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Chromosomal translocation of neurotrophic receptor tyrosine kinases leads to 

various pediatric cancers. While tyrosine kinase inhibitors such as Larotrectinib and 
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Entrectinib remain a major course of treatment, relapse of tumor still occur, suggesting 

the need for new therapeutic targets. This work focuses on a novel translocation 

identified in cases of Infantile Fibrosarcoma, which contains the coiled-coil 

multimerization domain of Echinoderm Microtubule-like protein 4 (EML4) and the 

tyrosine kinase domain of Neurotrophic receptor tyrosine kinase 3 (NTRK3). 

Activation of EML4-NTRK3 relies on both the tyrosine kinase activity of NTRK3 and 

the salt bridge stabilization in the coiled-coil domain of EML4. As shown in focus 

formation assay, the tyrosine kinase activity of NTRK3 is essential for the biological 

activation of EML4-NTRK3. Furthermore, EML4-NTRK3 activates downstream 

signaling pathways MAPK/ERK, JAK/STAT3 and PKC/PLCgamma. The importance 

of the salt bridge interactions within EML4-NTRK3 was shown: disruption of all three 

salt bridge interactions blocks its downstream activation, biological activity and the 

ability to heterodimerize with EML4. This work also demonstrated that EML4-NTRK3 

resides in the cytoplasm and fails to associate with microtubules. Taken together, these 

data suggest a therapeutic strategy for Infantile Fibrosarcoma cases bearing EML4-

NTRK3 fusion: inhibition of salt bridge interactions within EML4.  
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Chapter 2 

The Oncogenic Fusion Protein EML4-NTRK3 Requires Three Salt Bridges for 

Stability and Biological Activity 

 

ABSTRACT 

Chromosomal translocations of neurotrophic receptor tyrosine kinases (NTRKs) 

lead to various pediatric cancers. While tyrosine kinase inhibitors such as Larotrectinib 

and Entrectinib remain a major course of treatment, relapse of tumor still occur, 

suggesting the need for new therapeutic targets. This work focuses on a novel 

translocation identified in cases of Infantile Fibrosarcoma, which contains the coiled-

coil multimerization domain of Echinoderm Microtubule-like protein 4 (EML4) and 

the tyrosine kinase domain of Neurotrophic receptor tyrosine kinase 3 (NTRK3). 

Activation of EML4-NTRK3 relies on both the tyrosine kinase activity of NTRK3 and 

the salt bridge stabilization in the coiled-coil domain of EML4. As shown in focus 

formation assays, the tyrosine kinase activity of NTRK3 is essential for the biological 

activation of EML4-NTRK3. Furthermore, EML4-NTRK3 activates downstream 

signaling pathways MAPK/ERK, JAK/STAT3 and PKC/PLC. The importance of the 

salt bridge interactions within EML4-NTRK3 was shown as the disruption of all three 

salt bridge interactions blocks downstream activation, biological activity and the ability 

to heteromultimerize with EML4. This work also demonstrates that EML4-NTRK3 is 

localized in the cytoplasm and fails to associate with microtubules. Taken together, 
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these data suggest a novel therapeutic strategy for Infantile Fibrosarcoma cases bearing 

EML4-NTRK3 fusion: inhibition of salt bridge interactions.  

 

INTRODUCTION 

 Infantile fibrosarcoma (IFS) is the most common type of non-rhabdomyosarcoma 

soft tissue tumor and is generally found in infants and children less than 2 years old. 

The main course of treatment for IFS is surgical excision, after which there is a low 

chance of metastasis and a high probability of long-term survival (>90%) (1). IFS 

tumors reside in subcutaneous fat, muscle, fascia and tendons (2) and they are 

morphologically described as spindle-shaped cells in layers of dilated blood vessels 

arranged in a herringbone pattern (3). Chromosomal translocations frequently occur in 

IFS, with the oncogenic fusion ETV6-NTRK3; ETV6-NTRK3 consists of the helix-

loop-helix (HLH) domain of ETV6 (ETS variant transcription factor 6) joined to the 

protein tyrosine kinase domain of NTRK3 (4, 5, 6).  

