UC Davis
UC Davis Previously Published Works

Title
Identification of subcellular targeting sequences of Cten reveals its role in cell proliferation

Permalink
https://escholarship.org/uc/item/9494x9ki

Journal
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 1866(3)

ISSN
0167-4889

Authors

Hong, Shiao-Ya
Shih, Yi-Ping
Lo, Abigail

Publication Date
2019-03-01

DOI
10.1016/j.bbamcr.2018.10.008

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/94g4x9kr
https://escholarship.org/uc/item/94g4x9kr#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript

-, HHS Public Access
«

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2020 March 01.

Published in final edited form as:
Biochim Biophys Acta Mol Cell Res. 2019 March ; 1866(3): 450-458. doi:10.1016/j.bbamcr.
2018.10.008.

Identification of subcellular targeting sequences of Cten reveals
its role in cell proliferation

Shiao-Ya Hong, Yi-Ping Shih, Abigail Lo, and Su Hao Lo"
Department of Biochemistry and Molecular Medicine, California-Davis, Sacramento, CA 95817,
USA.

Abstract

Spatial and temporal subcellular localization plays critical roles in regulating protein function.
Cten (C-terminal tensin like) is a member of the tensin family. Cten recruits signaling molecules,
such as DLC1, to focal adhesions, modulates homeostasis of receptor tyrosine kinases, including
EGFR and c-Met, and promotes cell migration. These functions are likely controlled by Cten
localization at focal adhesions and/or in the cytoplasm. In addition, Cten has been detected in the
nucleus by which mechanism is unknown. To this end, we have examined the distribution of Cten
in various cell lines, determined primary sequence requirements for its nuclear and focal adhesion
localizations, and analyzed potential roles of nuclear Cten. Our results show that a proportion of
Cten translocates to nuclei in cancer cell lines and that nuclear exporting of Cten is a CRM1-
dependent process. A nuclear localization sequence and a nuclear export sequence are identified
within Cten. In addition, like other tensins, Cten contains two independent focal adhesion binding
sites. Although further expression of recombinant Cten showed no effect on cancer cell
proliferation, silencing of Cten significantly reduced cell growth. Furthermore, expression of Cten
mutants either with defective nuclear export sequence or tagged with SV40 nuclear localization
sequence promoted cell growth. These results suggest that nuclear Cten contributes to cancer cell
proliferation. Our findings identify a molecular mechanism for regulating Cten protein trafficking
in mammalian cells and provide new insights into the dynamics of focal adhesion complexes in
health and disease.
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1. Introduction

Protein function and activity are highly regulated in cells. They are initially controlled by
their expression levels through transcriptional/translational regulation and then by their post-
translational modifications, such as phosphorylation, acetylation, glycosylation, or
ubiquitination. Their binding partners also dictate their functions and activities. In many
cases, accurate spatial and temporal compartmentalization of proteins in a cell adds another
layer of control. All these events need to be well regulated and balanced to maintain normal
cell homeostasis and function.

Cten (C-terminal tensin like) is a member of the tensin family that resides at focal adhesion
sites [1, 2], which are the transmembrane junctions between the extracellular matrix and the
actin cytoskeleton. Tensins interact with phosphotyrosine-containing proteins through their
SH2 (Src Homologous 2) domains and bind to Bintegrin tails via their PTB
(PhosphoTyrosine Binding) domains [1, 2]. Tensin-1 (TNS1) binds to actin filaments in
multiple ways [3] and links the actin cytoskeleton to integrin receptors at focal adhesions.
Tensin-2 (TNS2) and Tensin-3 (TNS3) share conserved N- and C-terminal regions with
TNS1 but their central regions are very divergent [4, 5]. On the other hand, Cten is a smaller
protein and only shares its C-terminal SH2 and PTB domains with other tensins [6]. The
expression pattern of Cten is also unique in that it is restricted in the normal prostate and
placenta [6]. Nonetheless, Cten is overexpressed in many types of cancer, including lung,
breast, colon, pancreas, and skin cancers [7]. As a member of the tensin family, Cten is
mainly localized to the cytoplasmic side of focal adhesion [6]. Cytoplasmic Cten binds and
recruits DLC1, a negative regulator of Rho GTPase, to the focal adhesion that is critical for
DLCZ1’s function [8, 9]. In addition, Cten prolongs signaling cascades mediated by receptor
tyrosine kinases. Up-regulated Cten directly binds to and stabilizes active c-Met [10]. It also
protects active EGFR from ubiquitination and degradation by binding to c-Cbl [11], the E3
ligase that is responsible for EGFR ubiquitination and degradation. Furthermore, up-
regulated Cten promotes cell migration in various cell types [11-17]. These functions of
Cten are likely operated at focal adhesions and/or in the cytoplasm.

