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Abstract 41 

 42 

Axon regeneration is a conserved mechanism induced by axon injury that 43 

initiates a neuronal response leading to regrowth of the axon. In 44 

Caenorhabditis elegans, the initiation of axon regeneration is regulated by 45 

the JNK MAP kinase (MAPK) pathway. We have previously identified a 46 

number of genes affecting the JNK pathway using an RNAi-based screen. 47 

Analysis of these genes, called the svh genes, has shed new light on the 48 

regulation of axon regeneration, revealing the involvement of a signaling 49 

cascade consisting of a growth factor SVH-1 and its receptor, the tyrosine 50 

kinase SVH-2. Here, we characterize the svh-6/tns-1 gene, which is a 51 

homolog of mammalian Tensin, and show that it is a positive regulator of 52 

axon regeneration in motor neurons. We demonstrate that TNS-1 interacts 53 

with tyrosine-autophosphorylated SVH-2 and the integrin  subunit PAT-3 54 

via its SH2 and PTB domains, respectively, to promote axon regeneration. 55 

These results suggest that TNS-1 acts as an adaptor to link the SVH-2 and 56 

integrin signaling pathways. 57 
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Significance Statement 58 

 59 

The C. elegans JNK MAPK pathway regulates the initiation of axon 60 

regeneration. Previously, we showed that a signaling cascade consisting 61 

of the HGF-like growth factor SVH-1 and its Met-like receptor tyrosine 62 

kinase SVH-2 promotes axon regeneration through activation of the JNK 63 

pathway. In this study, we show that the C. elegans Tensin, TNS-1, is 64 

required for efficient regeneration after axon injury. Phosphorylation of 65 

SVH-2 on tyrosine mediates its interaction with the SH2 domain of TNS-1 66 

to positively regulate axon regeneration. Furthermore, TNS-1 interacts via 67 

its PTB domain with the integrin  subunit PAT-3. These results suggest 68 

that TNS-1 plays a critical role in the regulation of axon regeneration by 69 

linking the SVH-2 and integrin signaling pathways. 70 
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Introduction 71 

 72 

Axon regeneration is necessary to restore the nervous system following 73 

axon injury, and its success is governed by an interaction between the local 74 

extracellular environment and the neuron’s intrinsic growth capacity (Rossi et al., 75 

2007). Most invertebrate neurons and mammalian peripheral neurons are able 76 

to regenerate, whereas neurons of the mammalian central nervous system have 77 

a limited ability (Case and Tessier-Lavigne, 2005). Successful regeneration 78 

depends primarily on neuron-intrinsic regeneration signals, thus these signaling 79 

processes are potential targets for regeneration therapies. However, our 80 

understanding of these intrinsic signaling pathways is incomplete. 81 

Caenorhabditis elegans is a powerful model system to investigate the 82 

mechanisms of axon regeneration following injury (Yanik et al., 2004; Chisholm 83 

et al., 2016). Genetic studies in C. elegans have identified a large number of 84 

pathways specifically involved in adult axon regeneration (Chen et al., 2011; Nix 85 

et al., 2014). It has recently been shown that the C. elegans JNK MAP kinase 86 

(MAPK) pathway, consisting of MLK-1 MAPKKK, MEK-1 MAPKK and KGB-1 87 

JNK, plays a critical role in the initiation of axon regeneration (Nix et al., 2011). 88 

The JNK pathway is negatively regulated by VHP-1, a member of the MAPK 89 

phosphatase (MKP) family (Camps et al., 2000), which dephosphorylates and 90 

thereby inactivates KGB-1 (Mizuno et al., 2004). The vhp-1 null mutation causes 91 

developmental arrest at an early larval stage due to hyper-activation of the JNK 92 

pathway, and this phenotype is suppressed by mutations in mlk-1, mek-1 or 93 

kgb-1 (Figure 1) (Mizuno et al., 2004). We previously identified a number of 94 

additional genes functioning in the JNK pathway via a genome-wide RNAi 95 

screen for suppressors of vhp-1 lethality (svh genes) (Figure 1) (Li et al., 2012; 96 

Hisamoto et al., 2018). The svh-1 gene encodes a growth factor-like protein 97 
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homologous to mammalian HGF. svh-2 encodes a homolog of the mammalian 98 

Met, a receptor for HGF. SVH-2 is a receptor tyrosine kinase (RTK) that activates 99 

the JNK pathway via tyrosine phosphorylation of the MAPKKK MLK-1 (Li et al., 100 

2012). Thus, the SVH-1–SVH-2 signaling cascade promotes axon regeneration 101 

through activation of the JNK pathway (Figure 2A). The svh-4 gene is identical to 102 

ddr-2 and encodes a RTK homologous to the mammalian discoidin domain 103 

receptor (DDR), which is activated by collagen (Hisamoto et al., 2016). 104 

SVH-4/DDR-2 also modulates the SVH-1–SVH-2–JNK pathway (Figure 2A). 105 

These results suggest that two different RTK networks coordinately regulate 106 

axonal regeneration in C. elegans. 107 

The svh-6/tns-1 gene encodes a homolog of mammalian Tensin. In this study, 108 

we show that TNS-1 regulates axon regeneration by interacting with SVH-2 in a 109 

manner dependent on tyrosine-autophosphorylation of SVH-2. This interaction 110 

occurs via the TNS-1 SH2 domain, which is essential for axon regeneration. 111 

Furthermore, TNS-1 interacts via its PTB domain with the integrin  subunit 112 

PAT-3 to positively regulate axon regeneration. These results suggest that 113 

TNS-1 plays a positive role in axon regeneration by linking the SVH-2 and 114 

integrin signaling pathways. 115 



Hisamoto et al., 7 

 7 

Materials and Methods 116 

 117 

C. elegans strains 118 

The C. elegans strains used in this study are listed in Table 1. The 119 

pat-3(gk804163) mutant was made by outcrossing VC40772 strain (generated 120 

by the million mutation project: Thompson et al., 2013) twice with the juIs76 121 

strain and the mutation was verified by DNA sequencing. All strains were 122 

maintained on nematode growth medium (NGM) plates and fed with bacteria of 123 

the OP50 strain, as described previously (Brenner, 1974). For heat shock 124 

treatment, worms on the NGM dishes were incubated at 37°C for 30 min and 125 

then incubated at 20°C for 4 hr. 126 

 127 

Isolation of tns-1 and tns-1s cDNAs 128 

The tns-1 cDNA was amplified by PCR from the pACT C. elegans cDNA library 129 

(Sakamoto et al., 2004) using oligonucleotides No.1: 130 

5’-ACTAGTAATGAAGGATCGAAAAGAAGGTGTACAGGTG-3’ and No.2: 131 

5’-CTCGAGCTTCTTATGACCGATTCTTCTGTGCC-3’. The tns-1s cDNA was 132 

also isolated by using oligonucleotides No.2 and No. 3: 133 

5’-CCTCTACGTCCTCTTTGATTCCATCTTGTATTCCAGATATTTTGT-3’. Both 134 

cDNAs were cloned into pCR2.1 TOPO vector (Invitrogen) and verified by 135 

sequencing. 136 

 137 

Plasmids 138 

The Ptns-1::nls::venus plasmid was made by amplifying approximately 1.5 kb of 139 

