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Abstract

Background/purpose—TrkA overexpression occurs in over 20% of breast cancers, including 

triple-negative breast cancers (TNBC), and has recently been recognized as a potential driver of 

carcinogenesis. Recent clinical trials of pan-Trk inhibitors have demonstrated targeted activity 

against tumors harboring NTRK fusions, a relatively rare alteration across human cancers. Despite 

this success, current clinical trials have not investigated TrkA overexpression as an additional 

therapeutic target for pan-Trk inhibitors. Here, we evaluate the cancerous phenotypes of TrkA 

overexpression relative to NTRK1 fusions in human cells and assess response to pharmacologic 

Trk inhibition.

Experimental design/methods—To evaluate the clinical utility of TrkA overexpression, a 

panel of TrkA overexpressing cells were developed via stable transfection of an NTRK1 vector 

into the non-tumorigenic breast cell lines, MCF10A and hTERT-IMEC. A panel of positive 
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controls was generated via stable transfection with a CD74-NTRK1 fusion vector into MCF10A 

cells. Cells were assessed via various in vitro and in vivo analyses to determine the transformative 

potential and targetability of TrkA overexpression.

Results—TrkA overexpressing cells demonstrated transformative phenotypes similar to Trk 

fusions, indicating increased oncogenic potential. TrkA overexpressing cells demonstrated growth 

factor-independent proliferation, increased PI3Kinase and MAPKinase pathway activation, 

anchorage-independent growth, and increased migratory capacity. These phenotypes were 

abrogated by the addition of the pan-Trk inhibitor, larotrectinib. In vivo analysis demonstrated 

increased tumorgenicity and metastatic potential of TrkA overexpressing breast cancer cells.

Conclusions—Herein, we demonstrate TrkA overexpressing cells show increased tumorgenicity 

and are sensitive to pan-Trk inhibitors. These data suggest that TrkA overexpression may be an 

additional target for pan-Trk inhibitors and provide a targeted therapy for breast cancer patients.
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Introduction

Triple-negative breast cancer (TNBC) is defined by the lack of ER (estrogen receptor-alpha), 

PR (progesterone receptor), or HER2 (human epidermal growth factor 2) expression and 

represents approximately 15–20% of all breast cancers [1]. Due to the lack of receptor 

expression, TNBCs are not suitable candidates for targeted therapies such as endocrine 

therapies or HER2 inhibitors [2–4]. As a result, TNBC cancers have higher rates of 

recurrence, metastasis, and mortality. Furthermore, TNBCs have a worse disease-free 

survival (DFS) and overall survival (OS) than other breast cancer subtypes [2]. Currently, 

standard of care options are limited to surgical intervention, radiation, and cytotoxic 

chemotherapies. Although local management and adjuvant chemotherapies of earlystage 

TNBC have demonstrated improved DFS/OS, those who develop metastatic disease have a 

median OS of 13–18 months with current treatment options [1, 5]. To date, there are no 

targeted therapies for TNBC and the establishment of treatment-resistant tumor populations 

leaves patients with few options.

Tropomyosin receptor kinases (Trk receptors) are a family of membrane-bound tyrosine 

kinases that regulate components of the mammalian nervous system. The three most 

common types of Trk receptors are TrkA, TrkB, and TrkC, which are encoded by the genes 

NTRK1, NTRK2, and NTRK3, respectively. Classification of Trk receptors is determined by 

distinct affinities for different neurotrophin ligands. TrkA serves as a high affinity receptor 

for nerve growth factor (NGF), while TrkB and TrkC serve as high affinity receptors for 

brain-derived neurotrophic factor (BDNF) and NT-3, respectively (5). Binding of ligand 

results in downstream kinase signaling and activation of the Ras/MAP Kinase and PI3 

Kinase pathways, two pathways closely associated with several cancers [6]. The oncogenic 

role of Trk was first identified in colorectal cancer as a fusion protein due to an NTRK1 
rearrangement, which resulted in upregulation of downstream pathways [7]. Recently, next-

generation sequencing efforts confirmed the presence of NTRK1 rearrangements in multiple 
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cancers and the subsequent upregulation of oncogenic pathways [7, 8]. Although the 

frequency of NTRK1 rearrangements in most cancers is rare, pan-Trk inhibitors have shown 

promising results with high rates of efficacy and low toxicity [9, 10]. Furthermore, a recent 

clinical study demonstrated the majority of breast cancer-associated NTRK1 rearrangements 

were found in TNBCs and may offer an option for targeted therapy for a small subset of 

TNBC patients [11].

