancers, suggesting its role
as a tumour suppressor. Similarly to TNS1, the PTB domain of TNS2 interacts with DLCI to
suppress growth of hepatocellular carcinoma cells (Chen et al., 2012). In agreement with that,
downregulation of TNS2 causes upregulation of Akt, Mek, and IRS-1 activity, increasing
tumorigenicity in A549 and Hela cells (ref). However, The role of TNS2 in cancer is
complicated and controversial. For example, overexpression of a variant lacking the C1 region
(v3) induced cell migration, proliferation, colony formation and tumour growth in BEL7402
cells, whereas overexpression of a variant with the C1 region (v2) reduced colony formation in
HepG2 and BEL7402 liver cancer cell lines(Yam et al., 2006c,a). Since these variant (V2, V3)
exerts different functions in BEL7402 cells, it is highly possible that different regions of TNS2
exert different functions

Individual domains of TNS2 may be cleaved by caspases during apoptosis (Kook et al., 2003;
Lo, Lo & Lo, 2005) and as a result translocate to different subcellular localizations where they
will exert different functional aspects in terms of cell motility and survival (Hafizi et al., 2010).
Information on other mechanisms by which TNS2 exerts its tumour suppressor activity are still
sparse and require further investigation.

Tensin 3

Tensin 3 (TNS3) was discovered soon after TNS2 as a new member of the tensin family. TNS3
maps to chromosome 7p12.3 and its expression is ubiquitous in a variety of tissues, but
particularly in kidney, lung and placenta (Fagerberg et al., 2014). Similarly to other tensin
members, TNS3 localises to focal adhesions where it forms a complex with FAK and p130Cas.
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322  In breast cancer cell lines, stimulation with EGF induces tyrosine phosphorylation of TNS3
323  requiring both EGFR activation and Src kinase activity, but dissociates the complex formed at
324  the focal adhesion sites, enhancing the interaction with EGFR (Cui, Liao & Lo, 2004b).

325  Therefore, TNS3 is suggested to act as a platform for the disassembly of focal adhesion

326  complexes upon EGF stimulation

327  TNS3 has been shown to enhance the RhoGAP activity of DLC1 by converting it to an active
328  state (Cao et al., 2012), but under EGF stimulation the dynamics of interaction between DLCI,
329  TNS3, PTEN and PI3K are altered to produce a phosphorylation-mediated molecular switch that
330 controls the spatiotemporal activation of the small GTPases, Racl and RhoA. These changes
331  may initiate directional cell migration induced by growth factors (Cao et al., 2015). In contrast,
332  in breast cancer cell lines, activation of DLC (deleted in liver cancer) by TNS3 reduces the

333 anchorage-independent growth of transformed cells (Cao et al., 2012). In a TNS3 knockout

334  mouse model, inactive TNS3 resulted in slow growth and lethality in one third of the

335  homozygous mutants, due to reduced development of the intestine, lung and bone (Chiang et al.,
336  2005).

337  TNS3 appears to have a role as an oncogene or tumour suppressor depending on the context. In
338  human melanoma, lung and breast cancer cell lines, inhibition of TNS3 was found to

339 significantly reduce cell proliferation, anchorage-independent growth and cell migration (Qian et
340 al., 2009). Moreover, the same group demonstrated that TNS3 expression positively influences
341  the clonogenic activity by activated Src and that the SH2 domain of TNS3 acts as a substrate for
342  Src tyrosine kinase (Qian et al., 2009). In the mammary cancer cell line MDA-MB-468, TNS3
343  was found to have a role in adhesion, spreading and migration, as shown by TNS3 knockdown
344  which caused disruption of cell-attachment dynamics at focal adhesion sites (Ve et al., 2017).
345  This suggests a role for TNS3 in the initial steps of metastasis when loss of adhesion and the
346  EMT program starts. However, in renal cell carcinoma, high methylation levels at CpG islands
347  were associated with low TNS3 expression levels, but this could be reversed to high TNS3

348  expression by demethylation of cultured kidney cells, which suggests an epigenetic mechanism
349  for the regulation of TNS3 promoter and its possible role as a tumour suppressor gene in renal
350  cancer (Carter et al., 2013).

351  In glioblastoma, the RNA-binding protein musashi-1 (MSI-1) was found to bind to the 3’UTR of
352 TNS3 mRNA, to inhibit its translation and increase cell migration and promote changes in cell
353 viscoelasticity, regulated by RhoA-GTP. Moreover, high expression ratio of MSI1 to TNS3 was
354  associated to higher GBM xenograft migration and the authors also demonstrated a mutual

355  exclusion between MSI1 and TNS3 (Chen et al., 2017). This mechanism suggesting a tumour-
356  suppressor activity for TNS3 could however be particular to glioblastoma as conflicting findings
357  were reported in breast cancer (VeB et al., 2017).

