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ABSTRACT OF THE THESIS 

 

Critical Domains for NACC2-NTRK2 Oncogenic Activation 

By 

Wei Yang 

Master of Science in Chemistry 

University of California San Diego, 2023 

Professor Daniel J. Donoghue, Chair 

 

Neurotrophic receptor tyrosine kinases (NTRKs) belong to the receptor tyrosine kinase 

(RTK) family. NTRKs are responsible for the activation of multiple downstream signaling 

pathways that regulate cell growth, proliferation, differentiation, and apoptosis. NTRK-

associated mutations lead to aberrant activation of these downstream pathways and often result 

in oncogenesis. This study characterizes the NACC2-NTRK2 oncogenic fusion protein that 

leads to pilocytic astrocytoma and pediatric glioblastoma. This fusion joins the broad-complex, 

tramtrack, and bric-a-brac (BTB) domain of Nucleus Accumbens-associated protein 2 (NACC2) 

with the transmembrane helix and tyrosine kinase domain of NTRK2. This work focuses on 

identifying domains critical to the fusion protein activity and possible methods to deactivate 

the fusion. NACC2-NTRK2 is able to transform NIH3T3 cells. Such activity depends on the 

NTRK2 kinase domain phosphorylation that activates signaling pathways including MAPK, 
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JAK/STAT, and PLCγ. The activation of the NTRK2 kinase domain relies on the 

multimerization of the NACC2 BTB domain. A BTB domain charged pocket mutation and a 

monomer core mutation result in deactivation of the kinase domain and abrogates the ability to 

transform NIH3T3 cells, suggesting that BTB domain inhibition could be a potential treatment 

for the NACC2-NTRK2 induced cancer. The undefined region of NACC2 at residues 120-418 

is responsible for forming stronger multimers. Once removed, the NACC2-NTRK2 multimer 

is vulnerable to SDS denaturation and leads to reduced activity of the fusion. Lastly, the 

removal of the transmembrane helix leads to higher activation of the NACC2-NTRK2 fusion. 

A protein stability assay indicates that transmembrane deletion prevents NACC2-NTRK2 

degradation. 
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Chapter 2  

 

Critical Domains for NACC2-NTRK2 Oncogenic Activation 

 

 

ABSTRACT 

Neurotrophic receptor tyrosine kinases (NTRKs) belong to the receptor tyrosine kinase 

(RTK) family. NTRKs are responsible for the activation of multiple downstream signaling 

pathways that regulate cell growth, proliferation, differentiation, and apoptosis. NTRK-

associated mutations lead to aberrant activation of these downstream pathways and often result 

in oncogenesis. This study characterizes the NACC2-NTRK2 oncogenic fusion protein that 

leads to pilocytic astrocytoma and pediatric glioblastoma. This fusion joins the broad-complex, 

tramtrack, and bric-a-brac (BTB) domain of Nucleus Accumbens-associated protein 2 (NACC2) 

with the transmembrane helix and tyrosine kinase domain of NTRK2. This work focuses on 

identifying domains critical to the fusion protein activity and possible methods to deactivate 

the fusion. NACC2-NTRK2 is able to transform NIH3T3 cells. Such activity depends on the 

NTRK2 kinase domain phosphorylation that activates signaling pathways including MAPK, 

JAK/STAT, and PLCγ. The activation of the NTRK2 kinase domain relies on the 

multimerization of the NACC2 BTB domain. A BTB domain charged pocket mutation and a 

monomer core mutation result in deactivation of the kinase domain and abrogates the ability to 

transform NIH3T3 cells, suggesting that BTB domain inhibition could be a potential treatment 

for the NACC2-NTRK2 induced cancer. The undefined region of NACC2 at residues 120-418 
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is responsible for forming stronger multimers. Once removed, the NACC2-NTRK2 multimer 

is vulnerable to SDS denaturation and leads to reduced activity of the fusion. Lastly, the 

removal of the transmembrane helix leads to higher activation of the NACC2-NTRK2 fusion. 

A protein stability assay indicates that transmembrane deletion prevents NACC2-NTRK2 

degradation. 