Although NTRK1 rearrangements are relatively rare, NTRK1 amplification (and subsequent 

TrkA overexpression) is fairly frequent in a variety of human cancers, with reported rates as 

high as 20% in breast cancers (Supp. Fig. S1) [12]. In 2009, Lagadec et al. found that breast 

tumors demonstrated higher levels of TrkA and phospho-TrkA when compared to normal 

tissue. Furthermore, in vitro studies demonstrated that NTRK1 amplification exhibited 

similar pathway activation and oncogenic phenotypes to those observed with NTRK1 
rearrangements [13]. Based on the recent success of Trk inhibitors for cancers with NTRK 
gene rearrangements [7, 8, 14, 15], we hypothesized that overexpression of TrkA may offer 

an alternative target in treating cancers with these inhibitors. Of specific interest, the ability 

to use these therapies for treating TNBC with NTRK1 amplification could be a potential 

strategy for targeted therapies against a particularly recalcitrant group of cancers.

In this study, we developed a panel of TrkA overexpressing human breast cell lines to 

determine the potential targetability of TrkA amplification in TNBC. Our results 

demonstrate that overexpression of NTRK1 in non-tumorigenic human breast epithelial cells 

results in transformative characteristics consistent with increased metastatic potential, which 

can be reversed using a pan-Trk inhibitor. Our studies suggest that NTRK1 amplification 

may provide a targetable biomarker for TNBC.

Results

Generation of TrkA overexpressing non-tumorigenic human breast epithelial cell lines

To determine the oncogenic potential of TrkA overexpression in normal breast cells, two 

non-tumorigenic human breast epithelial cell lines, MCF10A and hTERT-IMEC, were 

transfected with TrkA overexpression vectors (17). MCF10A is a spontaneously 

immortalized human non-tumorigenic breast epithelial cell line that requires exogenous 

growth factors and hormones, including epidermal growth factor (EGF), for normal 

propagation. Similarly, hTERT-IMEC is a non-tumorigenic human mammary cell line 

immortalized by TERT protein expression. Neither parental cell line expresses the TrkA 

protein at significant levels (Fig. 1a, b). Both cell lines were transfected with a pIRESneo3 

plasmid containing a human full length NTRK1 cDNA. Four individual clones (referred to 

as MN1, 2, 3, 4 for MCF10A and HIN2, 3, 4, 5 for hTERT-IMEC) were isolated for each 

parental line and TrkA expression was confirmed by immunohistochemistry and 

immunoblot analyses (Fig. 1a, b). Empty vector controls expressing the pIRESneo3 plasmid 

containing no cDNA were developed as well (MEV for MCF10A and hIpI for hTERT-

IMEC). To effectively compare the TrkA overexpression panel to a clinically druggable 

NTRK1 gene fusion, MCF10A cells were transfected with a plasmid containing a cDNA 

fusion CD74-NTRK1 as previously described [16]. Three clones were isolated (CDN2, 3, 4) 

and served as positive controls in subsequent studies (Fig. 1a, b).
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TrkA overexpression leads to growth factor-independent proliferation

Growth factor-independent cell proliferation in MCF10A is a characteristic of 

transformation and was previously demonstrated in MCF10A-derived cells containing 

oncogenic PIK3CA mutations [17]. To determine whether TrkA overexpression resulted in 

EGF independence, cell proliferation assays with TrkA overexpressing and CD74-NTRK1 
fusion clones were carried out in growth factor-reduced conditions (16). Due to the inability 

of parental MCF10As to propagate in the absence of EGF, cell proliferation assays were also 

carried out at physiologic levels of EGF (0.2 ng/ mL) to compare changes in growth rate. In 

the absence of EGF, TrkA overexpression in both MCF10A and hTERT-IMEC cells resulted 

in EGF-independent growth (Fig. 1c, d respectively). Furthermore, the presence of 

physiologic levels of EGF led to a significant increase in proliferation of the TrkA 

overexpression lines when compared to parental and empty vector controls (Supp. Fig. 