358
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359 Tensin4

360 TNS4 (C-terminal tensin-like) or TNS4 (tensin4) is the most recently described member of the
361  tensin protein family, encoded by chromosome 17q21.2 and localized at focal adhesion sites. It
362  has homology with the other tensins in the SH2 (Src homology 2) and PTB (phosphotyrosine
363  binding) domains at its C-terminus (Lo & Lo, 2002a). In contrast to other tensins, TNS4 lacks an
364  actin binding domain, therefore its role in the dynamics of cell movement and adhesion may be
365  different to the other tensins.

366 At focal adhesion sites, TNS4, forms complexes with integrin31 independently of HGF

367  stimulation, TNS4 is able to stabilize and regulates the HGF receptor, Met, by reducing its

368 internalization and lysosomal trafficking (Muharram et al., 2014a). In addition, TNS4 can

369 interact with phosphorylated tyrosine residues through the SH2 domain (Lo, 2007), and thus it
370 can also stabilize and directly interact with phosphorylated Met to increase survival,

371  proliferation, and migration. Our group and others have reported that TNS4 is regulated by

372  numerous cytokines and growth factors. TNS4 is mainly regulated by the MEK-ERK and PI3K-
373  AKT pathways and is upregulated by EGF, FGF2, NGF, PDGF, HGF, TGF-f, IGF-1, IL-6, and
374  IL-13 in a time- and dose-dependent manner (Hung et al., 2014; Muharram et al., 2014b). These
375  growth factors are frequently and widely upregulated in cancer. The ability of FGF2, TFG-$1
376  and EGF to induce migration is mediated by TNS4 (Hong et al., 2013; Hung et al., 2014; Asiri et
377  al., 2018a). This indicates that TNS4 might be a promising potential therapeutic target for

378  treating cancers associated with upregulation of these growth factors.

379  Although positive regulation of TNS4 has been extensively reported, as described above, two
380  studies have reported negative regulation of TNS4. TNS4 was identified as a target of miR150-
381  3pin a genome-wide gene expression analysis of lung adenocarcinoma. MiR 150 exhibits tumour
382  suppressor activity in a variety of cancers (Koshizuka et al., 2017; Okato et al., 2017; Osako et
383 al., 2017). Overexpression of miR150-3p significantly reduced TNS4 mRNA and protein

384  expression (Sasaki et al., 2003a). Moreover, silencing of the well-characterized tumour

385  suppressor gene P53 resulted in upregulation of TNS4 in a variety of lung cancer cell lines,

386  suggesting that P53 represses TNS4 expression (Barta et al., 2019).

387  Activation of the Wnt pathway is central to the initiation and progression of CRC . Deregulation
388  of the Wnt signalling pathway and accumulation of Beta-catenin in the nucleus is often the result
389  of adenomatous poliposi coli (APC) mutations disturbing the beta-catenin destruction complex
390 (Novellasdemunt, Antas & Li, 2015) which is present in about 80% of sporadic colorectal

391  tumours (Fearnhead, Wilding & Bodmer, 2002). Our recent data on ApcMin/+ mice adenomas
392  shows TNS4 up-regulation, which we then demonstrate by overexpression or inhibition of Beta-
393 catenin, to be downstream of Wnt signalling (Raposo et al., 2019 submitted). Expression of

394  TNS4 in clinical samples is associated with advanced clinical stage. However, TNS4 mRNA is
395 also overexpressed in all CRC samples tested regardless of the stage, suggesting TNS4 may also
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396 play arole in tumour initiation and progression (Liao et al., 2009a; Albasri et al., 2011a).

397 Interestingly, TNS4 physically interacts with Beta-catenin in CRC cell lines. (Liao et al., 2009b).
398  We have identified an N-terminal region comprising 100 a.a. that, when deleted, abolishes the
399  co-immunoprecipitation with Beta-catenin. However, we have not detected any biological

400 function resulting of that interaction in HCT116. To determine if this interaction plays a role in
401  tumour initiation, we would have to test it in normal colorectal epithelial cells (Alfahed, 2019 in
402  preparation). A simulation of the 3D protein structure of TNS4 and its interaction domains with
403  Beta-catenin shows a long tail interacting with a grove in the armadillo structure of Beta-catenin
404  (Figure 7).

405
406
407
408
409

410

411

412 Figure 7 - Predicted interaction between the N-terminal part of TNS4 and a grove in the armadillo structure of Beta-
413  catenin.