 

INTRODUCTION 

NTRK (neurotrophic tropomyosin receptor kinases), or TRK, is a subclass of 

transmembrane receptor tyrosine kinase (RTK) proteins that are expressed in neuronal tissues 

(1). NTRK1, NTRK2, and NTRK3 are three members of the NTRK family. NTRKs share 

similar protein structures. Each NTRK contains an extracellular ligand binding domain, a 

transmembrane domain, and an intracellular kinase domain (2). Each NTRK is activated by its 

corresponding extracellular ligand (3). As a ligand binds to the extracellular domain of NTRK, 

it induces NTRK dimerization, followed by rapid autophosphorylation of tyrosine residues in 

the intracellular kinase domain (4). Once activated, NTRK is able to turn on multiple cell 

survival, proliferation, and apoptosis-related intracellular signaling pathways, including 

RAS/MAPK, PLCγ, and JAK/STAT3 pathways (5). NTRK point mutations or NTRK 

chromosomal translocation events often lead to aberrant activation of the kinase domain, 

resulting in carcinogenesis due to the constant activation of downstream signal (6).  

Since the discovery of the first NTRK fusion protein in 1982 (7), numerous studies have 

been conducted to discover the mechanisms for the oncogenic activation of NTRK fusion 

proteins. Inhibitors have been developed against the NTRK kinase domain and yielded 
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promising therapeutic effects (8). This study focuses on Nucleus Accumbens-associated protein 

2 - neurotrophic tropomyosin receptor kinase 2 (NACC2-NTRK2) fusion protein. The first 

NACC2-NTRK2 (ex4: ex13) fusion was discovered in pilocytic astrocytoma (9), which is a 

WHO grade 1 tumor, with over 90% of 10-year survival rate. Later, another variant fusion exon 

4: exon15 was discovered in pediatric glioblastoma (10), which is a rare WHO grade IV tumor.  

In the NACC2-NTRK2 fusion, residue 1-418 of NACC2 is fused with NTRK2. This 

sequence contains the BTB domain (residue 20-120), an undefined region (residue 121-350), 

and part of the BEN domain (residue 351-448). The 5’ fusion partner Nucleus Accumbens-

associated protein 2 (NACC2) is a transcription repressor that regulates the transcription of E3 

Ubiquitin ligase Mouse Double Minute 2 (MDM2). NACC2 has two major functioning 

domains: a broad-complex, tramtrack, and bric-a-brac (BTB) domain that is responsible for 

NACC2 dimerization and recruitment of Nucleosome Remodeling and Deacetylase (NuRD) 

transcriptional regulator complex to the MDM2 promotor (11), a BEN domain that recognizes 

a specific DNA sequence (12). The BTB domain is an evolutionarily conserved domain that is 

possessed by a variety of proteins (13), and most of the BTB domain-containing proteins are 

zinc finger proteins that serve as transcriptional regulators (14). BTB domains are responsible 

for various protein-protein interactions, including self-association, hetero-multimerization, and 

transcriptional factor interactions (15). BTB domain contains multiple alpha helices. Once 

dimerized, these helices in two BTB domain monomers form a tidily intertwined dimer 

interface, with a charged pocket formed by 4 charged residues in the center of the interface 

(16). Disruption of the charged pocket or dimer formation results in a dysfunctional BTB 

domain (17). In other BTB domain containing fusion-positive cancers, such disruption of BTB 
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domain also abrogates oligomer formation and fusion protein functions (18).  

This is the first study that characterizes the activation mechanism of NACC2-NTRK2 

fusion, and the functions of each domain that exists in this fusion protein. We demonstrate that 

the fusion protein activates the downstream signaling pathways of NTRK2 independently of 

Brain-Derived Neurotrophic Factor (BDNF) ligand. Disruption of the BTB domain by either 

mutation in the charged pocket or the monomer core leads to a reduction in multimer formation 

and abrogates the NIH3T3 transformation activity of the fusion protein. To investigate the 

function of the NACC2 undefined region (residue 121-418), we constructed a new fusion that 

contains only the NACC2 BTB domain (residue 1-120) and the NTRK2. Results show that this 

clone shows weaker activation but is still biologically active. Further multimerization studies 

indicate that the reduced activation results from the formation of an SDS-sensitive fusion 

multimer. Furthermore, we investigated the differences between the variant that causes 

pilocytic astrocytoma and the variant causing glioblastoma. We also show that the 

transmembrane helix of the NTRK2 regulates the activity of the fusion protein. By deleting the 

transmembrane helix in the fusion, we observed elevations of all downstream signal activities 

and biological activity of the fusion, suggesting the TM region is an important regulatory 

domain in the fusion.  
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RESULTS 

 

NACC2-NTRK2 promotes ligand-independent kinase and downstream activation 

NACC2-NTRK2 contains the NACC2 BTB dimerization domain, the NTRK2 

transmembrane helix, and the NTRK2 tyrosine kinase domain. The activation of NTRK2 

kinase relies on dimerization induced by BDNF ligand binding to the extracellular domain 