S2A). As previously mentioned, TrkA is activated specifically by neuronal growth factor 

(NGF). To determine the proliferative impact of NGF on TrkA overexpression lines, both 

cell line panels were grown in physiologic doses of NGF (100 ng/mL for MCF10A-derived 

cells and 12.5 ng/mL for hTERT-IMEC). In both cell line panels, the addition of NGF 

increased cell proliferation rates in the TrkA-expressing clones but not in the parental cells 

or empty vector controls (Fig. 1e, f). The MCF10As demonstrated a significant increase 

across all clones consistent with the higher TrkA expression levels demonstrated in the 

western blots.

TrkA overexpressing cells are growth inhibited by TrkA pan-inhibitors

Recent basket trials have demonstrated the success of the pan-Trk inhibitor, larotrectinib, in 

targeting Trk fusions (NCT02576431). To determine if larotrectinib could effectively target 

TrkA overexpressing cells, cell line panels were grown in the presence of both physiologic 

NGF and EGF ± 1.5 μM larotrectinib. Despite the significant growth advantage of TrkA 

overexpressing cells in the presence of growth factor, the addition of larotrectinib resulted in 

nearly complete growth inhibition (Fig. 2a, b, Supp. Fig S2). The MCF10A CD74-NTRK1 

fusion cells demonstrated similar growth inhibition further suggesting TrkA overexpression 

may be a comparable target for Trk inhibitors (Fig. 2c, Supp. Fig. S3). Quantification of the 

MCF10A-TrkA panel demonstrated a significant decrease in growth in the presence of 

larotrectinib despite the addition of both EGF and NGF (Fig. 2d, e). Immunoblot analysis 

confirmed overexpression of TrkA in MCF10A cells and demonstrated an increase in 

phospho-TrkA, consistent with increased receptor activation while the addition of 

larotrectinib resulted in the complete inhibition of phospho-TrkA (Fig. 2f).

TrkA overexpression leads to increased MAPK and PI3Kinase signaling and altered gene 
expression of cancer pathway genes

Previous in vitro studies demonstrated NTRK1 rearrangements, as well as TrkA activation, 

led to upregulation of the MAPKinase and PI3Kinase pathways. Immunoblot analysis was 

carried out for both the MAPKinase and PI3Kinase-signaling pathways to determine if 

MCF10A and hTERT-IMEC TrkA overexpression demonstrated similar activation to 

NTRK1 rearrangements. Both cell line panels were grown in complete growth media to 

ensure exponential growth of the controls. As seen with NTRK1 rearrangements, 
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overexpression of TrkA in both MCF10A and hTERT-MEC led to an increase in p-AKT, p-

ERK, and p-S6K (or p-p70S6K) when compared to controls (Fig. 3a). Furthermore, in the 

absence of growth factors TrkA overexpression cells demonstrated moderate pathway 

activation suggesting a transformative phenotype similar to NTRK1 rearrangements (Supp. 

Fig. S4A). Interestingly, in the absence of EGF, the addition of NGF resulted in robust 

growth of the TrkA overexpressing cells when compared to empty vector controls (Supp. 

Fig. S4B). Addition of larotrectinib resulted in complete loss of AKT, ERK, and S6K 

activation. Taken together, these results suggest that TrkA overexpression is a driver for 

dysregulated proliferation in normal breast epithelia and may be a target for pharmacologic 

Trk inhibition (Fig. 3a). It is important to note the downregulation of the MAPK and PI3K 

kinase pathways in the controls may be attributed to the relatively high concentration of 

larotrectinib.

Previous in vitro studies have demonstrated oncogenic alterations result in distinct gene 

expression profiles that are indicative of transformation [18]. To gain further insight into 

signaling pathways that were dysregulated with TrkA overexpression, gene expression was 

analyzed using a microarray of approximately 20,000 genes. Both MCF10A and hTERT-

IMEC TrkA overexpressing cells exhibited similar altered gene expression in over 100 

genes. A complete list of genes exhibiting > 1 log fold change is listed in Supplemental 

Tables S2. Among genes demonstrating a > 2 log fold change, 40% have been previously 

implicated in cancer, with over half being specifically associated with breast cancer (Fig. 