In addition to ETV6-NTRK3, recent studies have identified another recurrent 

translocation in IFS involving Echinoderm microtubule-associated protein-like 4 

(EML4) joined to NTRK3 (3, 7). This novel fusion has been found recurrently in 

children with IFS and also congenital mesoblastic nephroma ranging from the age of 6 

days to 1 year old (8). The EML4-NTRK3 fusions consists of exons 1 and 2 of EML4 

joined with exons 14-19 of NTRK3, encompassing the coiled-coil domain of EML4 

and the tyrosine kinase domain of NTRK3 (3). The EML4 N-terminal domain has been 

shown to form a parallel trimeric coiled-coil structure, of which residues 14-44 have 
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been described in a crystal structure (9). Four salt bridges have been identified as 

conserved between EML proteins (9), presumed to stabilize the triple helix, and these 

are conserved in the EML4-NTRK3 fusion. Previous studies have also shown that the 

expression of EML4-NTRK3 promotes anchorage-independent growth of NIH3T3 

cells and induces in vivo tumor formation in NOD scid gamma (NSG) mice (3). In 

addition to the coiled-coil domain at the N-terminus, EML4 also contains a "Tandem 

Atypical Propeller domain" (TAPE domain), which includes the "Hydrophobic Motif 

in EML Proteins" (HELP motif) and WD repeats, and also a microtubule binding motif, 

but these domains are not preserved in the EML4-NTRK3 fusion. 

The fusion partner for both ETV6-NTRK3 and EML4-NTRK3 is NTRK3, or 

neurotrophic tyrosine receptor kinase, one of a small family of three tropomyosin 

receptor kinases (10). Overexpression of NTRK3 occurs in a variety of cancers such as 

glioma (91.8%), thyroid cancer (87%) and breast cancer (82.4%) (11, 12, 13) and is 

normally activated by the ligand neurotrophin-3 (NT-3). Upon binding of NT-3, 

NTRK3 can activate various signaling pathways including Ras/MEK/MAPK, 

PI3K/AKT, JAK2/STAT3 and phospholipase C-gamma (PLCγ) pathways, which can 

regulate the survival, cell differentiation and apoptosis in the peripheral and central 

neuronal systems (6, 10).   

The study presented here explores the requirements and mechanisms of 

activation of EML4-NTRK3 and the effects on signaling pathways (MAPK, STAT3, 

PLCγ) that can lead to cell proliferation, differentiation, survival and adhesion. 

Importantly, we explore the importance of salt bridge residues in the trimerization 
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domain of EML4, previously identified in a study of native proteins in the EML family 

(EML1-4) (9). We show that disruption of the salt bridges leads to a reduction of 

downstream signaling pathways, reduced biological activity in transformation assays, 

and reduced multimerization of the fusion protein. We also demonstrate that EML4-

NTRK3 localizes diffusely in the cytoplasm, but unlike native EML4 fails to associate 

with microtubules.  

 

RESULTS 

Characterization and biological activity of EML4-NTRK3 

EML4 consists of 981 amino acid residues (Uniprot Q9HC35-1) encoded by 23 

exons, whereas NTRK3 contains 839 amino acid residues (Uniprot Q16288-1) encoded 

by 18 exons. Currently, only one EML4-NTRK3 fusion variant has been identified, 

which joins EML4 at exon 2 to the beginning of NTRK3 at exon 12 (3, 14). Therefore, 

we constructed this oncogenic fusion, which retains the N-terminal coiled-coil domain 

of EML4 joined to the tyrosine kinase domain of NTRK3 (Figure 4A). A kinase-dead 

mutation, K572R, was introduced into both NTRK3 and EML4-NTRK3 to determine 

whether the transforming ability of EML4-NTRK3 depends on the tyrosine kinase 

activity of NTRK3 (Figure 4A). These constructs were assayed using NIH3T3 cell 

transformation assays (15). A previously characterized fusion protein BCR-FGFR1 was 

used as a positive control (16). EML4-NTRK3 formed slightly lower levels of foci 

compared to BCR-FGFR1, and interestingly, the foci formed are larger in size 

compared to BCR-FGFR1 (Figure 4B). Other constructs, including full length NTRK3, 
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kinase-dead NTRK3 K572R, and kinase-dead EML4-NTRK3 K572R did not form any 

visible foci (Figure 4B, 4C). As a result, the transforming ability of EML4-NTRK3 

clearly relies on the tyrosine kinase activity of NTRK3.  
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Figure 4: Structure and cell transformation assays of EML4-NTRK3. (A) schematic of 