Cten is unexpectedly detected in the nucleus of various cancer cell lines [18]. It binds to p-
catenin in the nucleus and contributes to the tumorigenicity of colon cancer cells [18]. It has
been suggested that higher nuclear Cten levels are associated with poor survival potential for
colon cancer patients [19]. However, the mechanism of nuclear localization of Cten is
largely unknown. Here, we have identified primary sequences required for Cten’s nuclear
targeting, nuclear exporting, as well as focal adhesion localization. By using Cten mutants
that constitutively target or retain Cten proteins in the nucleus, we further demonstrate that
nuclear Cten contributes to cell proliferation.

2. Materials and methods

2.1 Cell culture

All cell lines were obtained from ATCC. The cervical cancer HeLa cells, lung cancer A549
cells and colorectal cancer SW480 cells were maintained in Eagle’s Minimum Essential
Medium (MEM) or Dulbecco’s modified Eagle’s medium (DMEM) (GIBCO) containing
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10 % FBS (Sigma) and 1% penicillin/streptomycin. Cells were incubated in a humidified 5%
CO2 atmosphere at 37 °C.

2.2 Antibodies and reagents

Rabbit monoclonal anti-Cten (SP83) was purchased from Novus Biologicals. Mouse anti-
lamin A/C and mouse anti-a-tubulin were from Santa Cruz Biotechnology and Sigma,
respectively. Alexa Fluor 594 Phalloidin and secondary antibodies conjugated with Alexa
Fluor 488 were from Invitrogen. Leptomycin B (LMB) was from Sigma.

2.3 Subcellular fractionation

Cells grown in 60 mm-dishes were washed with cold PBS twice, and then swollen in 200 pl
of buffer A (10 mM HEPES/pH 7.9, 10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 0.15%
NP40, and proteinase and phosphatase inhibitors) for 10 min on ice. After centrifugation at
12,000g for 30s, the supernatant was collected as cytoplasmic fraction. The pellet was
washed with buffer A (without NP40) twice, and then resuspended in 60 pl of buffer B (20
mM HEPES/pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% NP40, and proteinase
and phosphatase inhibitors). After 15 min incubation on ice and centrifugation at 12,0009
for 10 min, the supernatant was collected as nuclear fraction. The cytoplasmic or nuclear
fraction were diluted in 200 pl of buffer B or 60 pl of buffer A. Protein concentrations were
determined using the Bio Rad protein assay and equal amounts of proteins from nuclear or
cytoplasmic fractions were analyzed by immunoblotting.

2.4 Plasmids and DNA transfection

2.5

All fragments of Cten with the £coRI and BamHlI cloning sites were amplified by PCR and
subcloned into pEGFP-C2 vector. The deleted fragments of Cten were constructed by fusion
PCR and the point mutations of Cten were generated by site-directed mutagenesis. All
constructs were confirmed by DNA sequencing. The plasmid DNA was transfected into cells
with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.