3b). Of note, the most dramatically up and downregulated genes have been previously 

associated with breast cancer [19–21]. These results suggest TrkA overexpression leads to 

the activation of oncogenic pathways that may play a role in breast carcinogenesis.

TrkA overexpression leads to dysregulated 3D growth and increased tumorigenicity

Previous studies have demonstrated dysregulation of proliferative cell survival pathways 

results in changes in 3D morphology, indicative of cellular transformation (17). Normal 

breast epithelial cells form hollow spherical structures termed acini. However, the presence 

of oncogenic alterations results in protrusions at the borders of acini, bridging between 

neighboring acini, and loss of structural integrity [22]. To determine the transformative 

capabilities of TrkA overexpression, cells were grown in a Matrigel matrix in both the 

presence and absence of growth factor. In the absence of growth factor, normal breast 

epithelial cells are unable to proliferate or form acini. However, as seen with proliferation 

assays, overexpression of TrkA in MCF10A and hTERT-IMEC conferred the ability to form 

acini in the absence of growth factors (Supp. Figure S5). Consistent with western blot and 

proliferation data, the addition of NGF augmented the transformative properties of TrkA 

overexpression and resulted in increased size and loss of structural integrity when compared 

to parental controls (Fig. 4a, b, top rows). The addition of larotrectinib resulted in complete 

inhibition of acini formation (Fig. 4a, b, bottom rows).

Anchorage-independent growth in soft agar is a property of transformed cells that best 

correlates with in vivo tumorgenicity [23]. As non-tumorigenic breast epithelial cells, both 

MCF10A and hTERT-IMEC lack the capacity for anchorage-independent growth. However, 

TrkA overexpression in both non-tumorigenic cell lines resulted in a significant increase in 
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colony formation and a higher propensity for anchorage-independent growth (Fig. 4c, d). 

These effects were ablated in the presence of the inhibitor larotrectinib (Fig. 4c, d). To 

determine if this correlated to an increase in potential for tumor growth in vivo, TrkA was 

overexpressed in the tumorigenic breast cell line, MCF7. Athymic nude mice were injected 

subcutaneously with MCF7 transfected with empty vector controls (MCF7 EV) or TrkA 

overexpressing MCF7 (MCF7 TrkA). TrkA overexpressing tumors demonstrated a marked 

increase in tumor volume when compared to the empty vector controls (Fig. 4e). TrkA 

expression was confirmed in xenografts using immunohistochemistry (Fig. 4f). Taken 

together, these studies suggest TrkA overexpression leads to anchorage-independent growth 

and increased tumorigenic potential.

TrkA overexpressing cells demonstrate increased migratory capabilities

Migratory capacity has been associated in vitro and in vivo with a metastatic phenotype and 

is commonly linked with anchorage-independent growth. The migratory capacity of TrkA 

overexpressing clones was analyzed using scratch wound-healing and microchannel 

migration assays as previously described [24]. The TrkA overexpressing cell lines exhibited 

a significant increase in scratch wound healing, a direct measure of migratory propensity, 

when compared to control cell lines (Fig. 5a, b, Supp. Fig. S6). In concordance with other 

transformation assays, addition of larotrectinibmitigated migratory capabilities and further 

suggests TrkA overexpression is a carcinogenic driver that may be a therapeutic target for 

pan-Trk inhibitors (Fig. 5a, b, Supp. Fig. S6).

To determine if increased migratory capacity of TrkA overexpressing cells was independent 

of proliferation rates, a microchannel migratory assay was performed. MCF10A 

overexpressing cells were seeded in microfluidic devices with growth factor-reduced media 

separated by microchannels from a channel containing media supplemented with NGF. Time 

lapse imaging allowed the tracking of individual migratory cells through the channel toward 

the growth factor attractant. The migratory capacity of a cell was measured based on the 

velocity of individual cells [24]. The TrkA panel demonstrated increased persistence and 

speed when compared to the empty vector control (Supp. Fig. S7). As a result, velocity was 

significantly higher in the TrkA overexpressing cells (Fig. 5c). It is important to note the 