the tns-1 promoter from the N2 genomic DNA by PCR and inserting it into the 140 

pPDnlsVenus vector (Li et al., 2012). Punc-25::tns-1 and Pmec-7::tns-1 were 141 

generated by inserting the tns-1 cDNA into the pSC325 and pPD52.102 vectors, 142 
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respectively. Punc-25::tns-1s was generated by inserting the tns-1s cDNA into 143 

the pSC325 vector. Punc-25::tns-1 N, Punc-25::tns-1(R1071K) and 144 

Punc-25::tns-1 PTB were generated by oligonucleotide-directed PCR using 145 

Punc-25::tns-1 as a template and were verified by DNA sequencing. Punc-25:: 146 

hTensin-3 was generated by inserting the human Tensin-3 cDNA (Item#105299, 147 

Addgene) into the pSC325 vector. Punc-25::pat-3 was generated by inserting 148 

the pat-3 cDNA, which was amplified from the pACT C.elegans cDNA library 149 

(Sakamoto et al., 2004) by PCR, into the pSC325 vector, which was verified by 150 

DNA sequencing. To construct the Phsp::svh-2::gfp plasmid, a modified svh-2 151 

cDNA that deletes the termination codon was generated by PCR and inserted 152 

into the pPD49.78 vector together with the gfp gene from the pPD95.75 vector. 153 

Punc-25::tns-1::gfp was generated by inserting a modified tns-1 cDNA lacking 154 

the termination codon into the pSC325 vector together with the gfp gene. The 155 

T7-TNS-1, T7-TNS-1 N, T7-TNS-1 N(R1071K) and T7-TNS-1 N( PTB) 156 

plasmids were constructed by inserting the tns-1, tns-1 N, tns-1 N(R1071K) 157 

and tns-1 N( PTB) cDNAs into the pCMVT7 vector, respectively (Kawasaki et 158 

al., 1999). To construct GFP-PAT-3-ICD, a 150 bp DNA fragment encoding the 159 

COOH-terminal 49 amino acids of PAT-3 (corresponding to 761-809 amino 160 

acids) was synthesized and subcloned into the pEGFP-C1 vector (Clontech). 161 

The pFLAG-Tpr-SVH-2C, pFLAG-Tpr-SVH-2C(Y890F), pFLAG-Tpr-DDR-2C, 162 

Pmyo-2::DsRed monomer and Punc-25::max-2 plasmids have been described 163 

previously (Li et al., 2012; Hisamoto et al., 2016; Pastuhov et al., 2016). 164 

 165 

Transgenic animals 166 

Transgenic animals were generated according to a basic injection method (Mello 167 

et al., 1991). The Punc-25::tns-1 (25 ng/ l), Punc-25::tns-1ΔN (25 ng/ l), 168 

Punc-25::tns-1(R1071K) (25 ng/ l), Punc-25::tns-1ΔPTB (25 ng/ l), 169 
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Ptns-1::nls::venus (25 ng/ l), Pmec-7::tns-1 (25 ng/ l), Punc-25::tns-1s (25 170 

ng/ l), Punc-25::hTensin-3 (25 ng/ l), Punc-25::pat-3 (50 ng/ l), 171 

Phsp::svh-2::gfp (45 ng/ l), Punc-25::tns-1::gfp (50 ng/ l) and Pmyo-2::DsRed 172 

monomer (25 ng/ l) plasmids were used in kmEx1243 (Punc-25::tns-1 + 173 

Pmyo-2::DsRed monomer), kmEx1244 (Punc-25::tns-1ΔN + Pmyo-2::DsRed 174 

monomer), kmEx1245 (Punc-25::tns-1(R1071K) + Pmyo-2::DsRed monomer), 175 

kmEx1246(Punc-25::tns-1ΔPTB + Pmyo-2::DsRed monomer), kmEx1251 176 

(Ptns-1::nls::venus + Pmyo-2::DsRed monomer), kmEx1252 (Pmec-7::tns-1 + 177 

Pmyo-2::DsRed monomer), kmEx1253/kmEx1267 (Punc-25::tns-1s + 178 

Pmyo-2::DsRed monomer), kmEx1256/kmEx1268 (Punc-25::hTensin-3 + 179 

Pmyo-2::DsRed monomer), kmEx1266 (Punc-25::pat-3 + Pmyo-2::DsRed 180 

monomer), kmEx1262 (Punc-25::tns-1::gfp + Pmyo-2::DsRed monomer), and 181 

kmEx1260 (Phsp::svh-2::gfp + Pmyo-2::DsRed monomer), respectively. The 182 

wpIs36 (Punc-47::mcherry), maEx247 (Ppat-3::mcherry::H2B::pat-3 3’UTR + 183 

Ppat-3::gfp::H2B::pat-3 mutated 3’UTR), kmEx468 (Punc-25::max-2), kmEx507 184 

(Pmlk-1::mlk-1), kmEx1206 (Punc-25::svh-2) and kmEx1202 (Punc-25::ddr-2) 185 

transgenes have been described previously (Li et al., 2012; Burke et al., 2015; 186 

Hisamoto et al., 2016; Pastuhov et al., 2016; Shimizu et al., 2018). 187 

 188 

Microscopy and laser ablation 189 

Laser microsurgery for determining axon regeneration was performed as 190 

described previously (Li et al., 2012). Standard fluorescent images of transgenic 191 

hermaphrodites were observed under a 60 X or 100 X objective of a Nikon 192 

Eclipse E800 fluorescent microscope and photographed with a Hamamatsu 193 

ORCA 3CCD or a Zyla-5.5 CCD camera. To quantify axon regrowth, the middle 194 

region of the lateral axon of each D-type motor neuron in hermaphrodite was cut 195 

by laser. Then the length of each severed axon from the base in the ventral 196 
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nerve cord to the severed growing end was measured using the ImageJ program 197 

(NIH). An Olympus FV-500 and a Zeiss LSM 800 confocal laser microscope 198 

systems were used to take confocal fluorescent images. 199 

 200 

Biochemical experiments using worm extracts 201 

To extract proteins from worms, the worms collected from NGM dishes were 202 

suspended into RIPA buffer [50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 203 