(Figure 4A). To understand whether activation of the NTRK2 kinase domain leads to the 

oncogenicity of NACC2-NTRK2 fusion protein, NTRK2, NACC2, NACC2-NTRK2, and 

NACC2-NTRK2 (K572R) kinase-dead (KD) were transfected into NIH3T3 cells. We included 

BCR-FGFR1 fusion protein, which was proven to be oncogenic in previous studies, as a 

positive control (19). The contact inhibition feature of NIH3T3 cells allows the discovery of 

oncogenes, and the #foci/colony ratio can serve as a quantitative measurement of fusion 

oncogenicity. Through the transformation assay, wild-type NACC2, NTRK2, and NACC2-

NTRK2 (KD) showed no transformation activity, whereas the wild-type NACC2-NTRK2 

fusion showed high transformation activity (Figure 4B, 4C). 

Next, we tried to elucidate the downstream signaling activity result by NACC2-NTRK2 

activation. NTRK2, NACC2, NACC2-NTRK2, and NACC2-NTRK2 (KD) were transfected 

into HEK293T cells that were previously utilized to characterize downstream activities of 

FGFR3-TACC3 fusion (20). NTRK2 (KD) was included as a negative control. We analyzed 

the NACC2-NTRK2 induced activation of MAPK, PLCγ, and JAK/STAT pathways that were 

proven to be activated by wild-type NTRK2 kinase phosphorylation (21). Cells were collected 

and lysed in RIPA, and probed with corresponding antibodies. Activation of downstream 
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pathways was only observed in lysates overexpressed with NACC2-NTRK2 (Figure 4D). No 

activity is observed in NTRK, NACC2, and fusion K572R. These data together suggest that an 

kinase domain is required for NACC2-NTRK2 induced downstream activation and 

transformation of NIH3T3 cells. 

 

 

Figure 4. NACC2-NTRK2 exhibits biological activity in cell transformation and cell signaling 

assays. (A) Schematic of NACC2, NTRK2, and NACC2-NTRK2 fusion with K572R kinase 

dead mutation (KD). (B) NIH3T3 cell transformation by NTRK2, NACC2-NTRK2, NACC2-

NTRK2 KD. BCR-FGFR1 is included as positive control. (C) Foci formed were counted. 

Foci/G418 ratios were calculated as percentage of BCR-FGFR1 transformation. (D) Lysates 

expressing NTRK2, NACC2-NTRK2, and NACC2-NTRK2 KD were immunoblotted with 

phospho-NTRK, total NTRK2 expression, phospho-MAPK, total MAPK expression, phospho-

PLCγ1 (upper band), total PLCγ1 expression, phospho-STAT3, and total STAT3 expression. 

Antibodies used are listed in the Materials and Methods section.  
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NACC2 BTB domain is responsible for fusion multimerization and activation 

After confirming the oncogenic activation of the NACC2-NTRK2 fusion protein, we tried 

to elucidate the function of the N-terminal fusion partner NACC2. In the fusion, the entire BTB 

domain (residue 20-120), part of the BEN domain (residue 351-418), and a large 

uncharacterized region between these two domains are retained. Thus, our next part of the study 

focuses on the BTB domain. We tried to characterize the relationship between the BTB domain, 

fusion oligomerization, and fusion kinase activity. We also seek to identify some important 

regulatory residues that once disrupted can result in the deactivation of the fusion. Currently, 

there is no detailed structure-function analysis of the NACC2 BTB domain available. However, 

the BTB domain is an evolutionarily conserved domain that is possessed by various protein 

families in different species (22). Thus, we used the PLZF BTB domain structure as a template 

for the NACC2 BTB domain (16). The PLZF BTB domain and NACC2 BTB domain are highly 

similar in both structure and sequence (Figure 5A, 5B), thus mutations in conserved residues 

that disrupt multimerization in PLZF could potentially disrupt multimerization of the NACC2 

BTB domain (Figure 5C). We introduced charged pocket (D31N R45Q) and monomer core 

(Y86A) mutations into the BTB domain of NACC2-NTRK2 fusion protein and tested their 

ability of multimerization. 

