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C. elegans Tensin Promotes Axon Regeneration by Linking
the Met-like SVH-2 and Integrin Signaling Pathways

Naoki Hisamoto,* Tatsuhiro Shimizu,* Kazuma Asai,* Yoshiki Sakai, ©“Strahil I. Pastuhov, Hiroshi Hanafusa,
and Kunihiro Matsumoto

Division of Biological Science, Graduate school of Science, Nagoya University, Chikusa-ku, Nagoya 464-8602, Japan

Axon regeneration is a conserved mechanism induced by axon injury that initiates a neuronal response leading to regrowth of the axon.
In Caenorhabditis elegans, the initiation of axon regeneration is regulated by the JNK MAP kinase (MAPK) pathway. We have previously
identified anumber of genes affecting the JNK pathway using an RNAi-based screen. Analysis of these genes, called the svh genes, has shed
new light on the regulation of axon regeneration, revealing the involvement of a signaling cascade consisting of a growth factor SVH-1and
its receptor, the tyrosine kinase SVH-2. Here, we characterize the svh-6/tns-1 gene, which is a homolog of mammalian tensin, and show
that it is a positive regulator of axon regeneration in motor neurons. We demonstrate that TNS-1 interacts with tyrosine-
autophosphorylated SVH-2 and the integrin 3 subunit PAT-3 via its SH2 and PTB domains, respectively, to promote axon regeneration.

These results suggest that TNS-1 acts as an adaptor to link the SVH-2 and integrin signaling pathways.
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integrin signaling pathways.

The Caenorhabditis elegans JNK MAPK pathway regulates the initiation of axon regeneration. Previously, we showed that a
signaling cascade consisting of the HGF-like growth factor SVH-1 and its Met-like receptor tyrosine kinase SVH-2 promotes axon
regeneration through activation of the JNK pathway. In this study, we show that the C. elegans tensin, TNS-1, is required for
efficient regeneration after axon injury. Phosphorylation of SVH-2 on tyrosine mediates its interaction with the SH2 domain of
TNS-1 to positively regulate axon regeneration. Furthermore, TNS-1 interacts via its PTB domain with the integrin 8 subunit
PAT-3. These results suggest that TNS-1 plays a critical role in the regulation of axon regeneration by linking the SVH-2 and
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Introduction

Axon regeneration is necessary to restore the nervous system
following axon injury, and its success is governed by an interac-
tion between the local extracellular environment and the neu-
ron’s intrinsic growth capacity (Rossi et al., 2007). Most
invertebrate neurons and mammalian peripheral neurons are
able to regenerate, whereas neurons of the mammalian CNS have
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a limited ability (Case and Tessier-Lavigne, 2005). Successful re-
generation depends primarily on neuron-intrinsic regeneration
signals, thus these signaling processes are potential targets for
regeneration therapies. However, our understanding of these in-
trinsic signaling pathways is incomplete.

Caenorhabditis elegans is a powerful model system to investi-
gate the mechanisms of axon regeneration following injury
(Yanik et al., 2004; Chisholm et al., 2016). Genetic studies in C.
elegans have identified a large number of pathways specifically
involved in adult axon regeneration (Chen et al., 2011; Nix et al.,
2014). It has recently been shown that the C. elegans JNK MAP
kinase (MAPK) pathway, consisting of MLK-1 MAPKKK,
MEK-1 MAPKK, and KGB-1 JNK, plays a critical role in the
initiation of axon regeneration (Nix et al., 2011). The JNK path-
way is negatively regulated by VHP-1, a member of the MAPK
phosphatase (MKP) family (Camps et al., 2000), which dephos-
phorylates and thereby inactivates KGB-1 (Mizuno et al., 2004).
The vhp-1-null mutation causes developmental arrest at an early
larval stage because of hyperactivation of the JNK pathway, and
this phenotype is suppressed by mutations in mlk-1, mek-1 or
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Isolation of svh-6 RNAI. The vhp-T mutation causes larval arrest because of hyperactivation of the KGB-1JNK cascade. Downregulation by RNAi of any of the components in the JNK

pathway such as a factor that positively regulates the JNK signaling is able to suppress the vhp-T1 lethality. Photographs of worms are from previous results (Mizuno et al., 2004). Scale bar, 100 um.
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The tns-7 gene encodes a homolog of Tensin. 4, SVH-1-SVH-2 pathway required for axon regeneration in C. elegans. Activation of SVH-2 receptor tyrosine kinase by SVH-1 growth factor

activates the JNK pathway. The EMB-9 collagen—DDR-2 pathway modulates the SVH-1-SVH-2 pathway. B, Structures of the tns-7 and tns-1s genes. Boxes indicate exons and lines indicate introns
and promoters. The regions deleted in the 0k80 and 0k587 alleles are indicated by black bars. C, Structure of TNS-1 protein. Schematic diagrams of TNS-1, a short form of TNS-1 (TNS-1S) and human
Tensin-3 are shown. The domains shown are the NH,-terminal (blue), SH2 (yellow), and PTB (red) domains. The regions deleted by the 0k80 and 0k581 alleles are indicated by black bars. Identity

(%) in each domain is shown.

kgb-1 (Fig. 1; Mizuno et al., 2004). We previously identified a
number of additional genes functioning in the JNK pathway via a
genome-wide RNAi screen for suppressors of vhp-1 lethality (svh
genes; Fig. 1; Lietal., 2012; Hisamoto et al., 2018). The svh-1 gene
encodes a growth factor-like protein homologous to mammalian
HGF. svh-2 encodes a homolog of the mammalian Met, a recep-
tor for HGF. SVH-2 is a receptor tyrosine kinase (RTK) that
activates the JNK pathway via tyrosine phosphorylation of the
MAPKKK MLK-1 (Li et al., 2012). Thus, the SVH-1-SVH-2 sig-
naling cascade promotes axon regeneration through activation of
the JNK pathway (Fig. 2A). The svh-4 gene is identical to ddr-2
and encodes a RTK homologous to the mammalian discoidin
domain receptor (DDR), which is activated by collagen

(Hisamoto et al., 2016). SVH-4/DDR-2 also modulates the SVH-
1-SVH-2-JNK pathway (Fig. 2A). These results suggest that two
different RTK networks coordinately regulate axonal regenera-
tion in C. elegans.