414  The involvement of TNS4 in Beta-catenin signalling is apparent as TNS4 seems to regulate

415  expression of Snail and signal through TGF-8 regulating EMT in colorectal cancer cell lines

416  (Thorpe et al., 2017; Asiri et al., 2019), as does Beta-catenin in the nucleus by controlling the
417  transcription factor TCF1 to increase migration and reduce adhesion (Vincan & Barker, 2008).
418  Nuclear localization of TNS4 has been previously identified in metastasis of colorectal cancer
419  (Albasri et al., 2011a). Interestingly, upregulation of TNS4 was also identified in the molecular
420  signature defining the rounded cell phenotype within a HCT-8 population which resembles the
421  initiation of metastasis (Tang et al., 2014). Similarly, TNS4 has also been featured in a molecular
422  signature of cancer stem cells derived from human induced pluripotent stem cells conditioned by
423  the supernatant of cancer cell lines (Seno et al., 2016), which despite the artificiality of the

424  conditions created, points to a role for TNS4 in the events of neoplastic transformation.

425 A physical interaction between TNS4 and EGFR has not been yet demonstrated but, as

426  previously mentioned, TNS4 is upregulated by EGF stimulation (Figure 5) and stabilizes EGFR
427 by reducing its ligand-induced degradation (Katz et al., 2007; Hong et al., 2013; Chan et al.,

428  2015). Interestingly, EGFR was also identified in a search conducted on Biogrid as the only

429  molecule appearing in the interactomes of both TNS4 and Beta-catenin (Figure 5). It is therefore
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430  apossibility that TNS4 and Beta-catenin interact not only directly with each other but also as
431  mutual partners of EGFR (Figure 8).
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Figure 8 - Network of Beta-catenin and TNS4 interactors (thebiogrid.org). EGFR (circled in red) is a common
445 interactor for both proteins.

446  In the normal prostatic epithelium, induction of apoptosis results in cleavage of TNS4 at residue
447 570 by caspase-3. Transfection of the cleaved form (571-715 of TNS4) reduces the growth rate,
448  but not the proliferation of breast cancer cells, suggesting that this cleaved TNS4 fragment may
449  play arole in induction of apoptosis, possibly by diminished activity of the PTB domain (Lo, Lo
450 & Lo, 2005). In agreement with that finding, overexpression of TNS4 increased paclitaxel

451  sensitivity whereas downregulation of TNS4 decreased paclitaxel sensitivity in prostate cancer
452  cells (Li et al., 2010a). Cleavage of tensins and cytoskeleton disruption has also been observed
453  during yessotoxin-induced apoptosis (Korsnes et al., 2007), suggesting this is a common

454  mechanism across the tensin family.

455  In keeping with the other tensins, the role of TNS4 in cancer appears to be organ-dependent
456  (Table 1). It may function as a tumour suppressor gene in prostate cancer. A probably pathogenic
457  non-synonymous mutation T427C has been recently reported in prostate cancer which is thought
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458  to upregulate STATI1 and its nuclear translocation (Chen et al., 2018). Similarly, TNS4 is under
459  the control of ANp63 in normal prostate cells and expression of both TNS4 and ANp63 decreases
460  sequentially from normal prostate to primary prostatic tumours to metastatic lesions (Yang et al.,
461  2016c¢). Interestingly, mRNA expression levels of all tensins are downregulated in renal cancer,
462  compared to normal kidney tissue, implying its unusual role as a tumour suppressor gene in renal
463  cancer (Martuszewska et al., 2009).

464  In contrast to the prostate, TNS4 has been suggested as a putative oncogene due to its

465  overexpression in a vast range of cancer types: breast, colorectal, hepatocellular carcinoma,

466  melanoma, oesophagogastric adenocarcinoma, gastric, pancreatic, thymoma and lung cancer
467  (Sasaki et al., 2003b; Sakashita et al., 2008; Albasri et al., 2009, 2011a; Al-Ghamdi et al., 2011b;
468  Sjoestroem et al., 2013a; Chen et al., 2014; Aratani et al., 2017b; Sawazaki et al., 2017).

469  In CRC cell lines, TNS4 has been shown to induce EMT by repressing E-cadherin and to

470  significantly increase migration and invasion (Albasri et al., 2009). TNS4 also appears to

471  regulate ILK (integrin-linked kinase) expression and TNS4-induced cell motility depends in part
472  on ILK (Albasri et al., 2011a). The ILK-FAK axis is downstream of the Twist-Integrin beta 1
473  pathways that mediate EMT in human mammary epithelium and breast cancer cells (Yang et al.,
474  2016a), so it is possible that TNS4 functions as one of the intermediate effectors in EMT,

475  regulating the integrin response to extrinsic stimulants of EMT. Similarly, a study in non-small
476  cell lung cancer cell lines has shown that TNS4 overexpression determines TGF- increased
477  activity and conversely TNS4 knockdown reverses the effect of TGF-B stimulation in EMT

