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ABSTRACT
The neurotrophins (NTs) play a key role in neuronal survival and maintenance. 

The TRK (tropomyosin-related kinase) tyrosine kinase receptors (TRKA, TRKB, 
TRKC) are high affinity receptors for NTs. There is increasing data demonstrating 
an important role of the TRK family in cancer initiation and progression. NTs have 
been known for many years to promote chemotaxis, maturation, and survival of 
mast cells. However, the role of NT signaling in the pathogenesis of mastocytosis is 
not well understood. In this study, we demonstrate that activation of TRKA by its 
ligand nerve growth factor (NGF) is potent to trigger a disease in mice with striking 
similarities to human systemic mastocytosis (SM). Moreover, activation of TRKA by 
NGF strongly rescues KIT inhibition-induced cell death of mast cell lines and primary 
mast cells from patients with SM, and this rescue effect can be efficiently blocked 
by entrectinib (a new pan TRK specific inhibitor). HMC-1 mast cell leukemia cells 
that are resistant to KIT inhibition induced by TRKA activation show reactivation of 
MAPK/ERK (extracellular signal-regulated kinase) and strong upregulation of early 
growth response 3 (EGR3), suggesting an important role of MAPK-EGR3 axis in the 
development of resistance to KIT inhibition. Targeting both TRK and KIT significantly 
prolongs survival of mice xenotransplanted with HMC-1 cells compared with targeting 
KIT alone. Thus, these data strongly suggest that TRKA signaling can improve 
neoplastic mast cell fitness. This might explain at least in part why treatment with 
KIT inhibitors alone so far has been disappointing in most published clinical trials 
for mastocytosis. Our data suggest that targeting both KIT and TRKs might improve 
efficacy of molecular therapy in SM with KIT mutations.
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INTRODUCTION

Mastocytosis is one subcategory of myeloid 
neoplasms as defined by the 2016 World Health 
Organization (WHO) classification of myeloid neoplasms 
and acute leukemia [1]. Mastocytosis is characterized 
by a clonal, neoplastic proliferation of morphologically 
and immunophenotypically abnormal mast cells (MC) 
accumulating in one or more organ systems [2, 3]. 
Systemic mastocytosis (SM) is a more aggressive variant 
associated with extracutaneous involvement that may be 
accompanied with dysfunction/failure of multiorgan and 
shortened survival [4, 5]. The KIT D816V mutation can 
be found in over 80% patients with SM [2]. SM treatment 
is highly individualized and generally palliative. Allogenic 
hematopoietic stem cell transplantation may be considered 
as a viable and potentially curative therapeutic option for 
advanced SM, but its definitive role remains unclear [5]. 
Allogenic NK cells can eradicate myeloblasts but not 
malignant mast cells in SM associated with acute myeloid 
leukemia [6]. Although KIT inhibitors showed very good 
inhibitory effects on mast cells in vitro, however, treatment 
with KIT inhibitors alone so far has been disappointing 
in most published clinical trials for mastocytosis [2, 5, 
7–9], probably due to development of resistance to kinase 
inhibitors [5, 10]. Even in the recently published study 
demonstrating therapeutic benefit in some patients with 
advanced SM by targeting KIT, the overall survival is 
still not satisfying (46% at 3 years) [7]. These findings 
underscore the need to develop more efficient treatment 
strategies for patients with SM. 

Although KIT mutations, particularly KIT D816V, 
have been considered as a key mutation for mastocytosis, 
however, increased body of data indicates that KIT D816V 
may be a late event in the pathogenesis of mastocytosis 
and other alterations/mutations may be involved as early 
events [11]. Identifying such genetic/epigenetic alterations 
and understanding their interactions and the molecular 
mechanisms involved in mastocytosis are of the utmost 
importance for developing rationally targeted therapy. The 
neurotrophins (NTs: nerve growth factor = NGF, brain-
derived neurotrophic factor = BDNF, NT-3, and NT-4) 
play a key role in neuronal survival and maintenance. 
The TRK (tropomyosin-related kinase) tyrosine kinase 
receptors (TRKA, TRKB, TRKC) are high affinity 
receptors for NTs. The TRK family is emerging as an 
important player in carcinogenic progression [12, 13]. NTs 
have been known for many years to promote chemotaxis, 
maturation, and survival of MCs by preventing apoptotic 
death [14–16]. For instance, NGF up-regulates expression 
of human mast cell characteristics (e.g. up-regulation 
of tryptase) and might have different biological effects 
at different stages of mast cell development [14]. On 
the other hand, mast cells synthesize, store, and release 
NGF. Human mast cell tryptase can cleave pro-NGF, and 
mature NGF may result from tryptase action [17]. This 