The svh-6/tns-1 gene encodes a homolog of mammalian tensin.
In this study, we show that TNS-1 regulates axon regeneration by
interacting with SVH-2 in a manner dependent on tyrosine-
autophosphorylation of SVH-2. This interaction occurs via the
TNS-1 SH2 domain, which is essential for axon regeneration. Fur-
thermore, TNS-1 interacts via its PTB domain with the integrin 3
subunit PAT-3 to positively regulate axon regeneration. These re-
sults suggest that TNS-1 plays a positive role in axon regeneration by
linking the SVH-2 and integrin signaling pathways.
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Table 1. Strains used in this study

Strain Genotype

KU501 juls76 1l

KU503 juls76 Il; svh-2(tm737) X

KU504 Jjuls76 Il; mlk-1(km19) V

KU1240 tns-1(0k581) I; juls76 Il

KU1241 tns-1(0k80) I; juls76 Il

Ku1242 tns-1(0k80) I; juls76 Il; mik-1(km19) V

KU1243 tns-1(0k80) I; juls76 Il; kmEx1243 [Punc-25::tns-1]

KU1244 tns-1(0k80) I; juls76 Il; kmEx1244 [Punc-25::tns-1AN]

KU1245 tns-1(0k80) I; juls76 Il; kmEx1245 [Punc-25::tns-1(R1071K)]

KU1246 tns-1(0k80) I; juls76 Il; kmEx1246 [Punc-25::tns-1APTB]

KU1247 Jjuls76 Il; mlk-1(km19) V; kmEx1243 [Punc-25::tns-1]

KU1248 tns-1(0k80) I; juls76 Il; kmEx507 [Pmik-1::mlk-1]

KU1249 tns-1(0k80) I; juls76 Il; kmEx1206 [Punc-25::svh-2]

KU1250 tns-1(0k80) I; juls76 Il; kmEx1202 [Punc-25::ddr-2]

KU1251 wpls36 [; kmEx1251 [Ptns-1::nls::venus]

KU1252 tns-1(0k80) I; juls76 Il; kmEx1252 [Pmec-7::tns-1]

KU1253 tns-1(0k80) I; juls76 Il; kmEx1253 [Punc-25::tns-1s] (line 1)

KU1254 Jjuls76 Il; kmEx1243 [Punc-25::tns-1]

KU1256 tns-1(0k80) I; juls76 Il; kmEx1256 [Punc-25::hTensin-3] (line 1)

KU1257 tns-1(0k80) I; juls76 Il; svh-2(tm737) X

KU1258 juls76 Il; svh-2(tm737) X; kmEx1243 [Punc-25::tns-1]

KU1259 tns-1(0k80) I; juls76 Il; kmEx468 [Punc-25::max-2]

KU1260 kmEx1260 [Phsp::svh-2::gfp]

KU1261 tns-1(0k80) I; kmEx1260 [Phsp::svh-2::gfp]

KU1262 wpls36 I; kmEx1262 [Punc-25::tns-1::gfp]

KU1263 tns-1(ok581) I; juls76 Il; ddr-2(ok574) X

KU1264 tns-1(0k581) I; juls76 max-2(nv162) Il

KU1265 juls76 II; pat-3(gk804163) lll

Ku1266 juls76 11; pat-3(gk804163) IIl: kmEx1253 [Punc-25::pat-3]

KU1267 tns-1(0k80) I; juls76 Il; kmEx1253 [Punc-25::tns-T1s] (line 2)

KU1268 tns-1(0k80) I; juls76 Il; kmEx1256 [Punc-25::hTensin-3] (line 2)

KU1269 juls76 Il; maEx247 [Ppat-3::mcherry::H2B::pat-3 3" UTR +
Ppat-3::GFP::H2B::pat-3 mutated 3' UTR]

Materials and Methods

C. elegans strains. The C. elegans strains used in this study are listed in
Table 1. The pat-3(gk804163) mutant was made by outcrossing VC40772
strain (generated by the million mutation project: Thomson et al., 2013)
twice with the juls76 strain and the mutation was verified by DNA se-
quencing. All strains were maintained on nematode growth medium
(NGM) plates and fed with bacteria of the OP50 strain, as described
previously (Brenner, 1974). For heat-shock treatment, worms on the
NGM dishes were incubated at 37°C for 30 min and then incubated at
20°C for 4 h.

Isolation of tns-1 and tns-1s cDNAs. The tns-1 cDNA was amplified by
PCR from the pACT C. elegans cDNA library (Sakamoto et al., 2005)
using oligonucleotides no. 1: 5'-ACTAGTAATGAAGGATCGAAAAG
AAGGTGTACAGGTG-3" and No.2: 5'-CTCGAGCTTCTTATGACC
GATTCTTCTGTGCC-3". The tns-1s cDNA was also isolated by using
oligonucleotides no. 2 and no. 3: 5-CCTCTACGTCCTCTTTGA
TTCCATCTTGTATTCCAGATATTTTGT-3'. Both cDNAs were cloned
into pCR2.1 TOPO vector (Invitrogen) and verified by sequencing.