Immunofluorescence and confocal microscopy

For immunofluorescence microscopy, cells were grown on acid-treated coverslips, fixed
with 4% paraformaldehyde/PBS for 15 min, and permeabilized with 0.1 % Triton
X-100/PBS for 5 min. After blocking with 5 % goat serum, the coverslips were incubated
with primary antibodies overnight, followed by appropriate secondary antibodies conjugated
with Alexa Flour 488 and Alexa Fluor 594 Phalloidin for 30 min. The coverslips were
mounted on slides using DAPI-containing mounting solution (Vector Laboratories) and
observed using a Zeiss LSM 710 laser confocal microscopy.

2.6 Cell proliferation assay

Cells in 100 pL of growth medium were seeded in 96-well plates at a density of 2,000 cells
per well and cultured at 37°C with 5% CO». Following the culture for 24, 48, and 72h, 10
uL WST-1 solution (Roche) was added into each well and incubated for an additional 1 h
period at 37°C. Subsequently, the absorbance was determined with a microplate reader at
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450 nm. The experiments were performed in three separated repeats with duplicate samples
in each repeat.

3. Results

3.1 Ctenis a CRM1-dependent nucleocytoplasmic shuttling protein

3.2

Previously, we showed that Cten is not only a focal adhesion molecule but is also present in
the nucleus [18]. To further extend our understanding of the potential function and
mechanism of Cten nuclear localization, we first examined Cten distributions in various cell
lines by immunoblot analysis of equal amounts of nuclear and cytoplasmic fractions (figure
1A). The proportions of nuclear Cten were between 25% and 35%. The proportions were
further increased to 35% and 45%, respectively, when cells were treated with leptomycin B
(LMB), an inhibitor of the nuclear export receptor CRM1 (figure 1A). By
immunofluorescence staining, LMB treatment significantly enhanced the accumulation of
endogenous Cten in the nuclei (figure 1B&C), indicating that the nuclear export of Cten is a
CRML1 dependent process.

Identification of nuclear localization and export regions in Cten

To reveal the mechanisms regulating nucleocytoplasmic shuttling of Cten, we first searched
for potential nuclear localization sequence (NLS) and nuclear export sequence (NES) in
Cten using the cNLS Mapper prediction program (//nls-mapper.iab.keio.ac.jp). While Cten
contains no monopartite NLS, a Cten region (aa 636—668) was predicated as a bipartite NLS
(table 1). To demonstrate this NLS was functional, several Cten mutants fused with EGFP
were generated for subcellular localization studies (figure 2A). The results showed that (a)
EGFP-Cten (WT:1-715) proteins were mainly present in the cytoplasm and at focal
adhesions and weakly in the nuclei; (b) in the presence of LMB, like endogenous Cten,
EGFP-Cten proteins were markedly accumulated in the nuclei; (c) EGFP-Cten (1-570)
proteins were excluded from the nuclei; (d) EGFP-Cten (438-715) proteins were
predominantly in the nuclei; () EGFP-Cten (636-668) proteins were exclusively in the
nuclei; and (f) EGFP-Cten (636-668) was able to redirect the cytoplasmic protein -
galactosidase (~120 + 30 = 150kD) to the nuclei. With these findings, we further examined
the effect of 641RR to AA mutations within the NLS (636-668) on Cten subcellular
localization. The nuclear localization was significantly reduced in Cten641RR/AA,
especially with LMB treatment (figure 2B). The inefficiency of nuclear localization of
Cten641RR/AA mutant was further confirmed by fractionation and immunoblot analyses
(figure 2C). Altogether, we had identified a novel 33 aa NLS (636-668) in Cten.

Similarly, we had spotted and examined 6 potential NES within Cten (named cNES1-6)
(table 1). Initial testing of a series of Cten fragments fused with EGFP indicated that Cten
fragment 81-175 (containing cNES1-3) retained the nuclear export activity by showing
significantly weaker nuclear localization, which was enhanced by LMB treatment (figure
3A). By testing full length Cten mutants with cNES1-3(A49-153), cNES1-2(A100-118), or
cNES3(A139-153) deleted, we found only cNES3 deletion mutant still contained the export
activity (figure 3A), indicating that the export sequence resides within cNES1 and cNES2.
We further constructed and tested point mutations within cNES1-2, which were overlapped
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with 3 amino acids. Only ctNES1(5A) mutant significantly accumulated in the nuclei (figure
3B). These results indicated that the cNES1 (102-112) is the functional NES within Cten.