may fundamentally modify the actions of pro-NGF/NGF 
[17]. To date, the role of NT signaling in the development 
of mastocytosis is not well understood. Recently, Peng et 
al., observed elevated expression of TRK receptors and 
enhanced neurotrophin levels on mast cells in patients 
with mastocytosis, and suggested a pivotal role of TRK 
signaling in the pathogenesis of mastocytosis [15]. Our 
group has recently reported a potential role of TRK 
signaling in leukemogenesis [12, 18]. More recently, we 
reported mastocytosis induced by activation of TRKB in 
murine hematopoietic stem/progenitor cells in vivo [19]. 
In this study, we demonstrate that activation of TRKA 
by its ligand NGF is also potent to elicit a disease with 
striking similarities to human SM in a mouse model and is 
involved in the development of resistance to KIT-targeted 
therapy. 

RESULTS

Mastocytosis induced by activation of TRKA 
receptor in murine hematopoietic stem/
progenitor cells

To investigate the role of TRKA signaling in 
the pathogenesis of mastocytosis and acute leukemia, 
19 C57BL/6J mice were transplanted with retrovially 
gene-modified primary hematopoietic stem/progenitor 
cells (TRKA/NGF = 7, TRKA = 6, NGF = 6) in two 
independent experiments (Figure 1A). In another separate 
study, seven animals were transplanted with TRKA  
(n = 3) or LNGFR (low-affinity nerve growth factor 
receptor, n = 4) modified cells alone. In the TRKA/NGF 
group, four animals developed acute leukemia within 6 
months after transplantation (Supplementary Figure 1), 
while three animals developed SM within 12 months after 
transplantation. Consistent with SM induced by TRKB 
activation [19], abnormal mast cells mainly showed features 
of mature hypergranular mast cells (Figure 1B–1D) [20]. 
These cells expressed CD25, tryptase, KIT, and TRKA 
(Figure 1, Supplementary  Figure 2). SM mainly affected 
spleen, liver, and bone marrow with multifocal compact 
mast cell infiltrates (Figure 1). While skin infiltration of mast 
cells was observed in one animal (Figure 1M), there was 
no gut infiltration in any of the SM mice (Supplementary 
Figure 2). Moreover, mouse #1193 also demonstrated 
elevated level of plasma tryptase (67.5 ng/ml). Plasma 
level of human NGF in mouse #1193 was below 15 pg/ml. 
This result is broadly in line with previously published data 
in patients with SM [15]. Of note, there was no evidence 
of classical mast cell leukemia or other hematological 
neoplasm in any of SM mice. At the final analysis, SM 
animals did not show splenomegaly or hepatomegaly, and 
blood counts were normal in 2 analyzed mice. Moreover, 
there were no mutations detected in the KIT gene in any 
of SM mice. One out of 9 mice in the TRKA alone group 
developed a myeloproliferative neoplasm, probably due 
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Figure 1: Development of mastocytosis in mice transplanted with TRKA/NGF-modified hematopoietic stem/progenitor 
cells. (A) Flow cytometric analysis demonstrating expression of transgenes (NGF and TRKA, measured by enhanced green fluorescent 
protein and an antibody against TRKA, respectively) after one round of transduction on day of transplantation (negative controls shown as 
inset). Representative cytology (May-Grünwald-Giemsa), histopathology (H&E), immunohistochemical stains, and immunofluorescence 
analysis from 3 animals with SM (B–E, G and H: mouse #1193; I–K: mouse #1182; M: mouse #1183). There were multifocal, dense 
infiltrates of mast cells (≥ 15 mast cells in aggregates) in different organs. (B, C) Cytospins of spleen cells from mouse #1193 showing round 
(typical), mature mast cells with abundant cytoplasm filled with granules (× 200, × 1000). Note phagocytosis of red cells in some mast cells 
(C). (D) Accumulation of mast cells in the red pulp of spleen (× 200). Immunohistochemical staining for CD25 (marker for neoplastic mast 
cells) showing infiltration of mast cells in spleen (E, brown color, × 200), but no increased mast cells in mouse #1185 with acute leukemia 
from the TRKA/NGF group (F,  Supplementay Figure 1). (G) Bone marrow section showing infiltration of mast cells (× 400), highlighted 
by immunohistochemical stains for CD25 (H, × 400) and tryptase (Supplementary Figure 2). (I) Section of liver showing infiltration of 
mast cells in mouse #1182 (× 400). Immunohistochemical staining for CD25 (J, × 400) highlighting infiltration of mast cells in the liver. 
Negative controls for Figure 1H and 1J shown in Supplementary Figure 1. (K) Immunofluorescence analysis showing TRKA expression on 
the surface of mast cells, demonstrating that neoplastic mast cells were derived from gene-modified cells (× 400). (L) Negative control for 
(K). (M) Section of skin showing infiltration of mast cells in mouse #1183 (× 100). 
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to mild activation of TRKA by its overexpression and/
or endogenous murine NGF, while no other animals with 
TRKA alone, NGF alone or LNGFR showed SM or other 
hematological malignancies. In our historic controls of > 100 
animals transplanted in similar settings with different genes, 
e.g. dTRKA, dLNGFR, FLT3 mutants, tCD34, and SV40 
LT, no animals developed SM [19, 21]. These data strongly 
suggest that activation of TRKA by NGF is important for the 
development of mastocytosis. Although the SM incidence 
by TRKA activation was lower than by TRKB activation 
(3/7 = 43% vs. 12/17 = 71% [19]), our data indicate that 
activation of both TRKA and TRKB by their ligands are 
more potent than KIT D816V for induction of SM [19], since 
SM was not induced by retroviral-mediated expression of 
KIT D816V in similar settings [22]. Furthermore, only 29% 
of transgenic mice expressing human KIT D816V developed 
mastocytosis at an old age (> 12 months) [23]. Abnormal 
mast cells induced by TRKA and TRKB activation mainly 
demonstrated features of mature mast cells, which is in line 
with an early report showing induction of a more mature 
phenotype of immature human mast cells in vitro in response 
to NGF, most probably via activation of the high-affinity 
NGF receptor expressed on these cells [14].