NTRK3 and EML4-NTRK3 with K572R kinase dead mutations shown. NTRK3 

contains a leucine-rich domain (L), and an extracellular ligand binding domain with 

immunoglobulin-like domains (Ig), a transmembrane domain (TM), and a tyrosine 

kinase domain. EML4-NTRK3 contains EML4 exon 2 at the N-terminus fused to the 

kinase domain of NTRK3 at exon 12. EML4 contributes a coiled-coil domain to the 

EML4-NTRK3 fusion. (B) Representative plates from NIH3T3 cell transformation 

assays by EML4-NTRK3, with transfected constructs indicated. (C) The graph shows 

the number of foci scored, normalized for transfection efficiency, and calculated as a 

percentage of transformation relative to BCR-FGFR1 -/+ standard error of the mean 

(SEM). Assays were performed a minimum of three times per each DNA construct. 
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A short coiled-coil EML4 trimerization domain consists of three salt bridges 

The coiled-coil domain of EML4, defined by amino acid residues 1 to 68, was 

previously shown to assume a parallel triple helix stabilized by three interhelical salt 

bridges (9). These salt bridges maintain the register of the three parallel alpha helices 

(Figure 5), and this structure dictates that there are, in fact, nine total salt bridges 

stabilizing this structure. The side-view crystal structure of the trimeric coiled coil 

shows the three salt bridges occurring between Arg23 and Glu28 (#1), Arg30 and Glu35 

(#2), and Glu37 and Lys42 (#3) (Figure 5B, D). There are 6 heptad repeats in the EML4 

coiled-coil domain, in which the heptad positions are conventionally labelled from “a” 

to “g” (9). In a triple helix, charged amino acid side chains in positions “e” and “g” in 

one alpha helix have the potential to form electrostatic interactions with those in the 

neighboring alpha helix, stabilizing the structure of the trimeric coiled-coil, as shown 

in both the schema and the top-view crystal structure of EML4 coiled-coil domain 

(Figure 5C, D). 
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Figure 5: Three salt bridges in the EML4 trimerization domain are required for the 

stability of the coiled coil structures. (A) The linear sequence showing the salt bridge 

residues in EML4 trimeric coiled coil. (B) The side-view crystal structure of the EML4 

trimeric coiled coil domain is shown (PDB code 4CGC), as viewed using Chimera 

software. Positive residues R23, R30, K42 are in blue, while negative residues E28, 

E35, E37 are in red. (C) This shows the parallel heptad repeats of the trimeric coiled 

coil domain of EML4 with the salt bridge residues in the e and g positions. The 

interhelical salt bridges are indicated between residues R23 and E28 (#1), R30 and E35 

(#2), E37 and K42 (#3). (D) The top-view crystal structure of the EML4 trimeric coiled 

coil domain is shown, as viewed using Chimera software. Positive residues R23, R30, 

K42 are in blue while negative residues E28, E35, E37 are in red.  
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Disruptions of EML4 salt bridges abolish cell transforming ability and activation 

of downstream signaling pathways 

The coiled-coil domain of EML4 presents a potential therapeutic target as it 

contributes to the cell transforming ability, as demonstrated previously in soft agar 

colony formation assays (3) and in the work presented here. Thus, we investigated the 

importance of salt bridges in the EML4 coiled-coil domain to determine whether they 

are essential for the oncogenic activation of EML4-NTRK3. The three salt bridges in 

the parallel coiled-coil domain of EML4, between Arg23 and Glu28 (#1), Arg30 and 

Glu35 (#2), and Glu37 and Lys42 (#3) were disrupted by mutagenizing one residue of 

each pair to the opposite charge to abolish the electrostatic interactions. Each of the 

resulting single mutants, containing a single disrupted salt bridge designated #1, #2, or 

#3, exhibited a drastic decrease in cell transforming ability (<20% of EML4-NTRK3) 

in NIH3T3 cells. By combining mutations in each of the salt bridges, we also 

constructed mutants with any two of the salt bridges disrupted (#1+#2, #2+#3, #1+#3), 

as well as a mutant with all three salt bridges disrupted (#1+#2+#3). Each of the double 

mutants and the triple mutant were devoid of morphological transforming activity 

(Figure 6A).  