0.5% sodium deoxycholate, 0.1% SDS, 5 mM PMSF, phosphatase inhibitor 204 

cocktail 2 and 3 (Sigma), and protease inhibitor cocktail (Sigma)] and sonicated 205 

by Bioraptor UCW-201 (Cosmo Bio. Inc.) at 4°C. After sonication, the samples 206 

were centrifuged at 15,000 g for 5 min. A small aliquot of the supernatant was 207 

boiled with SDS-sample buffer and used as a whole lysate. Each remaining 208 

supernatant (400 l) was transferred into a new tube, to which was added 10 l 209 

(bed volume) of Dynabeads Protein G (Invitrogen) coated with anti-GFP (598, 210 

rabbit polyclonal, MBL) antibody, and the tube was rotated for 20 min at room 211 

temperature. The beads were then washed three times with phosphate-buffered 212 

saline (PBS). The samples were boiled with SDS sample buffer and subjected to 213 

immunoblotting as described previously (Li et al. 2012; Hisamoto et al. 2018). 214 

 215 

Biochemical experiments using mammalian cells 216 

For immunoprecipitation, transfected COS-7 cells were lysed in RIPA buffer [50 217 

mM Tris-HCl, pH 7.4, 0.15 M NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM 218 

EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulphonyl fluoride, phosphatase 219 

inhibitor cocktail 2 and 3 (Sigma), and protease inhibitor cocktail (Sigma)], 220 

followed by centrifugation at 15,000 g for 12 min. The supernatant was added to 221 

10 l (bed volume) of Dynabeads protein G (Invitrogen) with anti-T7 (PM022; 222 

MBL) and anti-Flag (M2; Sigma) antibodies and rotated for 2 hr at 4°C. The 223 
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beads were then washed three times with ice-cold PBS and subjected to 224 

immunoblotting using anti-T7 (T7-Tag; Merck), anti-Flag (PM020; MBL) and 225 

anti-GFP (JL-8; Clontech) antibodies. 226 

 227 

Statistical analysis 228 

Statistical analyses were carried out as described previously (Pastuhov et al., 229 

2012). In brief, confidence intervals (95%) were calculated by the modified Wald 230 

method (http://www. graphpad.com/quickcalcs/conflnterval1) and two-tailed P 231 

values were calculated using Fisher’s exact test (http://www. 232 

graphpad.com/quickcalcs/contingency1). Unpaired t-test was executed by using 233 

t-test calculator (http://www. graphpad.com/quickcalcs/ttest1). 234 

 235 

Homology search, phylogenetic analysis, identification of domains and 236 

alignments of amino acids 237 

Homology search, identification of conserved domains and alignments of amino 238 

acids were executed by the NCBI BLAST, NCBI CD-search and Genetyx-Mac 239 

programs, respectively. 240 
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Results 241 

 242 

SVH-6/TNS-1 is required for efficient axon regeneration. 243 

One of the svh genes identified in our previous RNAi screen using vhp-1 244 

mutant animals (Li et al., 2012) was svh-6/tns-1 (hitherto tns-1) (Figure 1), the 245 

product of which belongs to the Tensin family (Figures 2B and 2C) (Lo, 2004). In 246 

mammals, there are four members in this family: Tensin-1, Tensin-2, Tensin-3, 247 

and Tensin-4 (also called COOH-terminal Tensin-like protein, Cten) (Lo, 2004). 248 

TNS-1 contains a Src homology (SH) 2 and a phosphotyrosine-binding (PTB) 249 

domain in its COOH-terminal region, which display strong homologies to 250 

mammalian Tensin-3 (Figures 2C, 3A and 3B). This tandem SH2–PTB domain is 251 

unique to the Tensin family (Lo, 2004, 2017). In addition, TNS-1 and Tensin-3 252 

show a weak homology in their NH2-terminal regions (Figures 2C and 3C). 253 

Analysis of C. elegans cDNAs revealed the existence of another shorter 254 

transcript, designated tns-1s that has a distinct NH2-terminal domain (Figures 2B 255 

and 2C). 256 

We first examined the effects of tns-1 loss-of-function mutations on axon 257 

regeneration. The ok80 allele deletes the COOH-terminal SH2 and PTB 258 

domains in both the long and short forms of TNS-1 (Figures 2B and 2C). The 259 

tns-1(ok581) mutation deletes the first 2 exons including the first Met, which 260 

affects only the long form (Figures 2B and 2C). We assayed the regrowth of 261 

laser-severed axons in -aminobutyric acid (GABA)-releasing D-type motor 262 

neurons (Figure 4A) (Yanik et al., 2004). In wild-type animals at the young adult 263 

stage, regeneration of axons severed by laser was initiated within 24 hr (Figures 264 

4A and 4B; Table 2). In contrast, we observed a reduced frequency of axon 265 

regeneration in the tns-1(ok80) and tns-1(ok581) mutants (Figures 4A and 4B; 266 

Table 2). Although about 40% of axons in tns-1(ok80) mutants regenerated, the 267 
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lengths of the regrown axons (means ± SEM; 63.6 ± 1.9 m, n = 20, P = 0.25) 268 

were similar to those found in wild-type animals (means ± SEM; 67.0 ± 2.1 m, n 269 

= 20). These results indicate that the long form of TNS-1, but not the short form, 270 

is involved in axon regeneration following laser axotomy. We also examined 271 

whether the short isoform TNS-1S might have a function in axon regeneration. 272 

We observed that expression of the tns-1s cDNA from the unc-25 promoter did 273 

not rescue the ok80 defect (Figure 4B; Table 2). Therefore, we focused only on 274 

the long form of TNS-1 in our subsequent experiments. Overexpression of tns-1 275 

from the unc-25 promoter had no effect on axon regeneration in wild-type 276 

animals (Figure 4B; Table 2). 277 

Next, we tested whether TNS-1 can act cell-autonomously in axon 278 

regeneration. The tns-1 cDNA was expressed in tns-1(ok80) mutant animals 279 

using the unc-25 or mec-7 promoter. Expression of tns-1 in D-type motor 280 

neurons by the unc-25 promoter, but not in sensory neurons by the mec-7 281 

promoter, rescued the axon regeneration defect of D-type motor neurons 282 

observed in tns-1(ok80) mutants (Figure 4B; Table 2), thus demonstrating that 283 