3.3 Cten contains two independent focal adhesion targeting sites

Since Cten only shares the C-terminal SH2 and PTB domains with other tensins and this
region contains one of the two focal adhesion targeting sites in other tensins, we initially
predicted Cten only has one focal adhesion binding (FAB) site. However, Cten’s SH2 and
PTB (438-715) fragments, which were very efficiently targeting to the nuclei, still co-
localized with vinculin at focal adhesions (figure 4A). The same fragment with a R474A
mutation (SH2 dead) completely abolishes the focal adhesion localization (figure 4A),
indicating that a functional SH2 domain is required for targeting to the focal adhesion, but
not to the nucleus. On the other hand, the full length Cten with R474A mutation still targets
to focal adhesions, suggesting the presence of a second FAB site outside the SH2 domain. In
fact, Cten 81-175 fragments were also detected at focal adhesion sites (figure 3A). Finally,
Cten harboring R474A mutation and aa 100-118 deletion completely lost the ability for
focal adhesion localization. These results demonstrate that Cten, like other tensins [20],
contains two independent focal adhesion binding sites (figure 4A). To assure all EGFP
fusion constructs used in this project express correctly in transfected cells, immunoblot
analysis was conducted and expected protein sizes were detected as shown in figure 4B.

3.4 Nuclear Cten promotes cell growth

To examine the role of nuclear Cten in cell growth, EGFP-Cten or EGFP-Cten cNES(5A)
(NES dead) constructs were transfected into HeLa cells. While overexpression of EGFP-
Cten showed no effect on cell growth (figure 5), EGFP-Cten cNES(5A) significantly
promoted cell growth on Day 2 and 3. On the other hand, silencing of Cten markedly
reduced cell growth (figure 5). To further examine whether nuclear localization is critical for
promoting cell growth, EGFP-Cten tagged with 3 copies of the SV40 NLS was generated
and tested. EGFP-Cten NLS-tagged proteins were highly concentrated within the nuclei
while some remained at focal adhesion sites (figure 2A). In agreement with the result using
EGFP-Cten ctNES(5A), expression of EGFP-Cten NLS-tagged also enhanced HeLa cell
proliferation (figure 5). These results suggest that nuclear Cten promoted cell proliferation.

4. Discussion

In this report, we have identified a nuclear export sequence, a nuclear localization sequence,
and two focal adhesion targeting regions within Cten (figure 6). We also showed that nuclear
export of Cten is a CRM1 dependent process. Together with previous findings, we have a
better understanding of cten’s functions related to its subcellular localizations (figure 6).
Several growth factors and cytokines are known to up-regulate Cten protein levels [17] and
Cten may (1) translocate to the nucleus and enhance cell proliferation, (2) localize to
membrane and stabilize active EGFR and c-Met [10, 11], as well as (3) target to focal
adhesions and promote cell migration/invasion. Although we have defined the primary
sequences that are required for Cten’s subcellular localization, we do not know what factors
determine the nuclear localization of Cten. Since nuclear ratios appear to be higher in Cten
positive cancer cell lines and nuclear Cten promotes cell proliferation, whether certain
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cancer associated proteins, such as growth factors and receptor tyrosine kinases, could
promote Cten nuclear localization is currently under investigation.

Regulating cell proliferation appears to be one of Cten’s functions, since silencing of Cten
reduces cell growth (figure 5). However, overexpression of Cten does not further promote
cell proliferation in our studies as well as other reports [11, 14, 21], except in one study
showing that overexpression of Cten promotes keratinocyte proliferation via FAK and ERK
[22]. 1t is presumably due to its low efficiency of nuclear accumulation and/or the effect is
saturated by endogenous Cten expressed in cancer cell lines. Nonetheless, expression of
Cten mutants either trapped or forced to be in the nuclei further enhance cell growth,
strongly suggesting that it requires nuclear localization of Cten for the function.