The NACC2-NTRK2 WT and BTB domain mutants were either transfected or co-

transfected with wild-type NACC2 into HEK293T cells. Cells were collected and lysed in E1A 

lysis buffer. Samples were prepared in non-reducing sample buffer and resolved with SDS-

PAGE. Through this protocol, extra bands above the fusion protein and NACC2 bands were 

observed (Figure 5D, left panel). The size of the multimer signal suggested that the NACC2 
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BTB domain potentially formed a tetramer. Such signal does not exist with samples that were 

prepared with sample buffer containing β-mercaptoethanol (Figure 5D, right panel). These are 

bands of NACC2 and NACC2-NTRK2 fusion oligomers. Both D31N/R45Q and Y86A 

mutations showed a significant reduction in homo-multimer formation. 

 In addition to this, a hetero-multimer formation assay that utilized Co-

Immunoprecipitation was carried out for the same DNA constructs. Lysates were precleared 

with Protein-A-Sepharose beads and pulled down with NTRK2 antibody, then probed with 

NACC2 antibody. The ability of the fusion BTB domains to interact with the NACC2 BTB 

domain indicated the multimerization ability of the fusion BTB domains. When compared to 

the NACC2-NTRK2 WT, Both D31N/R45Q and Y86A mutants showed less interaction with 

the NACC2 BTB domain (Figure 6A), which corresponded with the homo-multimerization 

assay. 
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Figure 5. The BTB domain of NACC2 is responsible for multimerization of NACC2-NTRK2. 

(A) Sequence alignment between NACC2 BTB domain and PLZF BTB domain reveals several 

conserved residues that are critical for PLZF dimerization, including D31/R45 charged pocket 

residues and Y86 monomer core residue (B) 3D structural alignment between NACC2 BTB 

domain (blue) and PLZF BTB domain (brown). (C) NACC2 BTB domain dimer structure 

proposed from PLZF dimer (PDB ID: 1BUO). Blue and Purple stand for two monomers of 

NACC2 BTB domain. (D) Samples expressing NACC2, NACC2-NTRK2, NACC2-NTRK2 

D31N/R45Q, NACC2-NTRK2 Y86A were prepared in reducing sample buffer (left panel) and 

non-reducing sample buffer (right panel). Samples were resolved in large SDS-PAGE. 

Multimer bands of NACC2 and NACC2-NTRK2 were observed in the non-reducing condition 

(upper bands). 
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NACC2-NTRK2 fusion activity relies on NACC2 BTB domain multimerization  

 The extracellular ligand BDNF induces dimerization of NTRK2, resulting in auto-

phosphorylation of the NTRK2 kinase domain. In the fusion protein, such dimerization is 

usually carried out by the N-terminal fusion partner multimerization (23). As the 

multimerization assay reveals that disruption of the NACC2 BTB domain results in inhibition 

of oligomer formation, we probed downstream signaling activities of BTB domain mutation 

mutants using Western blotting. NACC2:NTRK2 WT was included as a positive control. 

Results showed that all BTB domain mutants, including D31N/R45Q, Y86A, and BTB deletion 

have similar downstream signaling patterns. These mutants had lower kinase activity when 

compared to the NACC2-NTRK2. Mutations significantly reduced STAT3 and PLCγ 

phosphorylation, whereas MAPK activation remained similar to the NACC2-NTRK2 WT 

fusion (Figure 6B).  

The NIH3T3 cell transformation assay showed that all BTB domain mutants were 

completely biologically inactive. These data demonstrate that by disrupting the oligomerization 

of the BTB domain, the activation of the NACC2-NTRK2 fusion protein kinase domain can be 

reduced. As a result of such deactivations, the mutant fusions can no longer transform NIH3T3 

cells and are no longer oncogenic (Figure 6C).  

 

 

 

 

 



27 

 

Figure 6. The BTB domain of NACC2 is required for biological activity of NACC2-NTRK2. 

(A) Lysates expressing NACC2 (1st lane), NACC2-NTRK2 (2nd lane), co-expressing NACC2 

and NACC2-NTRK2 (3rd lane), NACC2 and NACC2-NTRK2 D31N/R45Q (4th lane), NACC2 

and NACC2-NTRK2 Y86A (5th lane) were immunoblotted with NTRK2 (1st panel) and 

NACC2 (2nd panel). The same set of lysates were immunoprecipitated with NTRK2 antibody 

and immunoblotted with NACC2 antibody (3rd panel). (B) Lysates expressing NACC2-NTRK2 

and BTB domain mutants were immunoblotted for kinase activation and downstream signaling 

activity. (C) NIH3T3 transformation assay for BTB domain mutants. The number of foci 

formed were normalized and compared with the NACC2-NTRK2 (WT) 
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Biological activity assay for BTB:NTRK2 reveals that NACC2 residues 121-418 stabilizes 