TNS-1 can function cell autonomously in damaged D-type motor neurons. We 284 

next tested whether the mammalian Tensin-3 could substitute for C. elegans 285 

TNS-1 in axon regeneration, but found that expression of human Tensin-3 from 286 

the unc-25 promoter failed to rescue the tns-1 defect in axon regeneration 287 

(Figure 4B; Table 2). Notably, the effect of tns-1 is injury-specific, since the 288 

tns-1(ok80) or tns-1(ok581) mutation otherwise has no obvious effect on nerve 289 

development. 290 

We investigated the expression pattern of tns-1 using a reporter construct 291 

consisting of the tns-1 promoter, a nuclear localization signal and the fluorescent 292 

protein VENUS (Ptns-1::nls::venus). Consistent with the cell-autonomous 293 

function of TNS-1 in axon regeneration, we found that the tns-1 gene is 294 
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expressed in ventral motor neurons, including the DD and VD, as well as a 295 

subset of cells in heads (Figure 4C). We next examined the intracellular 296 

localization of TNS-1 in D-type motor neurons using the Punc-25::tns-1::gfp 297 

gene. We observed that TNS-1::GFP was distributed in a punctate pattern along 298 

the ventral and dorsal nerve cords in D-type motor neurons (Figure 5A). 299 

Following laser ablation of the axons, TNS-1::GFP accumulated at the severed 300 

ends and the growth cones (Figure 5B). 301 

To examine whether the SH2 and PTB domains in TNS-1 are essential for 302 

axon regeneration, we generated two mutants, one that replaces Arg-1071 in the 303 

SH2 domain with Lys (R1071K) and the other that deletes amino acids 304 

1155-1317, which contain the PTB domain ( PTB) (Figure 6A). Neither 305 

expression of TNS-1(R1071K) nor TNS-1( PTB) from the unc-25 promoter was 306 

able to rescue the tns-1(ok80) mutant phenotype (Figure 6B; Table 2). These 307 

results indicate that both the SH2 and PTB domains are required for TNS-1 308 

function in axon regeneration. 309 

 310 

TNS-1 functions in the JNK pathway regulating axon regeneration. 311 

As our RNAi screen for svh genes was intended to identify genes involved in 312 

the JNK pathway (Li et al., 2012; Hisamoto et al., 2018), we next investigated the 313 

relationship between TNS-1 and the JNK pathway in the regulation of axon 314 

regeneration. MLK-1 functions as a MAPKKK in the JNK pathway (Mizuno et al., 315 

2004). When we generated tns-1(ok80); mlk-1(km19) double mutants, we found 316 

that the phenotype of the double mutant was indistinguishable from that of either 317 

single mutant (Figure 6C; Table 2). This indicates that TNS-1 acts in the same 318 

pathway with MLK-1, and thus may function in the JNK pathway. 319 

We next asked at what point TNS-1 acts in the JNK pathway during axon 320 

regeneration. Overexpression of mlk-1 suppressed the regeneration defect 321 
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observed in tns-1(ok80) mutants (Figure 6D; Table 2). In contrast, 322 

overexpression of tns-1 failed to suppress the mlk-1 defect (Figure 6D; Table 2). 323 

These results suggest that TNS-1 functions upstream of MLK-1 in the JNK 324 

pathway. Activation of the JNK cascade following axonal injury is mediated by 325 

SVH-2, a homolog of the RTK Met, and its ligand SVH-1, a HGF-like growth 326 

factor. Activated SVH-2 in turn tyrosine phosphorylates MLK-1 (Li et al., 2012). 327 

In addition, DDR-2, another RTK that contains a discoidin domain, further 328 

modulates the SVH-1–SVH-2 pathway (Figure 2A) (Hisamoto et al., 2016). We 329 

confirmed that TNS-1 functions in the same pathway as SVH-2 and DDR-2, 330 

because the phenotype of svh-2(tm737); tns-1(ok80) or ddr-2(ok574); 331 

tns-1(ok80) double mutants was indistinguishable from that of the tns-1(ok80) 332 

single mutant (Figure 6C; Table 2). Since TNS-1 functions upstream of MLK-1, 333 

TNS-1 might act further downstream on SVH-2 or DDR-2. We thus examined if 334 

overexpression of svh-2 or ddr-2 might reverse the defect in axon regeneration 335 

observed in tns-1 mutants. We found that overexpression of svh-2, but not of 336 

ddr-2, suppressed the regeneration defect in tns-1(ok80) mutants (Figure 6D; 337 

Table 2). Furthermore, overexpression of tns-1 was unable to suppress the 338 

svh-2 defect (Figure 6D; Table 2). Overexpression of mlk-1, svh-2, and ddr-2 339 

does not increase the frequency of axon regeneration in a wild-type background 340 

(Li et al., 2012; Hisamoto et al., 2016). These results suggest that TNS-1 341 

functions downstream of DDR-2 and may act on SVH-2 in the regulation of axon 342 

regeneration. 343 

 344 

TNS-1 associates with tyrosine-autophosphorylated SVH-2 via the SH2 345 

domain. 346 

Since the TNS-1 protein contains an SH2 domain (Figure 2C), we examined 347 

whether TNS-1 might associate with SVH-2 following SVH-2 348 
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autophosphorylation on tyrosine. To generate a constitutively active SVH-2, we 349 

fused the cytoplasmic region of SVH-2 (amino acids 674-1031) directly to the 350 

NH2-terminus of a dimerization leucine zipper motif (Tpr; translocated promoter 351 

region) (Figure 7A) (Li et al., 2012). The Tpr leucine zipper forces dimer 352 

formation and results in ligand-independent, constitutive activation of the 353 

Tpr-SVH-2C protein (Li et al., 2012). However, we failed to detect an interaction 354 

between T7-tagged, full-length TNS-1 and FLAG-tagged Tpr-SVH-2C 355 

co-expressed in mammalian COS-7 cells (Figure 7B). 356 

We next considered the possibility that the NH2-terminal region in TNS-1 357 

might be an inhibitory domain, preventing interactions by forming a closed 358 

conformation. We tested this using a construct that deleted the NH2-terminal 298 359 

amino acids of TNS-1 and tagged this with T7 (TNS-1 N; Figures 3C and 5A). 360 

Immunoprecipitation analysis now showed that TNS-1 N associated with 361 

Tpr-SVH-2C (Figure 7C). If this interaction is of functional significance, the 362 