How nuclear Cten promotes cell proliferation is currently unclear. One possibility is that
Cten may associate with transcriptional complexes and either stabilize the complexes or
enhance transcription activities that lead to proliferation. A known nuclear Cten binding
partner is p-catenin [18], which is a co-activator of TCF transcription factor. We are
currently taking a proteomics approach by identifying molecules associated with nuclear
Cten to further understand the mechanism of promoting proliferation and other potential
functions in the nucleus.

Earlier we showed that Cten binds to DLC1, a tumor suppressor targeting to focal adhesions,
through its SH2 domain [8]. However, a functional SH2 is also required for Cten’s focal
adhesion localization. How can one SH2 domain simultaneously target Cten itself to focal
adhesions and bind DLC1? The identification of an additional focal adhesion binding region
solves the puzzle, i.e. the SH2 binds to DLC1 while the N-terminal FAB interacts with focal
adhesions.

The identification of the focal adhesion, nuclear localization and export sequences in this
study has paved the way for further dissecting the physiological as well as pathological roles
of subcellular Cten localizations.
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Highlight
Cten shuttles between focal adhesion and nucleus.

Cten contains one nuclear localization sequence, one nuclear export sequence, and two
focal adhesion binding regions.

Nuclear Cten promotes cancer cell proliferation.
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Figure 1. Cten is a CRM-1-dependent nucleocytoplasmic shuttling protein.
(A) Lung cancer cells A549, colorectal cancer SW480 cells, and cervical cancer HelLa cells

were untreated or treated with 20 ng/mL of LMB for 6h or 24h. Nuclear and cytoplasmic
fractions were prepared as description in Materials and Methods. Equal amounts of nuclear
and cytoplasmic fractions (10 ug) were analyzed by immunoblotting with anti-Cten, anti-
lamin A/C, or anti-a-tubulin antibodies. Right: The proportions of nuclear and cytoplasmic
Cten measured by immunoblotting after subcellular fractionation in cells treated with LMB
for Oh or 6h. HeLa (B) or A549 (C) cells treated with or without 20 ng/mL LMB for 6h were
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then fixed, permeabilized, and stained for DNA using DAPI (blue), for F-actin using Alexa
Fluor 594 Phalloidin (red), and for Cten using a rabbit anti-Cten antibody followed by
Alexa-488-coupled anti-rabbit 1gG (green). Images were obtained by confocal laser
scanning microscopy. Scale bars, 50 um.
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Figure 2. Identification of nuclear localization sequence in Cten.
(A) Top: Schematic representation of EGFP-Cten constructs used to identify Cten’s nuclear

localization sequence. The predicted NLS sequence located in the fragment 636 to 668 was
shown. Bottom: HelL a cells transiently transfected with indicated constructs were fixed and
visualized by confocal laser microscopy. Scale bar, 50 um. Arrows indicate focal adhesion
sites. (B) Overhead 3D reconstruction of confocal Z-stack images demonstrating the nuclear
localization of Cten. HeLa cells were transiently transfected with EGFP-Cten or EGFP-
Cten641RR/AA and then treated with or without 20 ng/mL LMB for 6 hours. The 3D
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Confocal immunofluorescence images in HelLa cells were obtained from a stack of 5-6
consecutive images (interval thickness=1 pum) centered on the middle of the nucleus. (C)
HeL a cells transiently transfected with EGFP-Cten or EGFP-Cten641RR/AA were treated
with or without 20 ng/mL LMB for 6 hours. Left: Equal amounts of nuclear and cytoplasmic
fractions (2.5ug) were analyzed by immunoblotting using antibodies against Cten, lamin
AJC, or a-tubulin. Right: Quantification of band intensities from nuclear and cytoplasmic
fractions of endogenous or exogenous Cten measured by Cten immunoblotting.
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Figure 3. Identification of nuclear export sequence in Cten.
(A) Top: Schematic representation of EGFP-Cten constructs used to identify Cten nuclear