Plasmids. The Ptns-1::nls::venus plasmid was made by amplifying ~1.5
kb of the tns-1 promoter from the N2 genomic DNA by PCR and insert-
ing it into the pPDnlsVenus vector (Li et al., 2012). Punc-25::tns-1 and
Pmec-7::tns-1 were generated by inserting the tns-1 ¢cDNA into the
pSC325 and pPD52.102 vectors, respectively. Punc-25::tns-1s was gener-
ated by inserting the tns-1s cDNA into the pSC325 vector. Punc-25::tns-
IAN, Punc-25::tns-1(R1071K), and Punc-25::tns-1APTB were generated
by oligonucleotide-directed PCR using Punc-25::tns-1 as a template and
were verified by DNA sequencing. Punc-25:: hTensin-3 was generated by
inserting the human Tensin-3 cDNA (item #105299, Addgene) into the
pSC325 vector. Punc-25:pat-3 was generated by inserting the pat-3
c¢DNA, which was amplified from the pACT C.elegans cDNA library
(Sakamoto et al., 2005) by PCR, into the pSC325 vector, which was
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verified by DNA sequencing. To construct the Phsp::svh-2::¢fp plasmid, a
modified svh-2 cDNA that deletes the termination codon was generated
by PCR and inserted into the pPD49.78 vector together with the gfp gene
from the pPD95.75 vector. Punc-25::tns-1::¢fp was generated by inserting
a modified tns-1 cDNA lacking the termination codon into the pSC325
vector together with the gfp gene. The T7-TNS-1, T7-TNS-1AN, T7-
TNS-1AN(R1071K), and T7-TNS-1AN(APTB) plasmids were con-
structed by inserting the tns-1, tns-IAN, tns-IAN(RI071K), and
tns-1AN(APTB) cDNAs into the pPCMVT?7 vector, respectively (Kawa-
sakietal., 1999). To construct GFP-PAT-3-ICD, a 150 bp DNA fragment
encoding the COOH-terminal 49 aa of PAT-3 (corresponding to 761—
809 aa) was synthesized and subcloned into the pEGFP-CI1 vector (Clon-
tech). The pFLAG-Tpr-SVH-2C, pFLAG-Tpr-SVH-2C(Y890F), pFLAG-
Tpr-DDR-2C, Pmyo-2::DsRed monomer, and Punc-25::max-2 plasmids
were described previously (Lietal., 2012; Hisamoto etal., 2016; Pastuhov
etal., 2016).

Transgenic animals. Transgenic animals were generated according to a
basic injection method (Mello et al., 1991). The Punc-25::tns-1 (25 ng/
wul), Punc-25::tns-1AN (25 ng/pl), Punc-25::tns-1(R1071K) (25 ng/ul),
Punc-25::tns-1APTB (25 ng/pl), Ptns-1:nls::venus (25 ng/ul), Pmec-7:
tns-1 (25 ng/ul), Punc-25::tns-1s (25 ng/ ul), Punc-25::hTensin-3 (25 ng/
wul), Punc-25::pat-3 (50 ng/ul), Phsp::svh-2::gfp (45 ng/ul), Punc-25::tns-
I:gfp (50 ng/ul), and Pmyo-2::DsRed monomer (25 ng/ul) plasmids
were used in kmEx1243 (Punc-25::tns-1 + Pmyo-2::DsRed monomer),
kmEx1244 (Punc-25::tns-1AN + Pmyo-2::DsRed monomer), kmEx1245
(Punc-25:tns-1(R1071K) + Pmyo-2::DsRed monomer), kmEx1246
(Punc-25::tns-1APTB + Pmyo-2::DsRed monomer), kmEx1251 (Ptns-1::
nis::venus + Pmyo-2::DsRed monomer), kmEx1252 (Pmec-7::tns-1 +
Pmyo-2::DsRed monomer), kmEx1253/kmEx1267 (Punc-25::tns-1s +
Pmyo-2::DsRed monomer), kmEx1256/kmEx1268 (Punc-25::hTensin-
3 + Pmyo-2::DsRed monomer), kmEx1266 (Punc-25::pat-3 + Pmyo-2::
DsRed monomer), kmEx1262 (Punc-25:tns-1:¢fp + Pmyo-2::DsRed
monomer), and kmExI1260 (Phsp::svh-2:¢fp + Pmyo-2::DsRed mono-
mer), respectively. The wpls36 (Punc-47::mcherry), maEx247 (Ppat-3::
mcherry::H2B::pat-3 3' UTR + Ppat-3::gfp::H2B::pat-3 mutated 3' UTR),
kmEx468 (Punc-25::max-2), kmEx507 (Pmlk-1::mlk-1), kmExI1206
(Punc-25::svh-2), and kmEx1202 (Punc-25::ddr-2) transgenes were de-
scribed previously (Li et al., 2012; Burke et al., 2015; Hisamoto et al.,
2016; Pastuhov et al., 2016; Shimizu et al., 2018).

Microscopy and laser ablation. Laser microsurgery for determining
axon regeneration was performed as described previously (Li et al.,
2012). Standard fluorescent images of transgenic hermaphrodites were
observed under a 60X or 100X objective of a Nikon Eclipse E800 fluo-
rescent microscope and photographed with a Hamamatsu ORCA 3CCD
or a Zyla-5.5 CCD camera. To quantify axon regrowth, the middle region
of the lateral axon of each D-type motor neuron in hermaphrodite was
cut by laser. Then the length of each severed axon from the base in the
ventral nerve cord to the severed growing end was measured using the
Image] program (NIH). An Olympus FV-500 and a Zeiss LSM 800 con-
focal laser microscope system were used to take confocal fluorescent
images.

Biochemical experiments using worm extracts. To extract proteins from
worms, the worms collected from NGM dishes were suspended into
RIPA buffer [50 mm Tris-HCI, pH 8.0, 150 mm NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, 5 mm PMSF, phosphatase inhibitor
cocktail 2 and 3 (Sigma-Aldrich), and protease inhibitor cocktail (Sigma-
Aldrich)] and sonicated by Bioraptor UCW-201 (Cosmo Bio) at 4°C.
After sonication, the samples were centrifuged at 15,000 X g for 5 min. A
small aliquot of the supernatant was boiled with SDS sample buffer and
used as a whole lysate. Each remaining supernatant (400 ul) was trans-
ferred into a new tube, to which was added 10 ul (bed volume) of Dyna-
beads Protein G (Invitrogen) coated with anti-GFP (598, rabbit
polyclonal, MBL) antibody, and the tube was rotated for 20 min at room
temperature. The beads were then washed three times with PBS. The
samples were boiled with SDS sample buffer and subjected to immuno-
blotting as described previously (Li et al., 2012; Hisamoto et al., 2018).