NH2-terminal domain of TNS-1 should be dispensable for axon regeneration. 363 

Indeed, the Punc-25::tns-1 N transgene was able to rescue the tns-1 defect in 364 

axon regeneration (Figure 6B; Table 2). Furthermore, we found that a 365 

catalytically inactive Tpr-SVH-2C(K767R) mutant failed to associate with 366 

TNS-1 N (Figure 7C), suggesting that this interaction depends on the 367 

tyrosine-autophosphorylation of Tpr-SVH-2C. We have previously shown that 368 

the Tyr-890 autophosphorylation site is essential for the function of SVH-2 in 369 

axon regeneration (Li et al., 2012). We found that the mutant 370 

Tpr-SVH-2C(Y890F) also did not associate with TNS-1 N (Figure 7D). We next 371 

tested whether the SH2 domain in TNS-1 is required for its interaction with 372 

Tpr-SVH-2C. We found that TNS-1 N(R1071K), a mutated form defective in the 373 

SH2 domain (Figure 6A), was unable to interact with Tpr-SVH-2C (Figure 7E), 374 
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suggesting that the COOH-terminal SH2 domain is important for the interaction 375 

with Tpr-SVH-2C. 376 

In mammalian cells, it is known that the Met tyrosine kinase receptor by itself 377 

not stably expressed, but that Tensin-4 interacts with and stabilizes Met by 378 

inhibiting its endocytosis and subsequent lysosomal degradation (Muharram et 379 

al., 2014). This raised the possibility that the C. elegans Met-like receptor SVH-2 380 

would be also stabilized by TNS-1 in a manner similar to mammalian Met. To test 381 

this possibility, we expressed SVH-2::GFP fusion proteins from the heat shock 382 

promoter in wild-type and tns-1(ok80) mutant animals. After heat shock 383 

treatment of the animals for 30 min and incubation for additional 4 hr, animal 384 

lysates were prepared, immunoprecipitated and immunoblotted with anti-GFP 385 

antibody. In wild-type animals, we detected the full-length SVH-2::GFP and its 386 

processed form lacking the NH2-terminal extracellular domain (Figure 7F). We 387 

found that the tns-1 mutation had no effect on SVH-2::GFP expression levels 388 

(Figure 7F). These results suggest that TNS-1 does not affect the stabilization of 389 

SVH-2 proteins. 390 

 391 

TNS-1 acts as an adaptor to link the SVH-2 and integrin signaling 392 

pathways. 393 

How does TNS-1 regulate SVH-2–JNK signaling in axon regeneration? We 394 

have previously demonstrated that upon injury, the DDR-2 and SVH-2 receptor 395 

tyrosine kinases coordinately regulate axon regeneration upstream of the JNK 396 

pathway and their interaction is mediated by the scaffold protein SHC-1 397 

(Hisamoto et al., 2016). Since TNS-1 and SHC-1 contain SH2 and PTB domains, 398 

we examined whether TNS-1 also interacts with DDR-2. We co-expressed 399 

FLAG-Tpr-DDR-2C containing the cytoplasmic domain (amino acids 407-797) of 400 

DDR-2 (Figure 8A) (Hisamoto et al., 2016) with T7-TNS-1 N in COS-7 cells. 401 
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However, TNS-1 N was unable to associate with FLAG-Tpr-DDR-2C (Figure 402 

8A). 403 

Muharram et al. (2014) recently demonstrated that mammalian Tensin-4 404 

forms complexes with Met and integrin 1. C. elegans contains one gene, pat-3, 405 

encoding the integrin  subunit (Gettner et al., 1995). Therefore, we examined 406 

whether TNS-1 associates with PAT-3. When T7-TNS-1 N was co-expressed 407 

with the GFP-tagged intracellular domain of PAT-3 (GFP-PAT-3-ICD) in COS-7 408 

cells, immunoprecipitation analysis revealed that TNS-1 N associated with 409 

PAT-3-ICD (Figure 8B). The interaction between mammalian Tensin-4 and 410 

integrin 1 is known to occur through the Tensin-4 PTB domain (Calderwood et 411 

al., 2003; Katz et al., 2007). We next examined whether the TNS-1 PTB domain 412 

is required for binding to PAT-3-ICD. Deletion of the PTB domain abolished the 413 

ability of TNS-1 N to associate with PAT-3-ICD (Figure 8B), suggesting that the 414 

PTB domain is important for the interaction of TNS-1 with PAT-3. 415 

It is known that PAT-3 functions in D-type motor neurons to regulate 416 

commissural axon navigation (Poinat et al., 2002). To confirm that the pat-3 gene 417 

is expressed in D-type motor neurons, we used a reporter construct consisting of 418 

the pat-3 promoter and the mCherry::H2B fluorescent protein 419 

(Ppat-3::mcherry::H2B::pat-3 3’UTR). We found that the pat-3 gene is expressed 420 

in D-type motor neurons (Figure 8C). Furthermore, we found that the 421 

pat-3(gk804163) mutant was defective in axon regeneration (Figure 8D; Table 2). 422 

The pat-3(gk804163) mutant substitutes a leucine in place of the proline residue 423 

in the NPXY motif, Asn-Pro (790)-Ile-Tyr, which is involved in the interaction with 424 

the PTB-containing protein (Calderwood et al., 2003). To exclude the possibility 425 

that the pat-3 phenotype might have a contribution from background mutations, 426 

we confirmed that the expression of pat-3 in D neurons from the unc-25 427 
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promoter was able to rescue the pat-3 defect in axon regeneration (Figure 8D; 428 

Table 2). This result is also consistent with the expression of pat-3 in D neurons. 429 

We have previously shown that integrin activates MAX-2 MAP4K through the 430 

CED-10 GTPase and that the activated MAX-2 phosphorylates MLK-1 MAPKKK, 431 

which leads to activation of the JNK pathway (Figure 9) (Pastuhov et al., 2016). 432 

The above results raised the possibility that TNS-1 links the SVH-2 and integrin 433 

signaling pathways by forming a complex of these three proteins to activate the 434 

JNK pathway in axon regeneration (Figure 9). To test this possibility, we 435 

examined the genetic interaction between tns-1 and max-2. We found that the 436 

max-2(nv162) mutation did not enhance the axon regeneration defect observed 437 

in tns-1(ok80) mutants (Figure 8D; Table 2). This result confirms that TNS-1 438 

functions in the same pathway as MAX-2. Furthermore, overexpression of max-2 439 

by the unc-25 promoter rescued the axon regeneration defect of tns-1(ok80) 440 

mutants (Figure 6D; Table 2). These results suggest that TNS-1 links the 441 

SVH-2–MLK-1 pathway with the integrin–MAX-2–MLK-1 pathway (Figure 9). 442 
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Discussion 443 

 444 

A number of studies have shown that axon regeneration in C. elegans is 445 

regulated by the JNK MAPK pathway (Nix et al., 2011). This pathway is 446 

antagonized by the action of VHP-1, a MAPK phosphatase (Mizuno et al., 2004). 447 