TrkA’s demonstrated increased migratory capabilities across channel sizes smaller than 50 

μm (Supp. Fig. S8). However, for statistical comparisons, a channel size that allowed 

migration of all cell types was selected. Notably, although the empty vector control cells 

rarely entered narrower (10 μm wide) microchannels, cells overexpressing TrkA were 

consistently able to squeeze into these channels, in line with their enhanced migratory 

potential (Supp. Fig. S8). As with other transformation assays, the addition of the inhibitor 

larotrectinib resulted in a significant decrease in the velocity of the TrkA overexpressing 

cells, suggesting the migratory capacity was a direct result of TrkA overexpression (Fig. 5d).

Increased migratory capabilities have been shown to correlate with increased metastatic 

potential in vivo. To determine the metastatic potential of TrkA overexpression, tail vein 

injections of MCF7 TrkA overexpression panel were carried out in athymic nude mice. 

Although tail vein injection of cancer cells is not a measure of metastasis, the ability of 

cancer cells to extravasate from the circulation and grow in distant sites has been considered 
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a step that is necessary for metastatic potential. MCF7 cells with TrkA overexpression 

formed microscopic and macroscopic tumors in the lungs (Fig. 5e). In contrast, control cells 

did not form tumors. When considered with the increased migratory capabilities, the 

increased propensity of tumor development via tail vein injections suggest that TrkA 

overexpression may enhance cancer cells’ ability to disseminate to distant sites.

Discussion

In the past few years, there has been a concerted effort to develop individualized therapy for 

breast cancer patients. The ability to target key oncogenic drivers with effective therapies has 

led to substantial improvements in overall survival of cancer patients. Despite significant 

advancements in treatments targeting ER/PR and HER2-receptor positive subtypes, 

chemotherapy remains the standard of care for patients with triple-negative breast cancer 

(TNBC). Currently, there is a high demand to identify molecular markers and evaluate 

targeted therapies in TNBC. Interrogation of online databases (cbioportal) revealed that 

NTRK1 amplification occurs in over 20% of breast cancers, regardless of receptor status.

Herein, we provide the first direct evidence that TrkA overexpression alone in normal breast 

epithelial cells is sufficient to drive the oncogenic transformation of cells. Our in vitro data 

demonstrate TrkA overexpression is actively involved in breast carcinogenesis through 

oncogenic pathway activation. We determined that TrkA overexpression resulted in 

increased cell proliferation and migratory/invasive capacity, both hallmarks of cancer 

development, as well as increased MAP Kinase and PI3 Kinase signaling, two pathways 

heavily involved in cancer development. Previous studies have shown that NGF is 

ubiquitously expressed in breast tumor cells, regardless of subtype [25]. Our in vitro data 

demonstrated NGF alone was sufficient for transformation in TrkA overexpressing cells. 

This suggests TrkA may be a significant driver in breast carcinogenesis and inhibition of 

NGF/TrkA activation may offer a novel target for TNBC.

Recent clinical trials have demonstrated the remarkable success of pan-Trk inhibitors in rare 

cancers with NTRK1 rearrangements. Tumors harboring these rearrangements have 

upregulated TrkA activity and demonstrate remarkable responses to pan-Trk inhibitors [26]. 

Our studies demonstrate human breast cells with TrkA overexpression show a significant 

increase in transformation and metastatic potential in vitro and in vivo, comparable to 

targetable NTRK1 rearrangements. However, despite the high prevalence of TrkA 

overexpression and similar phenotypes to NTRK1 rearrangements in vitro, tumors with 

TrkA overexpression have been largely excluded in trials of Trk inhibitors. Our in vitro 

studies demonstrate TrkA overexpression in breast cells are highly susceptible to pan-Trk 

inhibitors and may offer a viable therapeutic target. The addition of the pan-Trk inhibitor, 

larotrectinib, results in the complete abrogation of these transformative phenotypes further 

suggesting these alterations act as a significant driver in breast carcinogenesis.

Our studies demonstrate TrkA overexpression is sufficient to drive oncogenic transformation 

in normal breast epithelial cells and is highly sensitive to pan-Trk inhibitors. A significant 

portion of breast cancers demonstrate TrkA overexpression, regardless of subtype and may 

offer an alternative or novel target for current clinical trials. Despite the promising 
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preclinical evidence presented in this paper, further analysis determining the utility of pan-

Trk inhibitors in TrkA overexpressing cancers are needed.