Activation of TRKA affected response of 
malignant mast cells to KIT inhibition

Since NTs are important for survival of MCs and 
treatment with KIT inhibitor (in particular imatinib and 
dasatinib) alone did not lead to a durable response in most 
patients with mastocytosis, we investigated whether TRKA 
activation improves neoplastic mast cell fitness in the 
presence of mutations of KIT and is involved in resistance 
of mast cells with KIT mutations to KIT inhibitors. To this 
end, we took advantage of the human mast cell leukemia 
cell line HMC-1 with KIT V560G mutation and TRKA 
expression, but no detectable NGF by flow cytometric 
analysis (Figure 2A, 2B). An earlier study demonstrated 
expression of NGF mRNA in HMC-1 cells. However, 
in that study constitutive activation of TRKA and c-FOS 
was only observed when cells were cultured with NGF, 
suggesting that the level of NGF secreted, if any, was 
very low [24]. In colony assays and liquid culture, TRKA 
activation by NGF efficiently rescued HMC-1 cells from 
cell death mediated by KIT inhibition. This rescue effect 
by NGF was efficiently inhibited by entrectinib (a new 
TRK specific inhibitor [13]) (Figure 2C, Supplementary 
Figure 3). Of note, entrectinib at the concentration of  
≥ 2 nM had more potent capability to block NGF-induced 
rescue than the old TRK inhibitor GW-441756. Entrectinib 
efficiently inhibited colony formation of HMC-1 cells at 
nanomolar concentration (~100 nM) that is well below the 
concentration safely achieved in humans [25]. Interestingly, 
MAPK/ERK (extracellular signal-regulated kinase) and 
AKT were reactivated by NGF after KIT inhibition and 
were completely downregulated by 5nM entrectinib 

(Figure 2D). Of note, activity of AKT and ERK pathways 
was correlated with phosphorylation levels of KIT and 
TRKA (Figure 2E). After treatment with dasatinib (100 
nM, 90 min) and stimulation with NGF (100 ng/ml,  
30 min), the phosphorylation of KIT was strongly 
decreased, while the phosphorylation of TRKA was 
stimulated > 3-fold. Entrectnib treatment (100 nM,  
90 min) strongly induced dephosphorylation of TRKA. 
We did not detect NGF in the HMC-1 cells by flow 
cytometry, but TRKA was still activated, probably due to 
TRKA overexpression and/or very low NGF secreted by 
the cells. VERFR1, FGFR1, RYK, and insulin receptor 
were also activated in HMC-1 cells, but almost completely 
dephophorylated after dasatinib treatment (Figure 2E), 
indicating that these receptors are unlikely mediators for 
resistance to KIT inhibition. Importantly, TRKA activation 
also affected the response of both HMC-1.2 cells harboring 
KIT D816V mutation and primary mast cells isolated from 
patients with SM associated with KIT D816V to KIT-
targeted therapy (Figures 2F, 2G, 3A–3E, Supplementary 
Figure 4). The rescue effect of NGF in HMC-1.2 cells and 
cells from patient T208 was not as strong as in the HMC-1 
cells and patient T207, probably due to low expression of 
TRKA in these cells (around 30%, Figure 2F). Patients T207 
and T208 showed heterogenic response to combined therapy, 
indicating different response sensitivities among patients. 
In line with previously published data [15], plasma levels 
of NGF in the two patients (T207 and T208) were below  
15 pg/ml. Of note, SF3B1 and SRSF2 were mutated in 
patient T208, while there was no mutation found in any 
of 22 tested genes associated with myeloid neoplasms 
including ASXL1, BRAF, DNMT3A, FLT3, NRAS, KRAS, 
SF3B1, and SRSF2 in patient T207. This suggests that 
TRKA activation may be an important factor for improved 
neoplastic mast cell fitness in the patient T207. 