NACC2-NTRK2 multimerization via covalent interactions 

To investigate the possible role of other undefined regions in NACC2 (residues 121-418), 

we constructed a shorter fusion protein BTB:NTRK2 that contains only the BTB domain 

(residues 1-120). We performed the downstream activation blotting, multimerization assay, and 

biological activity assay for this DNA construct. Results showed that the shorter fusion 

expressed the same amount of phosphorylation activity in the NTRK2 kinase, MAPK, and 

PLCγ signaling, whereas the STAT3 phosphorylation signal of the shorter fusion is weaker than 

the wild-type fusion (Figure 7B). NIH3T3 transformation assay indicates that the BTB-NTRK2 

posseses only 25% transformation acitivity (Figure 7E).  

Interesting results were observed in the multimerization assay. Two forms of dimerization 

assay were conducted. In the first part of the multimerization assay, samples were prepared in 

non-reducing sample buffer and resolved in large SDS-polyacrylamide gel. No multimer band 

of the BTB:NTRK2 fusion was observed in this expression blot (Figure 7C). The second part 

of the assay utilized co-IP. Cells were co-transfected with the shorter fusion and NACC2. 

Samples were pulled down with NTRK2 antibody and probed for NACC2 expression. NACC2 

interaction was observed in both wild-type fusion and BTB:NTRK2 (Figure 7D). These results 

indicated that the BTB domain alone contributes to the oncogenic activation of the NACC2-

NTRK2 fusion since no activation was observed in the BTB-deleted mutant fusion. NACC2 

residues 121-418 might be responsible for the stabilization of the fusion protein multimer 

through possible covalent interaction. Since the NACC2-NTRK2 multimer was able to survive 

the SDS denaturation but vulnerable for reduction, whereas the BTB:NTRK2 protein multimer 
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was completely denatured into a monomer by SDS alone.  

 

Figure 7 

 

Figure 7 NACC2 residues 121-418 provides potential covalent stabilization for NACC2-

NTRK2 multimer. (A)Scheme of BTB-NTRK2. (B) Downstream activation by BTB-NTRK2. 

(C) Homo multimerization of BTB-NTRK2 under non-reducing (left) condition and reducing 

(right) condition. (D) Hetero-multimerization assay of BTB-NTRK2. Lysates and IP samples 

were probed with NACC2 and NTRK2 antibodies. 
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NTRK2 transmembrane helix deletion induces higher activation by stabilizing the 

fusion protein  

An isoform of NACC2-NTRK2 fusion was observed in a case of pediatric glioblastoma 

(10). We tried to investigate why such isoform led to more severe cancer by constructing a 

Δ431-455 transmembrane deletion (ΔTM) fusion, we assayed for its downstream signaling 

activity and transformation ability. Results indicated that the NACC2-NTRK2 ΔTM induced 

increased activation in the NTRK kinase, JAK/STAT3, and PLCγ signaling (Figure 8B). 

NIH3T3 transformation assay showed that NACC2-NTRK2 ΔTM had about 125% 

transformation activity compared with NACC2-NTRK2, which was higher than the NACC2-

NTRK2 WT (Figure 8E). We performed a student’s t-test for these data. A p-value of 0.09 

proved that these two sets of data were independent.  

Data suggest that the TM deletion variant does lead to higher grade of fusion activation. 

We seek explanations for the extra activity of the TM deletion variant. We performed a protein 

stability assay for the NACC2-NTRK2 WT and ΔTM. Cycloheximide was applied to 

HEK293T cells expressing NACC2-NTRK2 WT and ΔTM. Cycloheximide is able to block 

protein translation and the rate of protein degradation can be used as a reference of protein 

stability. Cells were treated with 300ng/ml of cycloheximide for 0, 5, 10, and 20 hours before 

collecting. Results showed that after the addition of cycloheximide, the expression level of the 

wild-type fusion decayed over time whereas the level of TM deletion mutant remained 

unchanged (Figure 8C). Thus, the removal of the transmembrane helix slows the proteasomal 

degradation of NACC2-NTRK2 ΔTM. The increased oncogenicity can potentially result from 

the more persistent activity of NACC2-NTRK2 ΔTM. 
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Figure 8 

 

Figure 8 NACC2-NTRK2 (ΔTM) promotes higher activation by stabilizing the fusion protein. 