Biochemical experiments using mammalian cells. For immunoprecipi-
tation, transfected COS-7 cells were lysed in RIPA buffer [50 mm Tris-
HCI, pH 7.4, 0.15 M NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mm
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Figure 3.

Conserved domains between TNS-Tand human Tensin-3. Amino acid alignments of the SH2 (4), PTB (B), and NH,-terminal (€) domains are shown. Identical and similar residues are

highlighted with dark and pale gray shadings, respectively. An asterisk indicates an Arg residue essential for binding to phosphotyrosine (4).

EDTA, 1 mum dithiothreitol, 1 mm phenylmethylsulphonyl fluoride,
phosphatase inhibitor cocktail 2 and 3 (Sigma-Aldrich), and protease
inhibitor cocktail (Sigma-Aldrich)], followed by centrifugation at
15,000 X gfor 12 min. The supernatant was added to 10 ul (bed volume)
of Dynabeads protein G (Invitrogen) with anti-T7 (PM022, MBL) and
anti-Flag (M2, Sigma-Aldrich) antibodies and rotated for 2 h at 4°C. The
beads were then washed three times with ice-cold PBS and subjected to
immunoblotting using anti-T7 (T7-Tag, Merck), anti-Flag (PMO020,
MBL), and anti-GFP (JL-8, Clontech) antibodies.

Statistical analysis. Statistical analyses were performed as described
previously (Pastuhov et al., 2012). In brief, confidence intervals (95%)
were calculated by the modified Wald method (https://www.graphpad.
com/quickcalcs/confInterval1/) and two-tailed p values were calculated using
Fisher’s exact test (http://www.graphpad.com/quickcalcs/contingencyl). Un-
paired t test was executed by using t test calculator (http://www.graphpad.
com/quickcalcs/ttest1).

Homology search, phylogenetic analysis, identification of domains, and
alignments of amino acids. Homology search, identification of conserved
domains and alignments of amino acids were executed by the NCBI
BLAST, NCBI CD-search, and Genetyx-Mac programs, respectively.

Results

SVH-6/TNS-1 is required for efficient axon regeneration

One of the svh genes identified in our previous RNAi screen using
vhp-1 mutant animals (Li et al., 2012) was svh-6/tns-1 (hitherto
tns-1; Fig. 1), the product of which belongs to the Tensin family
(Fig. 2B,C; Lo, 2004). In mammals, there are four members in
this family: Tensin-1, Tensin-2, Tensin-3, and Tensin-4 [also
called COOH-terminal Tensin-like protein (Cten); Lo, 2004].
TNS-1 contains a Src homology (SH) 2 and a phosphotyrosine-
binding (PTB) domain in its COOH-terminal region, which dis-
play strong homologies to mammalian Tensin-3 (Figs. 2C,
3A,B). This tandem SH2-PTB domain is unique to the Tensin

family (Lo, 2004, 2017). In addition, TNS-1 and Tensin-3 show a
weak homology in their NH,-terminal regions (Figs. 2C, 3C).
Analysis of C. elegans cDNAs revealed the existence of another
shorter transcript, designated fns-Is that has a distinct NH,-
terminal domain (Fig. 2 B, C).

We first examined the effects of tns-1 loss-of-function muta-
tions on axon regeneration. The 0k80 allele deletes the COOH-
terminal SH2 and PTB domains in both the long and short forms
of TNS-1 (Fig. 2 B, C). The tns-1(0k581) mutation deletes the first
2 exons including the first Met, which affects only the long form
(Fig. 2B, C). We assayed the regrowth of laser-severed axons in
GABA-releasing D-type motor neurons (Fig. 4A; Yanik et al,,
2004). In wild-type animals at the young adult stage, regeneration
of axons severed by laser was initiated within 24 h (Fig. 4A,B;
Table 2). In contrast, we observed a reduced frequency of axon
regeneration in the tns-1(0k80) and tns-1(0k581) mutants (Fig.
4 A, B; Table 2). Although ~40% of axons in tns-1(0k80) mutants
regenerated, the lengths of the regrown axons (mean *= SEM;
63.6 = 1.9 um, n = 20, p = 0.25) were similar to those found in
wild-type animals (mean = SEM; 67.0 * 2.1 um, n = 20). These
results indicate that the long form of TNS-1, but not the short
form, is involved in axon regeneration following laser axotomy.
We also examined whether the short isoform TNS-1S might have
a function in axon regeneration. We observed that expression of
the tns-1s cDNA from the unc-25 promoter did not rescue the
0k80 defect (Fig. 4B; Table 2). Therefore, we focused only on the
long form of TNS-1 in our subsequent experiments. Overexpres-
sion of tns-1 from the unc-25 promoter had no effect on axon
regeneration in wild-type animals (Fig. 4B; Table 2).

Next, we tested whether TNS-1 can act cell-autonomously in
axon regeneration. The tns-1 cDNA was expressed in tns-1(0k80)
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TNS-1isrequired for efficient axon regeneration. A, Representative D-type motor neurons in wild-type and tns- 7 mutant animals 24 h after laser surgery. In wild-type animals, a severed

axon has regenerated a growth cone (arrow). In tns-7 mutants, the proximal ends of axons failed to regenerate (arrowhead). Scale bar, 10 wm. B, Percentages of axons that initiated regeneration
24 h after laser surgery. Error bars indicate 95% confidence interval (Cl). ***p << 0.001 as determined by Fisher's exact test. NS, Not significant. €, Expression of the Ptns-1::nls:venus gene.
Fluorescent images and DIC of animals carrying Ptns-1::nls::venus and Punc-47::mcherry are shown. D-type motor neurons are visualized by mCherry under control of the unc-47 promoter. White
arrows, white arrowheads, yellow arrowheads, and asterisks indicate cells expressing Ptns-1::nls::venus, D-type motor neurons, RME neuron, and pharynx, respectively. The fluorescent signal in the
pharynx is from the injection marker Pmyo-2::DsRed monomer. V, Ventral side; D, dorsal side. Scale bars, 10 um.

mutant animals using the unc-25 or mec-7 promoter. Expression
of tns-1 in D-type motor neurons by the unc-25 promoter, but
not in sensory neurons by the nec-7 promoter, rescued the axon
regeneration defect of D-type motor neurons observed in tns-
1(0k80) mutants (Fig. 4B; Table 2), thus demonstrating that
TNS-1 can function cell autonomously in damaged D-type mo-
tor neurons. We next tested whether the mammalian Tensin-3
could substitute for C. elegans TNS-1 in axon regeneration, but
found that expression of human Tensin-3 from the unc-25 pro-
moter failed to rescue the tns-1 defect in axon regeneration (Fig.
4B; Table 2). Notably, the effect of tns-1 is injury-specific, because
the tns-1(0k80) or tns-1(0k581) mutation otherwise has no obvi-
ous effect on nerve development.