It has been shown that KIT and TRK activation not 
only induce common signaling pathways, but also induce 
unique signal cascades [26]. Dutta et al. recently reported 
that NGF could support long-term survival of HMC-1 cells 
in the presence of imatinib [26]. They identified 117 genes 
upregulated by NGF stimulation in HMC-1 cells, among 
these genes 58 genes were also downregulated by KIT 
inhibition, while 59 genes were specifically affected only 
by NGF stimulation [26]. To examine differences between 
TRK and KIT signaling pathways and to understand 
molecular pathways responsible for resistance to KIT 
inhibition, we performed qRT-PCR in the treated HMC-1 
cells. We analyzed expression of KLF2 (kruppel-like factor 
2), EGR1 (early growth response 1) (genes upregulated by 
both KIT and TRK reported by Dutta et al. [26]), EGR3 
(early growth response 3) [27] and GDF15 [28] (affected 
specifically by NGF stimulation [26]). Interestingly, 
EGR3 was 21.1-fold downregulated in HMC-1 cells by 
dasatinib treatment. Dasatinib treatment followed by NGF 
stimulation induced a 1269.4-fold increased expression of 
EGR3 compared with dasatinib treated cells. Additional 
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Figure 2: Activation of TRKA affected response of HMC-1 and HMC-1.2 cells to KIT inhibition. (A) Flow cytometric 
analysis showing expression of TRKA and KIT in HMC-1 cells carrying only KIT V560G mutation (negative control shown as inset). 
(B) By flow cytometry, HMC-1 cells did not express NGF. Cells were stained with anti-NGF biotin antibody followed by staining with 
streptavidin APC antibody. 32D cells transduced with retroviral vector expressing NGF were served as a positive control. HMC-1 cells 
stained with streptavidin APC antibody were used as a negative control. (C) To analyze clonal growth of HMC-1 cells, colony forming 
assay was performed in the presence of kinase inhibitors. Note > 99% growth inhibition by dasatinib = dasa (100 nM, targeting KIT), 
efficient rescue of HMC-1 cells in the presence of NGF (100 ng/ml), and efficient block (> 98%) of NGF-induced rescue by the new TRK 
inhibitor entrectinib = entrec (p < 0.01 for ≥ 2nM entrec, p < 0.00001 for ≥ 5 nM entrec). Dasatinib combination therapy with GW also 
reduced the number of colonies (p < 0.05). Results are presented as the average percentage of colonies formed in the presence of inhibitors 
(100% value derived from DMSO control). Representative results presented are the mean ± SD (error bars) of at least three independent 
experiments in duplicates or quadruplicates. (D) Immunoblots showing effects of inhibitors and NGF on phosphorylation of AKT and 
MAPK/ERK. Pro-survival pathways were reactivated by NGF after KIT inhibition and were completely downregulated by 5nM entrectinib. 
(E) A phospho-Receptor PTK array revealed activation of KIT and TRKA in HMC-1 cells. Red boxes and arrows indicated phosphorylation 
level of TRKA and KIT, respectively. The membranes were exposed and filmed under the same condition. In the array, each receptor PTK 
is spotted in duplicate. Hybridization signals at the three corners of each array served as positive controls. 1 = FGFR1 (Fibroblast growth 
factor receptor 1), 2 = VEGFR1 (Vascular endothelial growth factor receptor 1), 3 = Insulin receptor, 4 = RYK. (F) Flow cytometric analysis 
demonstrating expression of TRKA and KIT in HMC-1.2 cells harboring both KIT V560G and D816V mutations (negative control shown 
as inset). Note much lower expression of TRKA in HMC-1.2 compared with HMC-1 cells. Both HMC-1 and HMC-1.2 cells do not express 
TRKB or TRKC (data not shown). (G) Entrectinib inhibited antiapoptotic effects of NGF-mediated activation of TRKA in HMC-1.2 cells. 
Results presented are the mean plus or minus SD of at least two independent experiments. NGF concentration was 100 ng/ml. Similar 
results were observed in colony assays (data not shown).
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treatment with entrectinib brought EGR3 expression 
down to the expression level in cells treated by dasatinib 
alone (Supplementary Table 1). We also observed slight 
differences of EGR1 expression by dasatinib and by NGF 
stimulation, while there was no difference regarding 
expression of GDF15 and KLF2 induced by TRK and 
KIT activation (Supplementary Table 1). Of note, EGR 
transcriptional regulators (e.g. EGR3) are examples of 
MAPK-ERK regulated genes [27]. Taken together, our 
data suggest that TRKA activation mediates resistance to 
KIT inhibition likely via the MAPK-EGR3 axis. 