Knowing that the salt bridge residues are essential for the cell transforming 

ability, we were interested in assessing their effects on phosphorylation of the NTRK3 

tyrosine kinase domain, reflecting activation of the kinase, and on activation of 

downstream signaling pathways including MAPK, STAT3, and PLCγ1 in HEK293T 

cells. Interestingly, phosphorylation of the NTRK3 tyrosine kinase domain for all the 

single and double salt bridge mutants was similar to that of EML4-NTRK3. However, 
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phosphorylation of the NTRK3 tyrosine kinase domain was abolished by the triple salt 

bridge mutant (Figure 6B). With regards to activation of MAPK and PLCγ1 pathways, 

P-MAPK and P- PLCγ1 levels for the single salt bridge mutants were similar to EML4-

NTRK3; however, phosphorylation diminished significantly for each of the double salt 

bridge mutants (#1+#2, #1+#3, #2+#3) and was completely abolished by the triple 

mutant (#1+#2+#3). With regard to Stat3 activation, phosphorylation was partially 

diminished by each of the single mutants but was completely absent for each of the 

double mutants as well as the triple mutants. These results are generally consistent with 

a model that activation of EML4-NTRK3 diminishes progressively with greater 

disruption of the stabilizing salt bridges. However, the P-NTRK3 signal for the single 

and double mutants, which detects phosphorylated residues in the activation loop at 

Y709/Y710, clearly shows that these mutations allow for activation loop 

phosphorylation; however, this may not reflect the totality of tyrosine phosphorylation 

that occurs in a fully activated EML4-NTRK3 complex in which additional tyrosine 

phosphorylation may be required for recruiting and activating the downstream signaling 

proteins MAPK, STAT3 and PLCγ1.  
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Figure 6: Abrogation of biological activity and downstream activation by salt bridges. 

(A) The graph shows the results from NIH3T3 cell transformation assays. The number 

of foci were scored, normalized for transfection efficiency, and calculated as a 

percentage of transformation relative to EML4-NTRK3 -/+ standard error of the mean 

(SEM). Assays were performed a minimum of three times per each DNA construct. (B) 

EML4-NTRK3 and the salt bridge mutants were expressed in HEK293T cells and 

immunoblotted for phospho-NTRK3 and total NTRK3, phosho MAPK and total 

MAPK, phospho-STAT3 and total STAT3 and phospho-PLC and total PLC.  
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The subcellular localization of EML4-NTRK3 is distinct from either parental 

proteins 

We next wished to investigate the cellular localization of EML4-NTRK3 in 

NIH3T3 cells. EML4 is known to localize in the cytoplasm and associates with 

microtubules (9), while NTRK3 is a Type I integral membrane protein (18). Using 

indirect immunofluorescence, we first confirmed the membrane localization of NTRK3. 

For this purpose, we inserted a FLAG tag at the beginning of the N-terminal 

extracellular domain of NTRK3, immediately after the signal peptide cleavage site. 

Without permeabilizing the membrane, indirect immunofluorescent staining was 

observed only on the periphery of the cell, clearly delineating the plasma membrane 

(Figure 7A). However, following membrane permeabilization, staining was observed 

diffusely throughout the cell (Figure 7B). We also examined the localization of EML4 

by double staining cells for Myc-tagged EML4 and ß-tubulin, which confirmed the 

previously reported microtubule association of EML4 (9) (Figure 7C-E). 

To determine the localization of the fusion protein EML4-NTRK3, 

permeabilized cells were stained for the FLAG tag, located at the N-terminus of EML4-

NTRK3, which showed diffused cytoplasmic staining (Figure 7F). Double staining of 

the same cell with antibodies recognizing ß-tubulin showed little evidence of 

colocalization of EML4-NTRK3 with microtubules (Figure 7G, H). Thus. we conclude 

that the N-terminal EML4 coiled-coiled domain present in the fusion protein EML4-

NTRK3 is not sufficient for microtubule association. 
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Given that the EML4-NTRK3 fusion protein loses the N-terminal signal peptide 

of NTRK3 and, therefore, should lack the ability to undergo membrane insertion, we 

anticipated that EML-NTRK3 would exhibit a cytoplasmic localization. This was 

confirmed by the absence of immunofluorescent staining in non-permeabilized cells 

(Figure 7I); however, after permeabilization and staining of the same cell with a second 

antiserum to detect NTRK3, EML4-NTRK3 was observed to be exclusively 

cytoplasmic (Figure 7J,K). Using antiserum to detect the FLAG-tagged EML4 domain 

of EML4-NTRK3 in permeabilized cells, a similar diffuse staining was observed 

throughout the cytoplasm (Figure 7L).  