We investigated the expression pattern of tns-1 using a re-
porter construct consisting of the tns-1 promoter, a nuclear lo-
calization signal and the fluorescent protein VENUS (Ptns-1::nls::
venus). Consistent with the cell-autonomous function of TNS-1
in axon regeneration, we found that the tus-1 gene is expressed in
ventral motor neurons, including the Dorsal D-type (DD) and
Ventral D-type (VD), as well as a subset of cells in heads (Fig. 4C).
We next examined the intracellular localization of TNS-1 in
D-type motor neurons using the Punc-25:tns-1::gfp gene. We
observed that TNS-1::GFP was distributed in a punctate pattern
along the ventral and dorsal nerve cords in D-type motor neurons
(Fig. 5A). Following laser ablation of the axons, TNS-1::GFP ac-
cumulated at the severed ends and the growth cones (Fig. 5B).

To examine whether the SH2 and PTB domains in TNS-1 are
essential for axon regeneration, we generated two mutants, one
that replaces Arg-1071 in the SH2 domain with Lys (R1071K) and

the other that deletes amino acids 1155-1317, which contain the
PTB domain (APTB; Fig. 6A). Neither expression of TNS-
1(R1071K) nor TNS-1(APTB) from the unc-25 promoter was
able to rescue the tns-1(0k80) mutant phenotype (Fig. 6B; Table
2). These results indicate that both the SH2 and PTB domains are
required for TNS-1 function in axon regeneration.

TNS-1 functions in the JNK pathway regulating

axon regeneration

As our RNAI screen for svh genes was intended to identify
genes involved in the JNK pathway (Li et al., 2012; Hisamoto
et al., 2018), we next investigated the relationship between
TNS-1 and the JNK pathway in the regulation of axon regen-
eration. MLK-1 functions as a MAPKKK in the JNK pathway
(Mizuno et al., 2004). When we generated tns-1(0k80); mlk-
1(km19) double-mutants, we found that the phenotype of the
double-mutant was indistinguishable from that of either sin-
gle mutant (Fig. 6C; Table 2). This indicates that TNS-1 acts in
the same pathway with MLK-1, and thus may function in the
JNK pathway.

We next asked at what point TNS-1 acts in the JNK pathway
during axon regeneration. Overexpression of mlk-1 suppressed
the regeneration defect observed in tns-1(0k80) mutants (Fig. 6D;
Table 2). In contrast, overexpression of tns-1 failed to suppress
the mlk-1 defect (Fig. 6D; Table 2). These results suggest that
TNS-1 functions upstream of MLK-1 in the JNK pathway. Acti-
vation of the JNK cascade following axonal injury is mediated by
SVH-2, a homolog of the RTK Met, and its ligand SVH-1, a
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Strain Genotype n Regenerated % p Vs
KU501 Wild-type 59 ) 7 — —
KU1240 tns-1(0k581) 63 24 38 0.0003 KU501
KU1241 tns-1(0k80) 58 18 31 <<0.0001 KU501
KU1253 tns-1(0k80) + Punc-25::tns-1s (line 1) 50 18 36 0.68 KU1241
KU1267 tns-1(0k80) + Punc-25::tns-1s (line 2) 52 24 46 0.12 KU1241
KU1254 Punc-25::tns-1 50 37 74 0.83 KU501
KU1243 tns-1(0k80) + Punc-25::tns-1 53 34 64 0.0006 KU1241
KU1252 tns-1(0k80) + Pmec-7:tns-1 54 18 33 0.84 KU1241
KU1256 tns-1(0k80) + Punc-25::hTensin-3 (line 1) 50 19 38 0.54 KUu1241
KU1268 tns-1(0k80) + Punc-25::hTensin-3 (line 2) 56 18 32 1.0 KU1241
KU1244 tns-1(0k80) + Punc-25:tns-1AN 53 32 60 0.0023 KU1241
KU1245 tns-1(0k80) + Punc-25::tns-1(R1071K) 52 17 33 1.0 KUu1241
KU1246 tns-1(0k80) + Punc-25::tns-1APTB 54 17 31 1.0 KU1241
KU1242 tns-1(0k80); mlk-1(km19) 52 15 29 0.84 KU1241
KU1257 tns-1(0k80), svh-2(tm737) 57 16 28 0.84 KUu1241
KU1263 tns-1(0k80); ddr-2(0k574) 51 15 29 1.0 KU1241
KU1264 tns-1(0k80); max-2(nv162) 50 17 34 0.84 KU1241
KU1248 tns-1(0k80) + Pmik-1::mlk-1 63 34 54 0.017 KUu1241
KU1248* tns-1(0k80) (-array) 63 22 35 0.048 KU1248
KU1249 tns-1(0k80) + Punc-25::svh-2 55 31 56 0.0081 KU1241
KU1249* tns-1(0k80) (-array) 58 20 34 0.024 KU1249
KU1250 tns-1(0k80) + Punc-25::ddr-2 55 18 33 1.0 KU1241
KU1250* tns-1(0k80) (-array) 53 15 28 0.68 KU1250
KU1259 tns-1(0k80) + Punc-25::max-2 50 31 62 0.0018 KUu1241
KU1259* tns-1(0k80) (-array) 57 23 40 0.033 KU1259
KU504 mlk-1(km19) 51 14 27 <<0.0001 KU501
KU1247 mlk-1(km19) + Punc-25::tns-1 53 18 34 0.53 KU504
KU503 svh-2(tm737) 52 13 25 <0.0001 KU501
KU1258 svh-2(tm737) + Punc-25::tns-1 42 14 33 0.49 KU503
KU1265 pat-3(gk804163) 7 23 32 <<0.0001 KU501
KU1266 pat-3(gk804163) + Punc-25:pat-3 50 31 62 0.0016 KU1265
Asterisks indicate the non-transgenic sibling controls.
A B firmed that TNS-1 functions in the same
(min) 0 190 225 260 pathway as SVH-2 and DDR-2, because
the phenotype of tns-1(0k80); svh-
5 2(tm737) or tns-1(0k80); ddr-2(ok574)
TZFF3 Tg?:; double-mutants was indistinguishable
- from that of the tns-1(0k80) single mutant
(Fig. 6C; Table 2). Because TNS-1 func-
tions upstream of MLK-1, TNS-1 might
act further downstream on SVH-2 or
D-type D-ty;pe DDR-2. We thus examined whether over-
motor :;:rz:‘ expression of svh-2 or ddr-2 might reverse
neuron the defect in axon regeneration observed
in tns-1 mutants. We found that overex-