Finally, we wished to test the combined therapy with 
dasatinib and entrectinib in vivo to evaluate how effective 
this combination may be in a more real-life situation. 
Dasatinib demonstrated an IC50 value of approximately 
5 µM for HMC-1.2 cells in in vitro cytotoxicity 
assays (Figure 2G and data not shown), therefore, 
xenotransplantation of HMC-1.2 cells into NOD-scid 
IL2rγnull (NSG) mice was not a good model for in vivo 
treatment with dasatinib (max. plasma concentration in 
mice: around 2µM [29]). Thus, we transplanted HMC-1 
cells in to NSG mice and treated the mice with different 
regimens: placebo, dasatinib alone, entrectinib alone and 
dasatinib/entrectinib. Importantly, combined therapy 
with dasatinib and entrectinib significantly prolonged 
the survival of NSG mice transplanted with HMC-1 cells 
compared with other groups (Figure 3F), confirming the  
in vitro data (Figure 2C). Of note, murine beta-NGF shares 
approximately 90% homology at the amino acid level 
with human beta–NGF and can activate human TRKA 
[30]. Importantly, combination therapy with dasatinib and 
entrectinib was well tolerated and did not promote weight 
loss. Although the KITV560G mutation seen in HMC-1 
cells is not common in patients with SM, our data provide 
the first proof-of-concept for targeting both KIT and TRK 
pathways in SM. Collectively, our data strongly suggest 
that TRKA signaling can improve neoplastic mast cell 
fitness. This might explain at least in part why treatment 
with KIT inhibitors alone so far has been disappointing 
in most patients with mastocytosis [2]. Since NGF is also 
expressed by bone marrow stroma cells [12, 31], it might 
activate TRKA and protect mast cells from cell death 
induced by KIT inhibition. Inhibition of TRKA activation 
may overcome resistance to KIT-targeted therapy in SM 
patients. Moreover, activation of TRKB in HMC-1 cells 
with ectopic expression of TRKB also very efficiently 
rescued HMC-1 cells from KIT inhibition, and this effect 
was successfully blocked by entrectinib (Supplementary 
Figure 5). Of note, TRKB and TRKC are also expressed 
by neoplastic mast cells [15], and mast cells express 
mRNA for all NTs and release at least active NGF, NT-3 
(can activate all TRKs), and NT-4 (both BDNF and NT-4 
can activate TRKB) [16]. Thus, our data suggest that other 
members of the TRK family may be also involved in the 
development of resistance to KIT inhibition. 

DISCUSSION

Here, we for the first time demonstrate SM 
development by activation of TRKA in vivo , although the 
number of analyzed mice was limited, and present a new 
example that cancer cells can develop resistance to the 
therapeutic inhibition of receptor tyrosine kinase signaling 
by ligand-mediated receptor activation [32], which provide 
a means for cancer cells to re-establish the signaling 
pathways (e.g. MAPK in this study) that were present 
before the inhibitor therapy. Since NTs can be released 
by mast cells as well as bone marrow stromal cells, our 
data, together with our recent report demonstrating SM 
induction by BDNF-mediated activation of TRKB [19], 
suggest an important role of autocrine and/or paracrine 
activation of TRKs in the pathogenesis of mastocytosis. 
Moreover, we show a significantly prolonged survival 
of mice xenotransplanted with HMC-1 cells by targeting 
both TRK and KIT compared with targeting KIT alone. 
Our data might have significant implications for clinical 
practice. Efficient targeting of both KIT and TRKs 
might improve the efficacy of molecular therapy in SM 
patients with KIT mutations. Of note, the new pan-TRK 
inhibitors entrectinib and LOXO-101 are now being 
tested in clinical trials in patients with solid tumors and 
have already yielded dramatic clinical activity in some 
patients, demonstrating that some human cancers are TRK 
dependent [13, 25, 33, 34], and TRKs may be good targets 
for molecular therapy.