Considered together, these results demonstrate that EML4-NTRK3 does not 

undergo membrane insertion, contrary to its parent NTRK3; nor does it undergo 

microtubule association, in contrast to its parental EML4. Rather, it presents as a 

diffusely localized cytoplasmic protein which is largely excluded from the nucleus. 
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Figure 7: Subcellular localization of EML4-NTRK3. (A-B) Membrane localization of 

full-length NTRK3. (C-E) Full-length EML4 co-localizes and associates with 

microtubules. (F-H) EML4-NTRK3 does not associate with microtubules. (I-L) EML4-

NTRK3 localizes in the cytoplasm.  
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Disruption of three salt bridges abrogates heterodimerization with EML4 

  The activation of receptor tyrosine kinase fusion proteins is dependent on the 

multimerization of the N-terminal fusion partner; thus we next investigated the 

requirements of multimerization of EML4-NTRK3 by examining the interactions 

between the EML4-NTRK3 and EML4. We hypothesized that EML4-NTRK3 can 

associate with EML4 coiled-coil domain, and the salt bridge mutants can disrupt this 

association by abrogating the electrostatic interactions between the corresponding alpha 

helices in the coiled-coil domain.  

We co-transfected EML4-NTRK3 or the salt bridge mutants #1 (R23E), #1+2 

(R23E and R30E), #1+2+3 (R23E, R30E, K42E) with EML4-Myc into HEK293T cells. 

Using immunoprecipitation, we pulled down EML4-Myc with c-Myc antibody and 

immunoblotted for NTRK3. As a result, EML4-NTRK3 and EML4-NTRK3 salt bridge 

mutant #1 showed strong association with EML4. The association was reduced when 

disrupting 2 salt bridge interactions and was completely abolished through disruption 

of all 3 salt bridge interactions, as seen with salt bridge mutant #1+2+3 (Figure 8A). 

The data illustrated that the hetero-oligomerization between EML4-NTRK3 and EML4 

requires the salt bridge electrostatic interactions in the coiled-coil domains and that the 

salt bridge residues function collaboratively to maintain the interactions and the 

stability of the coiled-coil trimerization domain. 
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Figure 8. Abrogation of hetero-multimer formation by disruption of salt bridge 

interactions. (A) EML4-NTRK3, along with salt bridges mutants R23E (#1), R23E and 

R30E (#1+2) and R23E, R30E, K42E (#1+2+3) were immunoprecipitated with NTRK3 

and immunoblotted for Myc and NTRK3.  

 

Discussion 

Mis-regulated tyrosine kinases have been an important aspect of personalized 

medicine and through characterizing these tyrosine kinase fusion proteins, more 

therapeutic targets can be identified to overcome the resistance resulted from tyrosine 

kinase inhibitor treatments. Neurotrophic receptor tyrosine kinase 3 (NTRK3) is 

essential in regulating neuronal survival and fusion with a N-terminal partner gene such 

as ETV6-NTRK3 has been identified in various tumor types including Infantile 

Fibrosarcoma and glioma (10). First discovered in 2015 in a case of Infantile 

Fibrosarcoma (3), the fusion protein EML4-NTRK3, comprised of the coiled-coil 

domain of EML4 and the tyrosine kinase domain of NTRK3, was found in several cases 

in Infantile Fibrosarcoma, Congenital Mesoblastic Nephroma, Mammary Analog 

Secretory Carcinoma and Secretory Breast Carcinoma (8).  

Characterization and downstream activation of EML4-NTRK3 
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In this study, we further characterize EML4-NTRK3 biologically and 

biochemically. From the focus formation assays in NIH3T3 cells, we demonstrate that 

the oncogenicity of EML4-NTRK3 relies on the kinase activity of NTRK3. EML4-

NTRK3 possesses transforming activity, while EML4-NTRK3 K572R is unable to 

transform NIH3T3 cells (Figure 4). Through our analysis of downstream signaling, we 

show that EML4-NTRK3 activates ERK/MAPK, JAK/STAT3 and PKC/PLCγ 

pathways (Figure 6), confirming the oncogenicity of the fusion protein.  

Previous studies showed that the N-terminus of EML4 can associate with the 

microtubules (9), which are associated with cancer cell proliferation and metastasis (18). 