The importance of this negative regulation of MAPK signaling is underscored by 448 

the fact that vhp-1 mutants are arrested in their development at an early larval 449 

stage (Mizuno et al., 2004). Mutations that inactivate various components in the 450 

JNK pathway can suppress the vhp-1 developmental arrest, indicating that the 451 

vhp-1 phenotype is caused by hyper-activation of the JNK pathway. This 452 

phenotype has made it possible to isolate regulators of the JNK pathway by 453 

genome-wide RNAi screens, which led to the identification of the svh genes (Li 454 

et al., 2012). Examination of various svh genes, svh-1, -2, -3, -4, -8, -13, and -15, 455 

have revealed them to also function as regulators of axon regeneration, thereby 456 

underscoring the importance of the JNK pathway in this process (Li et al., 2012, 457 

2015; Pastuhov et al., 2012; Hisamoto et al., 2014, 2016, 2018; Shimizu et al., 458 

2018). SVH-1 is homologous in sequence to mammalian HGF, while SVH-2 is 459 

homologous to the mammalian receptor for HGF, Met. This suggests that SVH-1 460 

and SVH-2 may also function as a ligand-receptor pair in axon regeneration (Li 461 

et al., 2012; Hisamoto et al., 2014). In mammals, exogenous expression of HGF 462 

also promotes axon regeneration in many axotomized neurons (Kitamura et al., 463 

2007; Esaki et al., 2011), suggesting that the HGF–Met signaling cascade is 464 

important for axon regeneration. 465 

In this study, we undertook a functional characterization of the C. elegans 466 

ortholog of Tensin, SVH-6/TNS-1, a protein implicated in SVH-2 signaling in 467 

axon regeneration. Four members of the Tensin family are found in mammals: 468 

Tensin-1, Tensin-2, Tensin-3, and Tensin-4/Cten, whereas C. elegans has only 469 
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one known example. Mammalian Tensin, specifically Tensin-1, was first 470 

identified as a component of focal adhesions involving actin filaments (Wilkins et 471 

al., 1986). Tensin-1 has three distinct regions involved in binding to actin, two of 472 

which are located in the NH2-terminal region (Lo et al., 1994). In addition to its 473 

ability to bind actin, the NH2-terminal region of Tensin-1 is responsible for its 474 

localization to focal adhesions (Chen and Lo., 2003). Recently, it was shown the 475 

C. elegans M01E11.7, corresponding to TNS-1, is localized in the dense bodies, 476 

M-line and cell attachment sites in muscle (Meissner et al., 2011). This suggests 477 

that TNS-1 is also a component of focal adhesions in C. elegans muscle. Thus, it 478 

is likely that TNS-1 has two different roles in C. elegans, one as a component of 479 

focal adhesions in muscles and second as a regulator of axon regeneration in 480 

neurons. The NH2-terminal domain of TNS-1 is dispensable for its function in 481 

axon regeneration and plays an inhibitory role in its interaction with SVH-2. 482 

These results suggest that under normal conditions, TNS-1 function is inhibited 483 

by the NH2-terminal region. Axon injury may relieve this inhibition, resulting in 484 

the association of TNS-1 with SVH-2, which, in turn, leads to the activation of the 485 

JNK pathway promoting axon regeneration. 486 

The presence of SH2 and PTB domains in tandem is unique to Tensin (Lo, 487 

2004, 2017). Since SH2 domains typically mediate binding to phosphotyrosine, 488 

this domain may be essential for Tensin function. Mammalian Tensins use the 489 

SH2 domain to recruit various tyrosine-phosphorylated signaling proteins, such 490 

as Met and EGFR (Lo, 2017). Recently, Muharram et al. (2014) found that 491 

mammalian Tensin-4 interacts with tyrosine-autophosphorylated Met via the 492 

SH2 domain and stabilizes Met protein by inhibiting its endocytosis. We 493 

demonstrate that the C. elegans TNS-1 SH2 domain is required for its interaction 494 

with tyrosine-autophosphorylated SVH-2 Met-like receptor, and is also required 495 

for its function in axon regeneration. However, our analysis of TNS-1 protein 496 
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levels in tns-1 mutants shows that it is not involved in the stabilization of SVH-2. 497 

How does TNS-1 regulate the SVH-2–JNK signaling pathway in axon 498 

regeneration? We show that the PTB domain of TNS-1 is essential for its 499 

function in axon regeneration. Mammalian Tensin’s PTB domain binds to  500 

integrin cytoplasmic tails (Calderwood et al., 2003). We demonstrate that the C. 501 

elegans TNS-1 PTB domain is required for its association with the cytoplasmic 502 

region of the integrin  subunit PAT-3. We have recently shown that the integrin 503 

pathway also promotes axon regeneration through activation of the JNK 504 

cascade (Pastuhov et al., 2016; Hisamoto et al., 2018). In this pathway, the 505 

integrin  subunit INA-1 transduces a signal to the guanine nucleotide exchange 506 

factor complex, CED-2/CrkII, CED-5/DOCK180, and CED-12/ELMO, which 507 

activates the GTPase CED-10/Rac. CED-10, when bound by GTP, interacts with 508 

and activates the Ste20-related protein kinase MAX-2, which phosphorylates 509 

and activates MLK-1 (Pastuhov et al., 2016). These results suggest that TNS-1 510 

brings PAT-3 in close proximity to SVH-2 by associating with both proteins and 511 

then SVH-2 and MAX-2 phosphorylate MLK-1 at tyrosine and serine residues, 512 

respectively (Figure 9). One explanation as to why overexpression of svh-2 513 

suppresses the tns-1 defect in axon regeneration is that overexpressed SVH-2 is 514 

in close proximity to components of the integrin–MAX-2–MLK-1 pathway. 515 

Similarly, when MAX-2 is overexpressed, it can access the SVH-2–MLK-1 516 

pathway even in the absence of TNS-1. Thus, it is likely that TNS-1 links Met-like 517 

SVH-2 and integrin–MAX-2 with MLK-1 MAPKKK signaling. Our study describes 518 

a novel mechanism involving the TNS-1 adaptor protein in the SVH-2–JNK 519 

signaling pathway to regulate axon regeneration after neuronal injury. 520 
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Figure legends 691 

 692 

Figure 1. 693 

Isolation of svh-6 RNAi. The vhp-1 mutation causes larval arrest due to 694 

hyperactivation of the KGB-1 JNK cascade. Downregulation by RNAi of any of 695 

the components in the JNK pathway such as a factor that positively regulates the 696 