The majority of adult patients with systemic 
mastocytosis (SM) has aberrant mast cell morphology 
such as spindle shapes and hypogranulation, and harbor 
the KIT D816V mutation [3, 4, 35]. However, a subgroup 
of patients (< 10% of all SM) show mature mast cells 
morphology (round, fully granulated) [20, 35–37]. 
Patients with such so-called well-differentiated systemic 
mastocytosis (WDSM) harbored low frequency of KIT 
D816V mutation compared with other forms of SM 
(29% vs. 93%) [35]. A recently proposed classification 
suggests a diagnosis of chronic mast cell leukemia (MCL, 
defined by at least 20% MCs on bone marrow smears and 
absence of C-Findings) for patients with MCL in whom 
the condition is less aggressive and does not induce organ 
damage within a short time [38]. Interestingly, mast cells 
in patients with chronic MCL exhibit a more mature 
morphology and likely carry lower KIT mutations when 
compared to acute MCL [38]. In our mouse models, the 
mast cell disease induced by TRKA/NGF and TRKB/
BDNF [19] is strikingly similar to human SM, particularly 
to WDSM. The criteria for chronic MCL can be fulfilled 
in at least three TRKB/BDNF and TRKA/NGF mice 
(at least 20% MCs on spleen smears and absence of 
C-Findings). Of note, spleen were affected in all animals 
with SM in our models, while bone marrow and liver 
were only variably involved, and some animals even 
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Figure 3: Targeting both TRK and KIT in primary mast cells from patients with SM and in xenotransplanted mice. 
(A) Additional inhibition of TRK improved targeted treatment by KIT inhibition in malignant mast cells from patients T207 and T208  
in vitro. Both patients had KIT D816V mutation and TRKA expression on mast cells. Mast cells were cultured in the presence of inhibitors 
for 48 hours before apoptosis analysis. Note the strong rescue effect of NGF in patient T207. (B–E) Immunohistochemical staining for 
tryptase (B, D, × 600) and bone marrow smears (C, E, × 1000) showing infiltration of mast cells in bone marrow in patients T207 (B, C) 
and T208 (D, E). T207 = Aggressive SM (the major criterion and at least 3 minor criteria for diagnosis of SM [5] were present), T208 = SM 
with associated clonal hematological non-mast cell lineage diseases (SM-AHN, at least 3 minor criteria for diagnosis of SM were present). 
(F) Kaplan-Meier analysis of animal survival. In line with in vitro data, entrectinib alone did not affect the survival of animals compared 
with the placebo group. Both treatment regimens (dasatinib alone and dasatinib/entrectinib) showed a significantly prolonged survival of 
NSG animals transplanted with HMC-1 cells (p < 0.0002 for both regimens vs. placebo and entrectinib), while treatment with entrectinib 
in combination with dasatinib was associated with a prolongation of survival times by a further 4.4 ± 1.2 days (p < 0.003). There were  
17 animals transplanted: control/placebo = 4, entrectinib  = 4, dasatinib = 4, dastinib/entrectinib = 5. Black bar denotes treatment period. 
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did not have infiltration of mast cells in bone marrow. 
Interestingly, mast cells induced by TRKA/NGF and 
TRKB/BDNF strongly expressed CD25 (Figure 1) [19], 

while CD25 expression was generally not detectable 
in WDSM patients. Importantly, we did not detect any 
mutation in the KIT gene in any of analyzed mice with 
SM, indicating that contribution of mutated KIT signaling 
to SM development in our model is unlikely. Although 
not all aspects of the human condition are reproduced 
in our models, our data indicate that TRKA and TRKB 
activation may play an important role in pathogenesis 
of SM, particularly in development of WDSM and/or 
chronic MCL. Targeting TRKs in such patients might be 
an attractive therapy. It will be interesting to investigate 
whether activation of TRKC can also induce SM. KIT 
mutation alone does not explain the full clinical spectrum 
of SM, and new data suggested that KIT D816V is a late 
event in the pathogenesis of SM [11]. Moreover, animal 
studies suggest that cooperating events are required for 
KIT D816V mutation in induction of SM [22, 23, 39]. It 
will be important to determine whether TRK signaling 
cooperates with KIT mutation in induction of SM. 