Using indirect immunofluorescence, we verified the ability of EML4 to bind to 

microtubules, while EML4-NTRK3 localizes diffusely in the cytoplasm and does not 

maintain tubulin-like structures (Figure 7), which demonstrates that the N-terminal 

coiled-coil domain is not sufficient for microtubule association and functions as a 

multimerization partner, which is vital in activating the kinase of NTRK3.  

Novel therapeutic targets of EML4-NTRK3 cancers 

The treatment for Infantile Fibrosarcoma mostly involves surgical resection and 

TKI treatment. From the data presented, we identified two potential therapeutic targets 

for EML4-NTRK3 induced Infantile Fibrosarcoma based upon the N-terminus of 

EML4, which are disruption of electrostatic interactions between the salt bridge 

residues that stabilize EML4 coiled-coil domain and the introduction of small molecule 

peptides that mimic the EML4 oligomerization domain. 
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A previous study has shown the requirement of salt bridges for the transforming 

ability and downstream signaling pathways of the fusion protein, ETV6-NTRK3, which 

is also found in Infantile Fibrosarcoma (19). The crystal structure of EML4 was solved, 

with the interhelical salt bridges identified (9). However, whether the electrostatic 

interactions between the salt bridges are required to stabilize and activate the EML4-

NTRK3 fusion had not been investigated. From the data above, we found that disruption 

of all three salt bridges #1+#2+#3 (R23E, R30E, K42E) completely abrogates 

transforming activity of EML4-NTRK3, activation of the NTRK3 receptor, and 

activation of ERK/MAPK, JAK/STAT3 and PKC/PLCγ pathways (Figure 6). 

Disruption of either one or two salt bridge interactions still maintains some activation 

of downstream signaling and transforming ability. In the multimerization assay, 

disruption of all three salt bridges #1+#2+#3 (R23E, R30E, K42E) prevents the 

association of EML4-NTRK3 with EML4, while abrogating salt bridge #1 (R23E) and 

#1+#2 (R23E and R30E) still maintains heterodimerization (Figure 8). Taken together, 

these results indicate that the three salt bridges can cooperate to preserve the stability 

of the EML4 coiled-coil domain, multimerization ability and oncogenic activity of 

EML4-NTRK3. An example of targeting salt bridges is found in Influenza A 

nucleoprotein. The nucleoprotein can trimerize and within the trimerization, there is a 

highly conserved salt bridge between E339 and R416. Inhibitors are designed to block 

the interactions between those residues, preventing the nucleoprotein from 

trimerization. The inhibitors tested exhibit better potencies than commercially available 

neuraminidase inhibitors for H1N1 influenza virus strains (24). 
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Taken together, we assessed the importance of salt bridge interactions within 

the coiled-coil domain of EML4 in the biological activity of the fusion EML4-NTRK3. 

By proving the disruption of salt bridge interactions leads to abrogation of downstream 

signaling cascades and multimerization abilities, we concluded that inhibition of these 

salt bridge interactions can serve as a novel target for TKI resistant EML4-NTRK3-

positive sarcomas. 

 

MATERIALS AND METHODS 

DNA Constructs 

The EML4 plasmid (pCMV6-Entry-EML4) was purchased from Origene 

(Watertown, MA, USA) and the NTRK3 plasmid (pDONR223-NTRK3) was 

purchased from Addgene (Watertown, MA, USA). A stop codon (TGA) and an XbaI 

site were added to the 3’ end of the NTRK3 coding region by site-directed mutagenesis. 

Using restriction sites EcoRI and XbaI, the two genes were subcloned into the vector 

pcDNA3. A ClaI site was introduced by PCR site-directed mutagenesis after residue 

S68 in EML4 and before amino acid G462 in NTRK3. The internal ClaI and the XbaI 

sites were used to subclone exons 12-18 of NTRK3 into the EML4 pcDNA3, creating 

a fusion breakpoint of EML4 exon 2 fused to NTRK3 exon 12. All the salt bridge point 

mutations described were introduced by PCR site-directed mutagenesis. The constructs 

flag-NTRK3 and flag-EML4-NTRK3 were made using PCR site-directed insertions 

(20). Using EcoRI and XbaI, NTRK3 and EML4-NTRK3 constructs were subcloned 
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into the pLXSN vector (15) for NIH3T3 transformation assays. The flag-EML4 1-68 

clone, encoding only the N-terminal coiled-coil domain of EML4, was derived from 

flag-EML4-NTRK3 using an adapter to introduce a stop codon after residue S68 of 

EML4, which also deleted the remainder of EML4-NTRK3. The flag-EML4 1-68 mut 

clone, containing the triple salt bridge mutations, was constructed similarly. 