merge merge
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Figure 5.  Localization of TNS-1::GFP in D-type motor neurons. A, Fluorescent images of animals carrying Punc-25::tns-1::gfp
and Punc-47::mcherry are shown. D-type motor neurons are visualized by mCherry under control of the unc-47 promoter. White
arrowheads indicate punctate localization of TNS-1::GFP in D-type motor axons. V, Ventral nerve cord; D, dorsal nerve cord. Scale
bar, 10 m. B, Fluorescentimages of severed axons in animals carrying Punc-25::tns-1::gfp and Punc-47::mcherry are shown. Each
image was taken at the indicated times (minutes) after laser surgery. Yellow arrowheads and yellow square brackets indicate the
tip of the proximal injured axon and growth cones, respectively. Scale bar, 10 wm.

pression of svh-2, but not of ddr-2,
suppressed the regeneration defect in tns-
1(0k80) mutants (Fig. 6D; Table 2). Fur-
thermore, overexpression of tns-1 was
unable to suppress the svh-2 defect (Fig.
6D; Table 2). Overexpression of mlk-1,
svh-2, and ddr-2 does not increase the
frequency of axon regeneration in a
wild-type background (Li et al., 2012;
Hisamoto et al., 2016). These results
suggest that TNS-1 functions down-
stream of DDR-2 and may act on SVH-2
in the regulation of axon regeneration.

HGF-like growth factor. Activated SVH-2 in turn tyrosine phos- ~ TNS-1 associates with tyrosine-autophosphorylated SVH-2

phorylates MLK-1 (Li et al., 2012). In addition, DDR-2, another ~ via the SH2 domain

RTK that contains a discoidin domain, further modulates the =~ Because the TNS-1 protein contains an SH2 domain (Fig. 2C), we
SVH-1-SVH-2 pathway (Fig. 2A; Hisamoto etal., 2016). Wecon-  examined whether TNS-1 might associate with SVH-2 following
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Figure 6.

The involvement of TNS-1in the JNK pathway in C. elegans. A, Domains in TNS-1. Structures of TNS-1 are shown. B-D, Percentages of axons that initiated regeneration 24 h after laser

surgery are shown. Error bars indicate 95% confidence interval (Cl). *p << 0.05, **p << 0.01, ***p << 0.001 as determined by Fisher's exact test. NS, Not significant.

SVH-2 autophosphorylation on tyrosine. To generate a constitu-
tively active SVH-2, we fused the cytoplasmic region of SVH-2
(amino acids 674-1031) directly to the NH,-terminus of a
dimerization leucine zipper motif [translocated promoter region
(Tpr); Fig. 7A; Lietal., 2012]. The Tpr leucine zipper forces dimer
formation and results in ligand-independent, constitutive activa-
tion of the Tpr-SVH-2C protein (Li et al., 2012). However, we
failed to detect an interaction between T7-tagged, full-length
TNS-1 and FLAG-tagged Tpr-SVH-2C coexpressed in mamma-
lian COS-7 cells (Fig. 7B).

We next considered the possibility that the NH,-terminal re-
gion in TNS-1 might be an inhibitory domain, preventing inter-
actions by forming a closed conformation. We tested this using a
construct that deleted the NH,-terminal 298 aa of TNS-1 and
tagged this with T7 (TNS-1AN; Figs. 3C, 6A). Immunoprecipita-
tion analysis now showed that TNS-1AN associated with Tpr-
SVH-2C (Fig. 7C). If this interaction is of functional significance,
the NH,-terminal domain of TNS-1 should be dispensable for
axon regeneration. Indeed, the Punc-25::tns-1AN transgene was
able to rescue the tns-1 defect in axon regeneration (Fig. 6B; Table
2). Furthermore, we found that a catalytically inactive Tpr-SVH-
2C(K767R) mutant failed to associate with TNS-1AN (Fig. 7C),
suggesting that this interaction depends on the tyrosine-auto-
phosphorylation of Tpr-SVH-2C. We have previously shown
that the Tyr-890 autophosphorylation site is essential for the
function of SVH-2 in axon regeneration (Li et al., 2012). We
found that the mutant Tpr-SVH-2C(Y890F) also did not associ-
ate with TNS-1AN (Fig. 7D). We next tested whether the SH2
domain in TNS-1 is required for its interaction with Tpr-SVH-
2C. We found that TNS-1AN(R1071K), a mutated form defective
in the SH2 domain (Fig. 6A), was unable to interact with Tpr-
SVH-2C (Fig. 7E), suggesting that the COOH-terminal SH2 do-
main is important for the interaction with Tpr-SVH-2C.