export sequence. The predicted NES sequences, cNES 1-3 in fragment 81-175, cNES 4 in
fragment 248-327, cNES 5 in fragment 327-438, and cNES 6 in fragment 498-570, were
shown. Bottom: HelL a cells transiently transfected with indicated constructs were fixed and
visualized by confocal laser microscopy. Scale bar, 50 um. Cells treated with 20 ng/mL of
LMB for 6 hours were also shown here in EGFP-Cten:81-175 expressing cells. (B)
Mutations changing to alanines within cNES1 and cNES2 are indicated in the schematic
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diagrams. HeLa cells transfected with indicated EGFP-Cten mutants were fixed and imaged.
Scale bar, 50 pm.

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hong et al.

Page 16

EGFP-Cten: RAT4A ALOO-T18
B R
[}
B L8 © ESae NN W & = B
o % i - gw Vi v ow» N -5 - o
G 8@ S RESEE2E 4duyuy et FR
w m 3E &8 8 A<9xS 5SS % IG: l‘": m % :'@
m = L : :
\ w 2R BCR Moo oe - - I T -
o I R 8 10 s a FRR———T 1
58 2 33 538 88 w- 100~ = -
We 0 o & m = < = =
75 = 75—
150 -—
100 — e
757 50— 50—
50 —| - 37—
e - a
37— - - kD
kD L 25—
GADPH‘ ---_----{ T —— - —— e d

Figure 4. Identification of two focal adhesion binding regions within Cten.
(A) HeLa cells transfected with indicated EGFP-Cten constructs were fixed and co-stained

with vinculin (red) and DAPI (blue). Scale bar, 20 um. Arrows show focal adhesion sites.
(B) HeLa cells transfected with indicated EGFP-Cten constructs were immunoblotted with
antibodies against EGFP or GAPDH.
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Figure 5. Nuclear Cten promotes cell proliferation.
HelLa cells transfected with EGFP-Cten, EGFP-Cten:cNES1(5A) (aka NES dead) mutant, or

EGFP-Cten NLS-tagged (fused with SV40 NLS sequence) or indicated siRNAs for 1 to 3
days were analyzed for cell growth by WST1 assays (A) or for protein expressions by
immunoblotting with antibodies against Cten, EGFP, or GAPDH (B). * shows p<0.001.
Arrows indicate endogenous Cten.
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Figure 6. A schematic diagram summarizing cten’s functions related to its subcellular
localizations.

Several growth factors and cytokines are known to induce Cten expression. Two focal
adhesion binding (FAB) regions, one NES and one NLS sites are identified in Cten. These
sites allow Cten travel to focal adhesions as well as in-and-out of the nucleus. Cten in the
nucleus appears to promote cell proliferation whereas at focal adhesions to up-regulate cell
migration/invasion. Meanwhile, Cten stabilizes active EGFR and c-Met on the plasma
membrane.
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Table 1.
Potential NLS and NESs predicted in Cten.

Page 19

NLS sequences are rich in arginine and lysine, while NESs consist of four hydrophobic amino acid residues
with a defined space spanning among them. By using the cNLS Mapper protein sequence analysis program, a
potential NLS and six candidate NESs (CNESs) were identified in Cten. Critical residues for NLS and cNESs

are indicated

in bold.

Signal

Sequence

Cten potential NLS ~ 83RKVFFRRHYPLTTLRFCGMDPEQRKWQKYCKPS868
Cten candidate NES

cNES1
CcNES2
cNES3
cNES4
cNES5
cNES6

NES consensus

102FS| ESLNQMILELM?
110 E| DPTFQLM®

US| DIKYIEVS

S HSLGSVSL?
IMVDIPIVLIS
S“MALALPCKLTIS

CDX(l,s) CDX(2,3) CDX(l,z)CD
(@: L, I, VorFand X: any amino acid)
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