(A)Scheme of NACC2-NTRK2 ΔTM. (B)Downstream activations by Mock (1st lane), 

NACC2-NTRK2 (2nd lane), NACC2-NTRK2 (K572R) (KD) (3rd lane), NACC2-NTRK2 

(ΔTM) (4th lane). (C) Cycloheximide Chase assay for NACC2-NTRK2 (lane 1 to 4) and 

NACC2-NTRK2 (ΔTM) (lane 4-8). (D)Band intensity quantification by imageJ. 0 hour band 

intensity is set as 100% (E) NIH3T3 transformation assay for NACC2-NTRK2 (ΔTM). The 

number of foci formed were normalized and compared with the NACC2-NTRK2. 
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DISCUSSION 

 

Since the discovery of the first NTRK fusion in the 20th century, more NTRK fusions were 

identified in multiple cancer types, especially in rare cancer types (24). The first kinase-

targeting pan-TRK inhibitor Larotrectinib was developed in 2013 and approved in 2018. 

Treatment with Larotrectinib yielded significant results in NTRK fusion-positive cancers. To 

overcome the drug resistance arising from NTRK mutations such as TrkC G623R solvent front 

mutation (25), second-generation TRK inhibitors are under development (8). In this study, we 

present that the BTB domain of the N-terminal fusion partner NACC2 is a potential drug target 

that can also be utilized to overcome drug resistance. 

Characterization of NACC2-NTRK2 activation 

Our experiments show that in the NACC2-NTRK2 fusion protein, the N-terminal BTB 

domain multimerization induces constitutive activation of the C-terminal tyrosine kinase 

domain. Our downstream signaling analysis showed that NACC2-NTRK2 kinase activation is 

able to trigger the phosphorylation of downstream signaling proteins including ERK/MAPK, 

PLCγ1, and JAK/STAT, and is able to transform NIH3T3 cells in focus formation assay (figure 

4). The NACC2-NTRK2 (K572R) kinase-dead mutant and all BTB domain mutants have 

weaker downstream activation. These mutants are also unable to transform NIH3T3 cells, 

indicating that the NACC2-NTRK2 oncogenic activation not only relies on the normal activity 

of the kinase domain but also requires an intact BTB domain (Figure 4-6).  

TM deletion induces higher activation by preventing proteasomal degradation 

The first case of NACC2-NTRK2 ex4:ex13 fusion was identified in pilocytic astrocytoma 
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(9). In 2021, a case report (10) filed another NACC2-NTRK2 ex4:ex15 fusion in glioblastoma. 

The transmembrane helix of NTRK2 was found missing in this novel fusion event. Thus we 

constructed a transmembrane helix deletion fusion NACC2-NTRK2 (ΔTM). Results show that 

the TM deletion leads to increased downstream activation and a higher ratio of NIH3T3 cell 

transformation (Figure 8B, E). Further experiments show that the TM deletion has a longer 

half-life time than the NACC2-NTRK2 ex4:ex13 fusion in cycloheximide assays. After 20 

hours of cycloheximide treatment, the ex4:ex13fusion started decaying at 10 hours whereas the 

level of the TM deletion remained almost unchanged (Figure 8C). These data show that the 

NTRK2 transmembrane helix regulates NACC2-NTRK2 degradation, suggesting that the 

transmembrane helix may be a potential degron sequence (31). By removing the 

transmembrane helix, the fusion protein becomes resistant to proteasomal degradation and 

results in more persistent kinase activation and eventually leads to higher transformation 

activity. 

BTB domain as a druggable target 

Treatment of NTRK fusion-positive cancers currently relies on Trk inhibitors. In this study, 

we demonstrate that disrupting the normal functioning of the NACC2 BTB domain could be 

an alternative therapeutic approach.  

The BTB domain is an evolutionary conserved domain that can be found in various zinc 

finger proteins. The structure and function of BTB domains have been well characterized (26), 

but its role in NTRK fusion proteins has not been investigated. Here we present that the 

NACC2-NTRK2 induced signaling activity and cell transformation can be inhibited by 

disruption of the BTB domain of NACC2. As shown by the focus assay results of NACC2-



34 

NTRK2 (D31N/R45Q), (Y86A), and (ΔBTB) mutants, disruption of the BTB domain charged 

pocket and monomer core abrogates the cell transformation activity (Figure 6 C). In our 

multimerization study, NACC2-NTRK2 (D31N/R45Q) charged pocket mutation and NACC2-