478  markers, migration and invasion assays (Lu et al., 2018). Our research group has recently

479  reported a role for TNS4 in mediating EMT induced by TGF- stimulation in colorectal cancer
480  cell lines. In the absence of TNS4, the effects of TGF-8 stimulation on inducing motility and
481 invasion were abrogated, but not its role on inducing proliferation (Asiri et al., 2019). TNS4 has
482  been shown to induce cell migration and invasion in CRC cell lines in vitro (Liao et al., 2009a;
483  Albasri et al., 2011a). To confirm this effect in vivo, TNS4 stably transfected cells and empty
484  vector control-transfected cells were injected into nude mice. While the number of spleen and
485  liver tumours were similar between groups, the cells stably expressing TNS4 formed larger

486  tumours compared to control cells. Moreover, the control group had longer overall survival

487  compared to the mice injected with TNS4 stably expressing cells (Albasri et al., 2011a).

488  The tensin switch described by Katz et al in a mammary cell line with TNS4 upregulation and
489  Tensin3 downregulation, could not be verified in CRC cell lines (Thorpe et al., 2015). Indeed,
490  activation of EGFR pathway through amplification of EGFR is unlikely in CRC. Yet, gain-of-
491  function mutations in KRAS/BRAF (EGFR downstream targets) are detected in 60% of CRC
492  tumours (Seth et al., 2009; Fadhil et al., 2010). However, TNS4 mRNA and protein are also
493  regulated by KRAS in CRC and pancreatic cancer cell lines. The ability of KRAS to induce
494  TNS4 expression was mediated by BRAF. Overexpression of TNS4 restored the reduction in
495  cancer cell migration caused by knockdown of KRAS. These data suggest that TNS4 mediates
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the cellular migration induced by KRAS mutations (Al-Ghamdi et al., 2011). TNS4 expression
was strongly induced by EGF in a variety of lung cancer cell lines; however, this process could
be prevented by inhibition of STAT3 (Bennett et al., 2015). An in-vivo study using a knock-in
Stat3C mouse model demonstrated increased migration, invasion and metastatic ability in
tumour-derived mammary cancer cell lines mediated by STAT3-dependent over-expression of
TNS4 (Pensa et al., 2012). Collectively, the evidence indicates that TNS4 is a common
downstream target of the EGFR pathway. EGFR can activate TNS4 via the STAT3 and RAS-
MAPK pathways. Moreover, activated KRAS—another downstream target of the EGFR
pathway—can upregulate TNS4 in CRC cell lines. These data suggest TNS4 is a promising
therapeutic target for tumours with high EGFR pathway activity.

In lung cancer cell lines (Muharram et al., 2014a). TNS4 was demonstrated to regulate
integrinB1 and Met levels, and also to be required for Met associated cell survival and
proliferation in vitro and in vivo (Muharram et al., 2014a). In keratinocytes, TNS4 was also
found to regulate cell proliferation via regulation of integrinf34 -FAK-ERK pathway (Seo et al.,
2017b). However in colorectal cancer cell lines, a positive effect of TNS4 overexpression over
cell proliferation was not observed (Albasri et al., 2009).

Several tensins, including TNS4, interact with cytoplasmic signalling molecules containing
phosphorylated tyrosine residues through the SH2 domain (Lo, 2007), such as Met (hepatocyte
growth factor receptor). TNS4 seems to stabilize and directly interact with phosphorylated Met
via its SH2-domain to increase survival, proliferation, and migration. Concomitantly, TNS4 and
Met immunoexpression correlates in colon and ovarian carcinomas (Muharram et al., 2014a).

Conclusions and future perspectives

With this literature review we have provided a summary of the main functions of tensins 1-4 in
cell and cancer biology, their homology and signalling mechanisms which may provide the
rationale for development of specific therapeutic strategies. In the case of TNS4, we have
highlighted its interactions with Beta-catenin and EGFR and discussed the relevance of its
regulation by Wnt signalling. Whilst the oncogenic function of TNS4 in colorectal cancer is yet
warranting in vivo demonstration, its involvement at the core of several signalling pathways
hints at a determinant role in signal transduction for induction of cell motility, invasion and
EMT. In Colorectal cancer in particular, TNS4 might be a valuable addition to sensitize cancer
cells to EGFR inhibition therapies in KRAS mutant patients (Kim et al., 2019), and therefore
development and research of new drugs targeting TNS4 is encouraged. Due to the growing body
of evidence suggesting TNS4 overexpression has prognostic value in a varied range of
malignancies (Sasaki et al., 2003a; Albasri et al., 2011b; Sjoestroem et al., 2013a; Lo, 2014;
Chen et al., 2014; Aratani et al., 2017b), it is expected that in a foreseeable future the first pre-
clinical trials targeting TNS4 will emerge.
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