Materials and Methods

Cell Culture

The non-tumorigenic human breast epithelial cell lines MCF10A and hTERT-IMEC and 

their derivatives were cultured in DMEM/F12 (1:1) supplemented with 1% Penicillin–

Streptomycin, 0.1 ng/μL cholera toxin, 10 μg/mL insulin, 20 ng/mL EGF, 0.5 μg/mL 

hydrocortisone and 5% horse serum for MCF10A or 10% charcoal–dextranstripped fetal 

bovine serum (FBS) for hTERT-IMEC. NTRK1-overexpressing clones and CD74-NTRK1 
fusion expression clones were continuously cultured under neomycin selection. MCF10A 

parental, hTERT-IMEC parental (a generous gift from Myles Brown), and MCF7 parental 

were originally purchased from ATCC. Parental cell lines were authenticated by short 

tandem repeat profiling analysis at the Johns Hopkins Genetic Resources Core Facility. For 

assay with growth factor-reduced media, cells were conditioned in DMEM/F12 with 5% 

charcoal/ dextran-stripped FBS (C/D FBS), 1% Pen/Strep, hydrocortisone, and cholera toxin 

for 48 h.

Overexpression of NTRK1 or CD74-NTRK1 cDNA in human cells

NTRK1 cDNA was purchased as pCMV6-AC-GFPNTRK1 (RC213091, Origene) and 

subcloned into the pIRESneo3 vector (Clontech). Cells were transfected with pIRESneo3-

NTRK1 using the Fugene 6 system, as directed. CD74-NTRK1 fusion cDNA was 

generously provided by Dr. Pasi Janne [8]. For in vivo studies, the tumorigenic breast cell 

line, MCF7 was transfected with the NTRK1 or empty vector and xenograft studies were 

carried out as discussed below.

Immunohistochemistry

TrkA overexpression was confirmed using immunohistochemistry as previously described 

[27]. Slides were stained with the anti-TrkA rabbit monoclonal antibody (2505S; Cell 

Signaling).

Cell proliferation assays

Cells were seeded at 30,000 cells/well in 12-well plates and assay media was added after 24 

h. Assay media included the following modifications: 1% C/D FBS, 0.2 ng/mL EGF and 

100 ng/mL or 12.5 ng/mL NGF. Cells were counted using a Beckman–Coulter cell counter 

(17). For crystal violet staining, cells were stained with 0.05% crystal violet solution in 70% 

ethanol at 1 week [24].

Immunoblot Analysis

Cells were seeded 24 h prior to the addition of specified assay media. Protein lysates were 

made using Laemmli buffer and immunoblot analysis was performed using the NuPAGE 

system. The primary antibodies included: TrkA (Cell Signaling 2505), p-TrkA (Cell 

Signaling 9141S), p-AKT (Cell Signaling 9271), total AKT (Cell Signaling 9272), p-ERK 
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(Cell Signaling 4370), total ERK (Cell Signaling 9102), p-p70S6K (Cell Signaling 9205), 

Total p70S6k (Cell Signaling 9202), GAPDH (Cell Signaling 5174).

Microarray Analysis

Gene expression profiling was performed using the Affymetrix GeneChip System and the 

JHMI microarray core service as previously described [28]. Relative gene expression was 

determined using the log fold change (LogFC) of TrkA overexpression cells compared to 

parental controls. Significant genes for both panels were selected.

Colony formation in semisolid media

Cells were prepared in 1:1 mix of indicated media and 1.2% UltraPure Agarose for a final 

concentration of 0.6% agarose and soft agar assays were carried out as previously described 

[24]. Colonies were counted per field (n = 4) and photographs were taken with a Nikon SMZ 

1500 stereoscopic zoom microscope.

Acinar morphogenesis assay

Acinar morphogenesis assays were performed with growth factor-reduced Matrigel as 

previously described [24].

Wound-healing assay

Wound-healing assays were performed as previously described [24]. Scratch Assay Analyzer 

tool in the MiToBo extension in ImageJ 2.0 with parameters sigma = 2 and entropy filter = 

25.