Why was the SM incidence after TRKA activation 
lower than after TRKB activation (43% vs. 71% [19])? The 
reason for this difference is unclear. However, some data 
indicate that different NTs can induce different signaling 
upon activating the same TRK receptor in neuronal cells. 
BDNF, NT-3 and NT-4 can activate TRKB, while TRKA 
can be activated only by NGF and NT-3. It is obvious 
that BDNF and NT-4 have distinct as well as overlapping 
actions [40, 41]. The distinct activities of NT-4 and BDNF 
may result partly from differential activation of TRKB 
and its down-stream signals [41]. Moreover, it appears 
that TRKA and TRKB are fundamentally different in 
their signaling capabilities in neurons [42]. TRKA may 
use a single signaling pathway to induce responses such 
as survival, while TRKB may utilize multiple signal 
pathways. Whether such a difference between TRKA and 
TRKB is also present in hematopoietic cells remains to 
be determined. Interestingly, all TRK receptors (TRKA, 
TRKB, TRKC) are expressed on LAD2 cells (Yang and 
Li, unpublished data), another human mast cell line [43]. 
It is important to examine the impact of different NTs and 
coexpression of ≥ 2 TRK receptors on development of 
SM, survival and growth of malignant mast cells. 

The molecular mechanisms by which TRK signaling 
contributes to SM remain to be determined. ERK 
signaling seems to be important for functions of mast 
cells and might be involved in mastocytosis development 
[44, 45]. A deleted form of TRKA (ΔTrkA), in which 
75 amino acids are lacking in the extracellular domain, 
was identified in an AML patient [46]. We demonstrated 
a strong leukemogenic activity of ΔTrkA [47]. Of note, 
none of > 20 C57Bl/6J transplanted with ΔTrkA modified 
primary Lin-cells developed SM [47, 48], while SM 
was observed in 43% of mice transplanted with TRKA/

NGF in the present study. Interestingly, ΔTrkA did not 
activate MAPK/ERK [47], while a strong activation of 
ERK was observed by TRKA activated by NGF [47] 
and in HMC-1 cells (Figure 2D). Moreover, efficient 
growth inhibition of HMC-1 cells was associated with 
downregulation of MAPK/ERK (Figure 2D). These 
data strongly suggest that ERK might be important for 
mastocytosis development and survival of malignant mast 
cells. MAPK-ERK signaling is also upstream of EGR 
transcriptional regulators (e.g. EGR3) [27]. In the present 
study, we observed very high upregulation (> 1200-fold) 
of EGR3 after dasatinib treatment and NGF stimulation 
in HMC-1 cells, that were resistant to KIT inhibition. Our 
data suggest that EGR3 may represent a major difference 
between TRK and KIT signaling, and the MAPK-EGR3 
axis may play an important role in development of 
resistance to KIT inhibition. Dutta et al. observed only a 
22.8-fold upregulation of EGR3 in HMC-1 cells after NGF 
stimulation [26]. This difference may be due to experiment 
set up (serum starvation for 4h in the present study vs. 
17h in their study) and analysis methods used (quantitative 
RT-PCR vs. microarray analysis). Of note, EGR3 plays 
an important role in neuronal functions [49, 50], muscle 
stretch receptor function, angiogenesis [51], and immunity 
(e.g. controlling proliferation of thymocytes) [52]. EGR3 
is highly expressed in some cancer, such as prostate tumors 
[53], but its role in tumorigenesis and drug resistance 
remains largely unknown. Thus, further studies are needed 
to investigate the role of MAPK/ERK and EGR3 in the 
pathogenesis of mastocytosis and the development of 
resistance to KIT inhibition in more details. Interestingly, 
activation of TRKA and TRKB in hematopoietic stem/
progenitor cells induced 2 different phenotypes in vivo, 
i.e. SM and acute leukemia. This might be due to different 
cell populations targeted [54], although other factors 
might also be involved. Interestingly, SM was induced 
only in mice transplanted with high expression of TRKA/
NGF, suggesting that gene dose might have impact on 
different phenotypes induced by TRK. Consistent with 
TRKB activation [19], transplantation of TRKA and NGF 
modified 32D cells (murine myeloid progenitors) induced 
only myeloid leukemia in C3H/HeJ animals without any 
sign of increased mastocyte numbers [12]. Mastocytosis 
was triggered only when TRKA or TRKB was activated in 
hematopoietic stem/progenitor cells, strongly supporting 
the view that mast cells are derived from hematopoietic 
stem cells [55].