In mammalian cells, it is known that the Met tyrosine kinase
receptor by itself not stably expressed, but that Tensin-4 interacts

with and stabilizes Met by inhibiting its endocytosis and subse-
quent lysosomal degradation (Muharram et al., 2014). This
raised the possibility that the C. elegans Met-like receptor SVH-2
would be also stabilized by TNS-1 in a manner similar to mam-
malian Met. To test this possibility, we expressed SVH-2::GFP
fusion proteins from the heat shock promoter in wild-type and
tns-1(0k80) mutant animals. After heat-shock treatment of the
animals for 30 min and incubation for additional 4 h, animal
lysates were prepared, immunoprecipitated, and immunoblotted
with anti-GFP antibody. In wild-type animals, we detected the
full-length SVH-2::GFP and its processed form lacking the NH,-
terminal extracellular domain (Fig. 7F). We found that the tns-1
mutation had no effect on SVH-2::GFP expression levels (Fig.
7F). These results suggest that TNS-1 does not affect the stabili-
zation of SVH-2 proteins.

TNS-1 acts as an adaptor to link the SVH-2 and integrin
signaling pathways

How does TNS-1 regulate SVH-2-JNK signaling in axon regen-
eration? We have previously demonstrated that upon injury, the
DDR-2 and SVH-2 receptor tyrosine kinases coordinately regu-
late axon regeneration upstream of the JNK pathway and their
interaction is mediated by the scaffold protein SHC-1 (Hisamoto
et al., 2016). Because TNS-1 and SHC-1 contain SH2 and PTB
domains, we examined whether TNS-1 also interacts with
DDR-2. We coexpressed FLAG-Tpr-DDR-2C containing the cy-
toplasmic domain (amino acids 407-797) of DDR-2 (Fig. 8A;
Hisamoto et al., 2016) with T7-TNS-1AN in COS-7 cells. How-
ever, TNS-1AN was unable to associate with FLAG-Tpr-DDR-2C
(Fig. 8A).

Muharram et al. (2014) recently demonstrated that mamma-
lian Tensin-4 forms complexes with Met and integrin B1. C. el-
egans contains one gene, pat-3, encoding the integrin 8 subunit
(Gettner et al., 1995). Therefore, we examined whether TNS-1
associates with PAT-3. When T7-TNS-1AN was coexpressed
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Relationship between TNS-1and SVH-2. 4, Schematic diagrams of SVH-2 are shown. SP, Signal peptides; TM, transmembrane domain. B—E, C0S-7 cells were transfected with plasmids

encoding FLAG-Tpr-SVH-2C (WT), FLAG-Tpr-SVH-2C(K767R) (KN), FLAG-Tpr-SVH-2C(Y890F) (YF), T7-TNS-1, T7-TNS-1AN, and T7-TNS-1AN(R1071K), as indicated. Whole-cell extracts (WCE) and
immunoprecipitated complexes obtained with anti-FLAG antibody (IP: FLAG) were analyzed by immunoblotting (IB). F, Effects of the tns-7 mutation on SVH-2 protein levels. Wild-type and
tns-1(0k80) mutant animals carrying Phsp::svh-2::gfp were subjected to heat shock (++HS) at 37°Cfor 30 min and incubated at 20°C for additional 4 h. Animal lysates were prepared and immuno-
precipitated with anti-GFP antibody. The SVH-2::GFP immunoprecipitate was blotted with anti-GFP antibody. 3-tubulin was used for the loading control.

with the GFP-tagged intracellular domain of PAT-3 (GFP-PAT-
3-ICD) in COS-7 cells, immunoprecipitation analysis revealed
that TNS-1AN associated with PAT-3-ICD (Fig. 8B). The inter-
action between mammalian Tensin-4 and integrin 81 is known
to occur through the Tensin-4 PTB domain (Calderwood et al.,
2003; Katz et al., 2007). We next examined whether the TNS-1
PTB domain is required for binding to PAT-3-ICD. Deletion of
the PTB domain abolished the ability of TNS-1AN to associate
with PAT-3-ICD (Fig. 8B), suggesting that the PTB domain is
important for the interaction of TNS-1 with PAT-3.

It is known that PAT-3 functions in D-type motor neurons to
regulate commissural axon navigation (Poinat et al., 2002). To
confirm that the pat-3 gene is expressed in D-type motor neu-
rons, we used a reporter construct consisting of the pat-3 pro-
moter and the mCherry::H2B fluorescent protein (Ppat-3::
mcherry::H2B::pat-3 3'UTR). We found that the pat-3 gene is
expressed in D-type motor neurons (Fig. 8 C). Furthermore, we
found that the pat-3(gk804163) mutant was defective in axon
regeneration (Fig. 8D; Table 2). The pat-3(gk804163) mutant
substitutes a leucine in place of the proline residue in the NPXY
motif, Asn-Pro (790)-Ile-Tyr, which is involved in the interaction
with the PTB-containing protein (Calderwood et al., 2003). To
exclude the possibility that the pat-3 phenotype might have a
contribution from background mutations, we confirmed that the
expression of pat-3 in D neurons from the unc-25 promoter was
able to rescue the pat-3 defect in axon regeneration (Fig. 8D;
Table 2). This result is also consistent with the expression of pat-3
in D neurons.

We have previously shown that integrin activates MAX-2
MAP4K through the CED-10 GTPase and that the activated
MAX-2 phosphorylates MLK-1 MAPKKK, which leads to activa-

tion of the JNK pathway (Fig. 9; Pastuhov et al., 2016). The above
results raised the possibility that TNS-1 links the SVH-2 and
integrin signaling pathways by forming a complex of these three
proteins to activate the JNK pathway in axon regeneration (Fig.
9). To test this possibility, we examined the genetic interaction
between tns-1 and max-2. We found that the max-2(nv162) mu-
tation did not enhance the axon regeneration defect observed in
tns-1(0k80) mutants (Fig. 8D; Table 2). This result confirms that
TNS-1 functions in the same pathway as MAX-2. Furthermore,
overexpression of max-2 by the unc-25 promoter rescued the
axon regeneration defect of tns-1(0k80) mutants (Fig. 8D; Table
2). These results suggest that TNS-1 links the SVH-2-MLK-1
pathway with the integrin-MAX-2-MLK-1 pathway (Fig. 9).