Antibodies and reagents 

Antibodies were obtained as follow: NTRK3 (Abcam ab181560), P-NTRK (Cell 

Signaling 4621S), MAPK (Cell Signaling 9102), P-MAPK (Cell Signaling 4370), 

STAT3 (Cell Signaling 9139), P-STAT3 (Cell Signaling 9145), PLCγ (Santa Cruz sc-

81), P-PLCγ (Cell Signaling 2821), Flag M2(Sigma F3165), Myc (Santa Cruz sc-40 

9E10), Myc (Cell Signaling 2276, 9B11), β-tubulin (Santa Cruz sc-9104). Reagents for 

Enhanced Chemiluminescence (ECL), including Horseradish peroxidase (HRP) anti-

mouse (NA931V) and HRP anti-rabbit (NA934V) were obtained from Cytiva. Reagents 

for fluorescence microscopy included Alexa Fluor 488 donkey anti-mouse (A21202 

Invitrogen), Alexa Fluor 594 goat anti-rabbit (A11012 Invitrogen), Hoescht 33342 

(Tocris Bioscience 5117), and Prolong Gold anti-fade reagent (Invitrogen, Carlsbad, CA, 

USA). Other reagents included G-418 Sulfate (Fisher Scientific), Lipofectamine 2000 

(Invitrogen), and Protein A-Sepharose (Sigma P3391). 

Cell transfection, immunoprecipitation, immunoblot analysis 

HEK293T cells were grown in 10% FBS, 1% Pen/Strep and were seeded at 1 x 

106 cells per 10 cm plate. Cells were transfected with 2-5 µg of the EML4-NTRK3 

pcDNA3 constructs using calcium phosphate transfection at 3% CO2 for 16 h, moved 
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to 10% CO2 for 7 h, and starved with FBS-free DMEM for 17 h before harvest (21). 

Cells were lysed in RIPA buffer [50 mM Tris HCl pH 8.0, 150 mM NaCl, 1% Triton 

X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM NaF, 1 mM sodium 

orthovanadate, 1 mM PMSF and 10 mg/mL aprotinin [10 mg/mL]. Protein 

concentrations were determined by Lowry Assay and 20-40 µg of protein was loaded 

on either 10% or 12.5% SDS-PAGE gels for immunoblot analysis (21). After 

electrophoresis, proteins were transferred to Immobilon-P PVDF membranes 

(Millipore, Burlington, MA, USA) at 30 V for 120 min. Membranes were blocked in 

5% bovine serum albumin (BSA)/0.1% Tween 20-TBS or 5% nonfat milk/0.1% Tween 

20-TBS.  

For immunoprecipitation, cells were lysed in E1A Lysis Buffer [250 mM NaCl, 

50 mM HEPES, 5 mM EDTA and 0.1% NP-40] and total protein concentration was 

measured by Lowry assay. 300 µg protein was incubated overnight at 4°C before the 

addition of Protein A-sepharose beads (Sigma P3391). After rocking for 2 h at 4°C, 

complexes were washed with E1A wash buffer [125 mM NaCl, 50 mM HEPES, 0.2% 

NP-40 and 5 mM EDTA] 5 times for 10 min each. Complexes were disrupted by adding 

equal volume of 2 sample buffer and boiling for 5 minutes and analyzed on 10% SDS-

PAGE. 

Focus Assay 

NIH3T3 cells were seeded at 4 x 105 cells per 60 mm plate (21). The cells were 

transfected with 10 g of pLXSN plasmid DNA using Lipofectamine 2000 and fed with 

10% CS-DMEM 24 h after transfection. The cells were re-fed with 2.5% CS-DMEM 
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every 3-4 d before fixation. Cells were fixed with methanol, stained with Geimsa after 

14 d and the Geneticin (G418)-resistant colonies were scored to determine the 

transfection efficiency (21). Numbers of foci were counted, normalized by transfection 

efficiency, and quantitated relative to a positive control (BCR-FGFR1) +/- standard 

error of the mean (SEM). 
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