JNK signaling is able to suppress the vhp-1 lethality. Photographs of worms are 697 

from previous results (Mizuno et al., 2004). Scale bar = 100 m. 698 

 699 

Figure 2. 700 

The tns-1 gene encodes a homolog of Tensin. A, SVH-1–SVH-2 pathway 701 

required for axon regeneration in C. elegans. Activation of SVH-2 receptor 702 

tyrosine kinase by SVH-1 growth factor activates the JNK pathway. The EMB-9 703 

collagen–DDR-2 pathway modulates the SVH-1–SVH-2 pathway. B, Structures 704 

of the tns-1 and tns-1s genes. Boxes indicate exons and lines indicate introns 705 

and promoters. The regions deleted in the ok80 and ok581 alleles are indicated 706 

by black bars. C, Structure of TNS-1 protein. Schematic diagrams of TNS-1, a 707 

short form of TNS-1 (TNS-1S) and human Tensin-3 are shown. The domains 708 

shown are the NH2-terminal (blue), SH2 (yellow) and PTB (red) domains. The 709 

regions deleted by the ok80 and ok581 alleles are indicated by black bars. 710 

Identity (%) in each domain is shown. 711 

 712 

Figure 3. 713 

Conserved domains between TNS-1 and human Tensin-3. Amino acid 714 

alignments of the SH2 (A), PTB (B) and NH2-terminal (C) domains are shown. 715 

Identical and similar residues are highlighted with dark and pale gray shadings, 716 
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 30 

respectively. An asterisk indicates an Arg residue essential for binding to 717 

phospho-tyrosine (A). 718 

 719 

Figure 4. 720 

TNS-1 is required for efficient axon regeneration. A, Representative D-type 721 

motor neurons in wild-type and tns-1 mutant animals 24 hr after laser surgery. In 722 

wild-type animals, a severed axon has regenerated a growth cone (arrow). In 723 

tns-1 mutants, the proximal ends of axons failed to regenerate (arrowhead). 724 

Scale bar = 10 m. B, Percentages of axons that initiated regeneration 24 hr 725 

after laser surgery. Error bars indicate 95% confidence intervals (CI). ***P<0.001 726 

as determined by Fisher’s exact test. NS: not significant. C, Expression of the 727 

Ptns-1::nls::venus gene. Fluorescent images and DIC of animals carrying 728 

Ptns-1::nls::venus and Punc-47::mcherry are shown. D-type motor neurons are 729 

visualized by mCherry under control of the unc-47 promoter. White arrows, white 730 

arrowheads, yellow arrowheads and asterisks indicate cells expressing 731 

Ptns-1::nls::venus, D-type motor neurons, RME neuron and 732 

pharynx, respectively. The fluorescent signal in the pharynx is from the injection 733 

marker Pmyo-2::DsRed monomer. V: ventral side. D: dorsal side. Scale bars = 734 

10 m. 735 

 736 

Figure 5. 737 

Localization of TNS-1::GFP in D-type motor neurons. A, Fluorescent images of 738 

animals carrying Punc-25::tns-1::gfp and Punc-47::mcherry are shown. D-type 739 

motor neurons are visualized by mCherry under control of the unc-47 promoter. 740 

White arrowheads indicate punctate localization of TNS-1::GFP in D-type motor 741 

axons. V: ventral nerve cord. D: dorsal nerve cord. Scale bar = 10 m. B, 742 

Fluorescent images of severed axons in animals carrying Punc-25::tns-1::gfp 743 
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and Punc-47::mcherry are shown. Each image was taken at the indicated times 744 

(min) after laser surgery. Yellow arrowheads and yellow square brackets indicate 745 

the tip of the proximal injured axon and growth cones, respectively. Scale bar = 746 

10 m. 747 

 748 

Figure 6. 749 

The involvement of TNS-1 in the JNK pathway in C. elegans. A, Domains in 750 

TNS-1. Structures of TNS-1 are shown. B-D, Percentages of axons that initiated 751 

regeneration 24 hr after laser surgery are shown. Error bars indicate 95% 752 

confidence intervals (CI). *P<0.05, **P<0.01, ***P<0.001 as determined by 753 

Fisher’s exact test. NS: not significant. 754 

 755 

Figure 7. 756 

Relationship between TNS-1 and SVH-2. A, Schematic diagrams of SVH-2 are 757 

shown. SP; signal peptides. TM; transmembrane domain. B-E, COS-7 cells 758 

were transfected with plasmids encoding FLAG-Tpr-SVH-2C (WT), 759 

FLAG-Tpr-SVH-2C(K767R) (KN), FLAG-Tpr-SVH-2C(Y890F) (YF), T7-TNS-1, 760 

T7-TNS-1 N, and T7-TNS-1 N(R1071K), as indicated. Whole-cell extracts 761 

(WCE) and immunoprecipitated complexes obtained with anti-FLAG antibody 762 

(IP: FLAG) were analyzed by immunoblotting (IB). F, Effects of the tns-1 763 

mutation on SVH-2 protein levels. Wild-type and tns-1(ok80) mutant animals 764 

carrying Phsp::svh-2::gfp were subjected to heat shock (+HS) at 37°C for 30 min 765 

and incubated at 20°C for additional 4 hr. Animal lysates were prepared and 766 

immunoprecipitated with anti-GFP antibody. The SVH-2::GFP 767 

immunoprecipitate was blotted with anti-GFP antibody. -tubulin was used for 768 

the loading control. 769 
 770 
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Figure 8. 771 

Relationship between TNS-1 and PAT-3. A, Interaction of TNS-1 with DDR-2. 772 

COS-7 cells were transfected with plasmids encoding FLAG-Tpr-DDR-2C and 773 

T7-TNS-1 N, as indicated. Whole-cell extracts (WCE) and immunoprecipitated 774 

complexes obtained with anti-T7 antibody (IP: T7) were analyzed by 775 

immunoblotting (IB). Schematic diagrams of DDR-2 are shown in the upper part 776 

SP; signal peptides. TM; transmembrane domain. B, Interaction of TNS-1 with 777 

PAT-3. COS-7 cells were transfected with plasmids encoding GFP-PAT-3-ICD, 778 

T7-TNS-1 N (WT) and T7-TNS-1 N( PTB) ( PTB), as indicated. Whole-cell 779 

extracts (WCE) and immunoprecipitated complexes obtained with anti-T7 780 

antibody (IP: T7) were analyzed by immunoblotting (IB). C, Expression of the 781 

Ppat-3::mcherry::H2B::pat-3 3’UTR gene. Fluorescent images of animals 782 

carrying Ppat-3::mcherry::H2B::pat-3 3’UTR and Punc-25::gfp are shown. 783 

D-type motor neurons are visualized by GFP under control of the unc-25 784 

promoter. Yellow arrowheads indicate D-type motor neurons. Anterior is the left. 785 

Scale bar = 20 m. D, Percentages of axons that initiated regeneration 24 hr 786 

after laser surgery are shown. Error bars indicate 95% confidence intervals (CI). 787 

*P<0.05, **P<0.01 as determined by Fisher’s exact test. NS: not significant. 788 

 789 

Figure 9. 790 

Relationship between SVH-2–MLK-1 and integrin–MAX-2–MLK-1 pathways in 791 

axon regeneration. PAT-3 makes a complex with INA-1, which activates MAX-2 792 

through CED-10. Activated MAX-2 acts as a MAP4K for MLK-1 MAPKKK. 793 





















Table 1. Strains used in this study. 
 