Discussion

A number of studies have shown that axon regeneration in C.
elegans is regulated by the INK MAPK pathway (Nix et al., 2011).
This pathway is antagonized by the action of VHP-1, a MAPK
phosphatase (Mizuno et al., 2004). The importance of this nega-
tive regulation of MAPK signaling is underscored by the fact that
vhp-1 mutants are arrested in their development at an early larval
stage (Mizuno et al., 2004). Mutations that inactivate various
components in the JNK pathway can suppress the vhp-1 develop-
mental arrest, indicating that the vhp-1 phenotype is caused by
hyperactivation of the JNK pathway. This phenotype has made it
possible to isolate regulators of the JNK pathway by genome-wide
RNAI screens, which led to the identification of the svh genes (Li
etal.,2012). Examination of various svh genes, svh-1, -2, -3, -4, -8,
-13, and -15, have revealed them to also function as regulators of
axon regeneration, thereby underscoring the importance of the
JNK pathway in this process (Li et al., 2012, 2015; Pastuhov et al.,
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2012; Hisamoto et al., 2014, 2016, 2018; Shimizu et al., 2018).
SVH-1 is homologous in sequence to mammalian HGF, whereas
SVH-2 is homologous to the mammalian receptor for HGF, Met.
This suggests that SVH-1 and SVH-2 may also function as a
ligand-receptor pair in axon regeneration (Li et al., 2012;

Hisamoto et al., 2014). In mammals, exogenous expression of
HGF also promotes axon regeneration in many axotomized neu-
rons (Kitamura et al., 2007; Esaki et al., 2011), suggesting that the
HGF-Met signaling cascade is important for axon regeneration.

In this study, we undertook a functional characterization of
the C. elegans ortholog of tensin, SVH-6/TNS-1, a protein impli-
cated in SVH-2 signaling in axon regeneration. Four members of
the Tensin family are found in mammals: Tensin-1, Tensin-2,
Tensin-3, and Tensin-4/Cten, whereas C. elegans has only one
known example. Mammalian Tensin, specifically Tensin-1, was
first identified as a component of focal adhesions involving actin
filaments (Wilkins et al., 1986). Tensin-1 has three distinct re-
gions involved in binding to actin, two of which are located in the
NH,-terminal region (Lo et al., 1994). In addition to its ability to
bind actin, the NH,-terminal region of Tensin-1 is responsible
for its localization to focal adhesions (Chen and Lo, 2003). Re-
cently, it was shown the C. elegans MO1E11.7, corresponding to
TNS-1, is localized in the dense bodies, M-line, and cell attach-
ment sites in muscle (Meissner et al., 2011). This suggests that
TNS-1 is also a component of focal adhesions in C. elegans mus-
cle. Thus, it is likely that TNS-1 has two different roles in C.
elegans, one as a component of focal adhesions in muscles and
second as a regulator of axon regeneration in neurons. The NH,-
terminal domain of TNS-1 is dispensable for its function in axon
regeneration and plays an inhibitory role in its interaction with
SVH-2. These results suggest that under normal conditions,
TNS-1 function is inhibited by the NH,-terminal region. Axon
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injury may relieve this inhibition, resulting in the association of
TNS-1 with SVH-2, which, in turn, leads to the activation of the
JNK pathway promoting axon regeneration.

The presence of SH2 and PTB domains in tandem is unique to
tensin (Lo, 2004, 2017). Because SH2 domains typically mediate
binding to phosphotyrosine, this domain may be essential for
Tensin function. Mammalian tensins use the SH2 domain to
recruit various tyrosine-phosphorylated signaling proteins, such
as Met and EGFR (Lo, 2017). Recently, Muharram et al. (2014)
found that mammalian Tensin-4 interacts with tyrosine-
autophosphorylated Met via the SH2 domain and stabilizes Met
protein by inhibiting its endocytosis. We demonstrate that the C.
elegans TNS-1 SH2 domain is required for its interaction with
tyrosine-autophosphorylated SVH-2 Met-like receptor, and is
also required for its function in axon regeneration. However, our
analysis of TNS-1 protein levels in tns-1 mutants shows that it is
not involved in the stabilization of SVH-2.

How does TNS-1 regulate the SVH-2-JNK signaling pathway
in axon regeneration? We show that the PTB domain of TNS-1 is
essential for its function in axon regeneration. Mammalian ten-
sin’s PTB domain binds to B integrin cytoplasmic tails (Calder-
wood et al., 2003). We demonstrate that the C. elegans TNS-1
PTB domain is required for its association with the cytoplasmic
region of the integrin 3 subunit PAT-3. We have recently shown
that the integrin pathway also promotes axon regeneration
through activation of the JNK cascade (Pastuhov et al., 2016;
Hisamoto et al., 2018). In this pathway, the integrin «a subunit
INA-1 transduces a signal to the guanine nucleotide exchange
factor complex, CED-2/CrkIl, CED-5/DOCK180, and CED-12/
ELMO, which activates the GTPase CED-10/Rac. CED-10, when
bound by GTP, interacts with and activates the Ste20-related pro-
tein kinase MAX-2, which phosphorylates and activates MLK-1
(Pastuhov et al., 2016). These results suggest that TNS-1 brings
PAT-3 in close proximity to SVH-2 by associating with both
proteins and then SVH-2 and MAX-2 phosphorylate MLK-1 at
tyrosine and serine residues, respectively (Fig. 9). One explana-
tion as to why overexpression of svh-2 suppresses the tns-1 defect
in axon regeneration is that overexpressed SVH-2 is in close
proximity to components of the integrin-MAX-2-MLK-1 path-
way. Similarly, when MAX-2 is overexpressed, it can access the
SVH-2-MLK-1 pathway even in the absence of TNS-1. Thus, it is
likely that TNS-1 links Met-like SVH-2 and integrin-MAX-2
with MLK-1 MAPKKK signaling. Our study describes a novel
mechanism involving the TNS-1 adaptor protein in the SVH-2—
JNK signaling pathway to regulate axon regeneration after neu-
ronal injury.
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