Microchannel migration assays

A polydimethylsiloxane (PDMS) microfluidic device was produced and migration assays 

were performed as previously described [24]. NGF was used as a growth factor attractant.

Xenograft studies

For each group, a minimum of five 8- to 10-week old female athymic nude mice (Harlan 

Laboratories) were provided with estrogen pellet supplementation prior to cell injection. For 

solid tumor-formation studies, cell solutions were prepared in a 20% sterile PBS, 80% 

growth factor-reduced Matrigel (BD Biosciences) containing 1 million cells/200 μL and 

injected subcutaneously. Tumor volumes were measured weekly and calculated by 

multiplying width, length and height for each individual tumor. For tail vein injection assays, 

cell suspensions were prepared in sterile PBS at 0.5 million cells/200 μL and injected into 

the tail vein. Mice were monitored for signs of disseminated tumor formation including 

palpable mass and discomfort. Mice were euthanized as appropriate. All animal experiments 

were performed in accordance with institutional and NIH guidelines.

Statistics

All statistical analyses were performed using GraphPad Prism 5 software. Unpaired 

Student’s T tests, 1-way ANOVA, and 2-way ANOVA tests were used to compare 
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experimental groups, as indicated. Significance levels are indicated by asterisks: P < 0.05 

(*), P < 0.01 (**) and P < 0.001 (***). Error bars represent ± SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Overexpression of TrkA leads to growth factor-independent proliferation. a Overexpression 

of TrkA in MCF10A (MN1, 2, 3, 4, top row) and hTERT-IMEC (HIN2, 3, 4, 5, middle row) 

were confirmed by immunohistochemistry. In addition to the overexpression cell models, 

CD74-NTRK1 fusions were expressed in MCF10As (CDN2,3,4, bottom row) as positive 

controls. Empty vector controls (MEV for MCF10A and hIpI for hTERT-IMEC) were used 

as negative controls. b Immunoblot analysis of TrkA overexpression panels in MCF10A 

(left) and hTERT-IMEC (middle), and CD74-NTRK1 fusions (right). c Proliferation analysis 
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of the MCF10A TrkA overexpression panel and d hTERT-IMEC panel in growth factor-

reduced media. Cells were plated at a density of 30,000 cells/well in 24-well plates and cell 

counted on 2, 4, and 6 days. e Proliferation analysis of the MCF10A TrkA overexpression 

panel and f hTERT-IMEC panel in the presence of 0.2 ng/mL neuronal growth factor (NGF) 

as described in (c). Mean ± SEM shown, ***P ≤ 0.001, by ANOVA analysis at 6-day time 

point
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Fig. 2. 
TrkA inhibitions leads to decreased growth in TrkA overexpressing cells. a Proliferation 

analysis of the MCF10A TrkA overexpression panel in the presence of 0.2 ng/mL neuronal 

growth factor (NGF) and 0.2 ng/mL epidermal growth factor (+ EGF) and b hTERT-IMEC 

panel in the presence of 0.2 ng/mL neuronal growth factor (NGF). Cells were plated at a 

density of 30,000 cells/well in 24-well plates and stained with crystal violet at 5 days. 

Vehicle (Veh.) or 1.5 μM Larotrectinib (Larotrect.) were added as specified. c Growth 

analysis of CD74-NTRK1 fusion panel as described in (a). Larotrectinib (Larotrect.) was 

added at 2 μM as specified. d Quantification of proliferation in the MCF10A TrkA 

overexpression panel in the presence of 0.2 ng/mL neuronal growth factor (+ NGF) and 0.2 

ng/mL epidermal growth factor (+ EGF), and e 1.5 μM Larotrectinib. Mean ± SEM shown, 

***P ≤ 0.001, by ANOVA at 6-day time point. f Immunoblot analysis of the MCF10A TrkA 

overexpression panel ± 1.5 μM Larotrectinib in the presence of 0.2 ng/mL neuronal growth 

factor and 0.2 ng/mL epidermal growth factor
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Fig. 3. 
TrkA overexpression leads to increased MAPK/PI3K signaling and dysregulation of genes 

in oncogenic pathways. a Immunoblot analysis of the MCF10A and hTERT-IMEC TrkA 

overexpression panels. Protein lysates were collected after 24-h exposure to arrest media 

conditions supplemented with EGF and NGF for MCF10A (left) and hTERT-IMEC (right) 

cell line panels. 1.5 μM larotrectinib was added as indicated. b Microarray analysis of TrkA 

overexpression panels. Log fold change was calculated and averaged among respective 

parental controls. Log fold change > 2 shown. List of additional genes in Supplemental 