NTRK2 (Y86A) monomer core mutation also show reduced homo- and hetero-multimerization, 

as well as reduced downstream activities (Figure 5-6). These data suggest that the BTB domain 

of the NACC2-NTRK2 fusion protein is a potential drug target. Also, since the BTB domain is 

evolutionarily conserved, disruption of a motif in BTB domain may inhibit activities of 

multiple BTB domain proteins. In another BTB domain containing fusion protein 

PLZF/Retinoic Acid Receptor alpha (RAR alpha) that causes Acute Myeloid Leukemia (AML), 

similar mutations result in inactive fusion-positive cells (18). Thus, a novel inhibitor that targets 

these conserved motifs may be beneficial for multiple BTB domain protein associated cancers. 

Precedent of BTB domain inhibitors can be found in another BTB domain containing 

oncogene. B-cell lymphoma 6 (BCL6). Two types of inhibitors for this protein have been 

developed. BI-3802 inhibitor lead to BCL6 dimer degradation (27), and BI-3812 prevents 

BCL6 dimer formation (28). Despite limitations in bioavailability, in vitro analysis proved their 

efficacy (29). Thus, the BTB domain is a druggable domain and a novel inhibitor targeting the 

NACC2-NTRK2 BTB domain charged pocket or monomer core can be an alternative treatment 

method to overcome possible tyrosine kinase inhibitor (TKI) resistance. 

The study of a shorter form of the fusion protein BTB-NTRK2 reveals another interesting 

aspect of NACC2 in the fusion protein. In the homo multimerization experiment, protein 

samples were prepared in non-reducing sample buffer and resolved in SD-PAGE. The NACC2-

NTRK2 fusion and BTB domain point mutants were still able to multimerize whereas the 
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homo-multimerization of BTB-NTRK2 was not observed (Figure 7C). However, the co-IP 

experiment proved that BTB-NTRK2 was able to interact with another BTB domain at the 

same level as the NACC2-NTRK2 (Figure 7D). Also, BTB-NTRK2 focus assay results showed 

that the BTB domain alone is able to mediate downstream activation and transform NIH3T3 

cells, but the transformation activity is reduced. These data put together indicate that the 

NACC2 residues 121-418 provide structural support for the NACC2 multimer through 

covalent interactions, making it resistant to SDS denaturation. Since such a multimer is 

sensitive to β-mercaptoethanol reduction, that structure support may be a disulfide bond. 

Furthermore, such structural support can lead to higher activation of NACC2-NTRK2 fusion 

protein, but the structural support alone cannot activate the fusion. Thus, a possible mechanism 

for NACC2-NTRK2 multimerization and activation may be: the BTB domain is responsible 

for self-associating into correct conformation, creating correct docking sites for downstream 

signaling proteins. The rest of NACC2 is responsible for locking the multimer together to make 

the multimer stronger, resulting in higher oncogenic activation. 

Through this study, we briefly characterized the functions of every domain in the NACC2-

NTRK2. The BTB domain (1-120) is responsible for fusion multimerization, the rest of 

NACC2 (121-418) is responsible for the stabilization of the multimer, the NTRK2 kinase 

domain is responsible for the oncogenic activation of the fusion, and lastly, the removal 

transmembrane helix results in greater stability of the fusion protein and higher grade activation. 

Point mutations in the NACC2 BTB domain abrogate the activity of the NACC2-NTRK2 

fusion protein. Thus, patients may benefit from a combined treatment of TKI inhibition and 

BTB domain inhibition. These findings suggest that characterizations of oncogenic fusion 
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proteins are important for the discovery of novel therapeutic methods and allowed the 

development of novel treatments in the battle against cancers. 
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MATERIALS AND METHODES 

 

DNA constructs 

NACC2 gene (SC319661) and NTRK2 gene (RG221838) were purchased from Origene 

(Rockville, MD, USA). To subclone both genes in pCDNA3 vector, an XbaI restriction site 

was introduced to 3’ ends of both NACC2 and NTRK2 by quick-change PCR mutagenesis. 

NACC2 and NTRK2 were subcloned into pCDNA3 vector by internal EcoRI site and XbaI 

site. A ClaI restriction site was introduced at residue V417 of NACC2 and Y397 of NTRK2. 

NACC2 and NTRK2 were joint together via ClaI and XbaI double digestion, gene clean, and 

ligation. Point mutations (D31N/R45Q, Y86A, K572R) were introduced by site-directed PCR. 