Strain Genotype 

KU501 juIs76 II 

KU503 juIs76 II; svh-2(tm737) X 

KU504 juIs76 II; mlk-1(km19) V 

KU1240 tns-1(ok581) I; juIs76 II 

KU1241 tns-1(ok80) I; juIs76 II 

KU1242 tns-1(ok80) I; juIs76 II; mlk-1(km19) V 

KU1243 tns-1(ok80) I; juIs76 II; kmEx1243 [Punc-25::tns-1] 

KU1244 tns-1(ok80) I; juIs76 II; kmEx1244 [Punc-25::tns-1∆N] 

KU1245 tns-1(ok80) I; juIs76 II; kmEx1245 [Punc-25::tns-1(R1071K)] 

KU1246 tns-1(ok80) I; juIs76 II; kmEx1246 [Punc-25::tns-1∆PTB] 

KU1247 juIs76 II; mlk-1(km19) V; kmEx1243 [Punc-25::tns-1] 

KU1248 tns-1(ok80) I; juIs76 II; kmEx507 [Pmlk-1::mlk-1] 

KU1249 tns-1(ok80) I; juIs76 II; kmEx1206 [Punc-25::svh-2] 

KU1250 tns-1(ok80) I; juIs76 II; kmEx1202 [Punc-25::ddr-2] 

KU1251 wpIs36 I; kmEx1251 [Ptns-1::nls::venus] 

KU1252 tns-1(ok80) I; juIs76 II; kmEx1252 [Pmec-7::tns-1] 

KU1253 tns-1(ok80) I; juIs76 II; kmEx1253 [Punc-25::tns-1s] (line 1) 

KU1254 juIs76 II; kmEx1243 [Punc-25::tns-1] 

KU1256 tns-1(ok80) I; juIs76 II; kmEx1256 [Punc-25::hTensin-3] (line 1) 

KU1257 tns-1(ok80) I; juIs76 II; svh-2(tm737) X 

KU1258 juIs76 II; svh-2(tm737) X; kmEx1243 [Punc-25::tns-1] 

KU1259 tns-1(ok80) I; juIs76 II; kmEx468 [Punc-25::max-2] 

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



KU1261 tns-1(ok80) I; kmEx1260 [Phsp::svh-2::gfp] 

KU1262 wpIs36 I; kmEx1262 [Punc-25::tns-1::gfp] 

KU1263 tns-1(ok581) I; juIs76 II; ddr-2(ok574) X 

KU1264 tns-1(ok581) I; juIs76 max-2(nv162) II 

KU1265 juIs76 II; pat-3(gk804163) III 

KU1266 juIs76 II; pat-3(gk804163) III; kmEx1253 [Punc-25::pat-3] 

KU1267 tns-1(ok80) I; juIs76 II; kmEx1253 [Punc-25::tns-1s] (line 2) 

KU1268 tns-1(ok80) I; juIs76 II; kmEx1256 [Punc-25::hTensin-3] (line 2) 

KU1269 
 

juIs76 II; maEx247 [Ppat-3::mcherry::H2B::pat-3 3’UTR 

+ Ppat-3::GFP::H2B::pat-3 mutated 3’UTR] 

  



Table 2. Raw data of genotype tested for axotomy.  
strain genotype n regenerated % p-value  v.s.   

KU501 wild type 59 42 71 - -   
KU1240 tns-1(ok581) 63 24 38 0.0003 KU501 
KU1241 tns-1(ok80) 58 18 31 <0.0001 KU501 

KU1253 
KU1267  

tns-1(ok80) + Punc-25::tns-1s (line 1) 
tns-1(ok80) + Punc-25::tns-1s (line 2) 

50 
52 

18 
24 

36 
46 

0.68 
0.12 

 
 

KU1241 
KU1241 

KU1254 Punc-25::tns-1 50 37 74 0.83 KU501 
KU1243 tns-1(ok80) + Punc-25::tns-1 53 34 64 0.0006 KU1241 
KU1252 tns-1(ok80) + Pmec-7::tns-1 54 18 33 0.84 KU1241 
KU1256 tns-1(ok80) + Punc-25::hTensin-3 (line 1) 50 19 35 0.54 KU1241 
KU1268 tns-1(ok80) + Punc-25::hTensin-3 (line 2) 56 18 32 1.0  KU1241 
KU1244 tns-1(ok80) + Punc-25::tns-1∆N 53 32 60 0.0023 KU1241 
KU1245 tns-1(ok80) + Punc-25::tns-1(R1071K) 52 17 33 1.0 KU1241 
KU1246 tns-1(ok80) + Punc-25::tns-1∆PTB 54 17 31 1.0 KU1241 
KU1242 tns-1(ok80); mlk-1(km19) 52 15 29 0.84 KU1241 
KU1257 tns-1(ok80); svh-2(tm737) 57 16 28 0.84 KU1241 
KU1263 tns-1(ok80); ddr-2(ok574) 51 15 29  1.0 KU1241 
KU1264 tns-1(ok80); max-2(nv162) 50 17 34 0.84 KU1241 
KU1248 tns-1(ok80) + Pmlk-1::mlk-1 63 34 59 0.017 KU1241 



KU1248* tns-1(ok80) (-array) 63 22 35 0.048 KU1248 
KU1249  tns-1(ok80) + Punc-25::svh-2 55 31 56 0.0081  KU1241 
KU1249*  tns-1(ok80) (-array) 58 20 34 0.024  KU1249 
KU1250  tns-1(ok80) + Punc-25::ddr-2 55 18 33 1.0  KU1241 
KU1250*  tns-1(ok80) (-array) 53 15 28 0.68  KU1250 
KU1259 tns-1(ok80) + Punc-25::max-2 50 31 62 0.0018  KU1241 
KU1259* tns-1(ok80) (-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) 71 23 32 0.0014  KU501 
KU1266 pat-3(gk804163) + Punc-25::pat-3 50 31 62 0.0016   KU1265 