Table 2. Breast cancer-associated genes (pink) and cancer-associated genes (green) indicated
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Fig. 4. 
TrkA overexpression leads to dysregulated 3D growth and increased tumorigenicity. a 
MCF10A TrkA overexpressing panel and b hTERT-IMEC overexpressing panel were 

cultured at low density in Matrigel in the presence of EGF and NGF. 1.5 μM of Larotrectinib 

was added as indicated (Scale bar, 50 μm). c MCF10A TrkA overexpressing panel and d 
hTERT-IMEC overexpressing panel were cultured in low growth factor conditions at low 

density in 0.8% agar for two weeks, stained with crystal violet. Colonies were quantified per 

field of view (FOV) (n = 4). Mean ± SEM shown, ***P ≤ 0.001; **P ≤ 0.01, ns = not 
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significant, as determined by ANOVA. e MCF7 TrkA (TrkA overexpression) and MCF7 EV 

(empty vector) xenografts were established subcutaneously in athymic nude mice and 

supplemented with a 17β-estradiol pellet (n = 5 per arm). Each data point represents the 

mean tumor volume in mm3 ± SD. ***P ≤ 0.001, as determined by ANOVA. f Tumors were 

harvested and FFPE tumor sections were prepared and subjected to IHC with TrkA as 

described in the methods. Representative images shown
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Fig. 5. 
TrkA overexpression leads to increased migratory capabilities. a MCF10A TrkA 

overexpression and b hTERT-IMEC TrkA overexpression panels were plated in growth 

factor-supplemented media to a confluent monolayer, scratched, and imaged at 0 and 16 h 

time points ± 2 μM of larotrectinib; percent healing calculated from scratch dimensions 

quantified with ImageJ MiToBo software. ***P ≤ 0.001, **P ≤ 0.01, as determined by 

ANOVA. c Microchannel migration assays were performed in 50 μm channels. Individual 

cells from the MCF10A TrkA overexpression were tracked along a growth factor gradient. 
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Cellular velocity of migrating cells was calculated as the product of speed and persistence 

(shown individually in Supplemental Fig. S6). ***P ≤ 0.001, *P ≤ 0.05, as determined by 

ANOVA. d Representative clone was tracked across growth factor gradient in the presence 

of 1.5 μM larotrectinib. ****P ≤ 0.0001 as determined by unpaired Student’s t test. e Tail 

vein injection of MCF7-TrkA (TrkA overexpression) and MCF7-EV (empty vector) cells in 

athymic nude mice (n = 5 per cell line). 2 of 5 mice injected with TrkA overexpression 

formed tumors. Mice were supplemented with a 17β-estradiol pellet. Representative images 

of lung sections at ×4 and ×20

Kyker-Snowman et al. Page 19

Breast Cancer Res Treat. Author manuscript; available in PMC 2020 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Results
	Generation of TrkA overexpressing non-tumorigenic human breast epithelial cell lines
	TrkA overexpression leads to growth factor-independent proliferation
	TrkA overexpressing cells are growth inhibited by TrkA pan-inhibitors
	TrkA overexpression leads to increased MAPK and PI3Kinase signaling and altered gene expression of cancer pathway genes
	TrkA overexpression leads to dysregulated 3D growth and increased tumorigenicity
	TrkA overexpressing cells demonstrate increased migratory capabilities

	Discussion
	Materials and Methods
	Cell Culture
	Overexpression of NTRK1 or CD74-NTRK1 cDNA in human cells
	Immunohistochemistry
	Cell proliferation assays
	Immunoblot Analysis
	Microarray Analysis
	Colony formation in semisolid media
	Acinar morphogenesis assay
	Wound-healing assay
	Microchannel migration assays
	Xenograft studies
	Statistics

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5