Flag tag insertions and domain deletions (ΔBTB, Δ121-418, and ΔTM) were introduced by 

PCR site-directed insertions (30). For NIH3T3 transformation assay, DNA constructs were 

moved into PLXSN vector using EcoRI and XbaI restriction sites.  

Antibodies and reagents 

Antibodies were purchased as following: NACC2 (Bethyl A304-991A), P-NTRK (Cell 

Signaling 4621S), NTRK2 (Invitrogen PA5-86241), P-MAPK (Cell Signaling 4370), MAPK 

(Cell Signaling 9102), P-PLCγ (Cell Signaling 2821), PLCγ (Santa Cruz sc-81), P-STAT3 (Cell 

Signaling 9145), STAT3 (Cell Signaling 9139), flag (Sigma F3165), β-Actin (Cell Signaling 

4967), Alexa Fluor 488 donkey anti-mouse (A21202 Invitrogen), Alexa Fluor 594 goat anti-

rabbit (A11012 Invitrogen). ECL reagent, HRP anti-mouse (NA931V) and HRP anti-rabbit 

(NA934V) secondary antibodies were purchased from Cytiva.  

Other reagents were purchased as following: Hoescht 33342 (Tocris Bioscience 5117), 
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Prolong Gold anti-fade reagent (Invitrogen), G-418 Sulfate (Fisher Scientific), Lipofectamine 

2000 (Invitrogen), Protein A-Sepharose (Sigma P3391), Cycloheximide (Fisher J66901.03). 

Transfection and immunoblotting 

HEK293T cells were grown in 1%Pen/Strep and 10%FBS. 1x106 cells were seeded in a 

10cm plate. 5µg of pCDNA3 DNA constructs were transfected using CaCl2 transfection. Cells 

were incubated in 3% CO2 for 14-18 hours, recovered in 10% CO2 for 6-8 hours, and then 

starved with 0%FBS media for 14-16 hours. 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] 

with 1 mM sodium orthovanadate, 1 mM PMSF and 10 mg/mL aprotinin. Lysate 

concentrations were determined by Lowry Assay. Samples were resolved by SDS-PAGE and 

transferred to Immobilon-P PVDF membranes (Millipore, Burlington, MA, USA). Membranes 

were blocked with either 5% BSA in 0.1% TBS-T or 5% nonfat milk in 0.1%TBS-T. 

Immunoprecipitation and multimerization assay 

DNA constructs were transfected into HEK293T cells using CaCl2 transfection and 

collected with E1A buffer [250 mM NaCl, 50 mM HEPES, 5 mM EDTA and 0.1% NP-40]. 

Total protein concentrations were measured by Lowry Assay. For multimerization assay, 

protein samples were made with either reducing sample buffer (50mM Tris-Cl, 10% β-

mercaptoethanol, 2% SDS, 0.1% bromophenol blue, 10% glycerol) or non-reducing sample 

buffer (4% SDS,10mM NaPO4 pH7.0, 20% Glycerol, 0.08% Bromophenol blue). Samples 

were resolved in large SDS-PAGE. For immunoprecipitation, 300µg of total protein was filled 

up to 1mL with E1A wash buffer [125 mM NaCl, 50 mM HEPES, 0.2% NP-40 and 5 mM 

EDTA]. IP samples were precleared with Protein A-Sepharose for 3 hours at 4°C, and then 
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incubated with antibody overnight at 4°C. Protein A-Sepharose was added to each sample to 

pull down the complex. Beads were washed with E1A wash buffer 5 times. 30µL of reducing 

sample buffer were added to each sample. Samples were resolved by SDS-PAGE. 

Focus Assay 

4 x 105 NIH3T3 cells were seeded in 60mm plate and transfected with 10µg of pLXSN 

DNA constructs using Lipofectamine 2000. Cells were fed with 10%CS-DMEM 24 hours after 

transfection and refed with 2.5%CS-DMEM every 4 days. After 14 days, cells were fixed with 

methanol and stained Geisma.  

Cycloheximide chase 

1x106 HEK293T cells were seeded in a 10cm plate. 2-5µg of pCDNA3 DNA constructs 

were transfected into cells using CaCl2 transfection. Cells were incubated in 3% CO2 for 14-

18 hours, recovered in 10% CO2 for 6-8 hours, and then treated with 300µg of cycloheximide 

per ml of media (3mg per plate). Cycloheximide was dissolved in pure EtOH to a concentration 

of 100mg/ml. Cycloheximide was added to the cells at different time points. Cells were 

harvested at the same time and lysed in RIPA. 
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