Together with our recent report [19], our data 
strongly support the findings by Peng et al. [15], who 
demonstrated enhanced neurotrophin levels and elevated 
expression of TRK receptors on skin and gut mast cells in 
patients with mastocytosis, and suggest that TRK signaling 
may contribute to the pathogenesis of mastocytosis and 
development of resistance to targeted therapies in SM. Our 
data suggest an important role of MAPK-EGR3 axis in 
the development of resistance to KIT inhibition. Targeting 
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TRK signaling might overcome resistance to KIT-targeted 
therapy in SM. Although we used a retroviral vector 
expressing NGF in this study, which generally allows high 
expression of transgenes in hematopoietic stem/progenitor 
cells, plasma level of human NGF in mouse #1193 with 
SM was below 15 pg/ml. This is broadly in line with the 
level in the SM patients from our group and others [15]. 
This suggest that our mouse model might be suitable for 
resembling certain types of human mastocytosis in vivo 
and might be useful for further studies to understand 
molecular mechanisms for development of SM and to test 
new therapeutic approaches in preclinical settings. 

MATERIALS AND METHODS

Retroviral transductions and in vivo 
tumorigenesis assays

Retroviral vectors had identical control elements 
(SFFVp LTR, MESV leader) [12, 56].We isolated 
hematopoietic stem/progenitor cells enriched lineage 
negative (Lin-) bone marrow cells from C57BL/6J.
Ly5.2 mice and performed retroviral transduction as 
previously described [56]. Co-expression of TRKA/NGF 
was achieved by co-transduction of 2 different retroviral 
vectors (TRKA or NGF-IRES-EGFP) into identical target 
cells (Figure 1A) [56]. Gene-modified cells were then 
transplanted by tail vein injection into lethally irradiated 
syngeneic recipients (aged 8–16 weeks). Around 30% 
of transduced cells were still Lin- (normally < 2% 
in non-enriched whole bone marrow cells) on day of 
transplantation, indicating good transduction protocol 
reserving activity of stem/progenitor cells, which allowed 
good engraftment of transplanted mice and long-term 
observation of this study (termination on 424 days 
after transplantation). Mice were monitored at least in 
4 days/week, if needed daily, for tumor-related signs. 
All animals were obtained from the animal laboratories 
of Hannover Medical School (MHH) and/or Charles 
River (Sulzfeld, Germany) and were kept in the animal 
laboratories of MHH. Animal experiments were approved 
by the local ethical committee and performed according 
to their guidelines. SFFVp = polycythemic strain of the 
spleen focus-forming virus; LTR = long terminal repeat; 
MESV = murine embryonic stem cell virus; IRES = 
internal ribosomal entry site; NGF = nerve growth factor; 
EGFP=enhanced green fluorescent protein.

Tumor phenotyping 

Moribund mice were killed for necropsy, or 
analyzed when found dead before onset of autolysis [19]. 
Mice were macroscopically examined for pathological 
abnormalities during dissection. Enlarged organs were 
weighed. BM, spleen, liver, skin, gut, kidney, lung, brain 

and thymus were fixed in a buffered 4% formalin solution 
and embedded in Paraplast plus (Kendall, Mansfield, MA, 
USA). Sections were routinely stained with hematoxylin 
and eosin. Immunohistochemical stains for tryptase 
and CD25 were performed using BenchMark Ultra 
(TM) staining machine (Roche, Mannheim, Germany) 
in selected animals. Blood cell counts were measured 
by using an automatic analyzer (ABC Counter, Scil, 
Viernheim, Germany). 

Immunofluorescence analysis

Immunofluorescence analysis for detection of 
TRKA was performed using a purified polyclonal goat 
antibody against recombinant human TRKA (R&D 
Systems, Minneapolis, MN) after heat antigen retrieval in 
citrate buffer at pH6, followed by Alexa 594-conjugated 
anti-goat secondary antibody (Thermo-Fisher, Waltham, 
MA). Visualization was performed using the Mantra® 
image acquisition and Inform® image analysis system 
(Perkin-Elmer, Waltham, MA). 

Isolation of primary mast cells and DNA 
sequencing

Primary mast cells were isolated from bone marrow 
of patients T207 and T208 with SM over Ficoll. In patient 
T207, the following 23 genes were analyzed for mutations: 
ASXL1 (exon 12), BRAF (exon 15), CALR (exon 9), CBL 
(exon 8, 9), CSF3R (exon 14, 17), DNMT3A (exon 11-23), 
EZH2 (exon 5–8, 14–20), FLT3 (exon 14, 15, 20), IDH1 
(exon 4), IDH2 (exon 4), JAK2 (exon 12, 14), KIT (exon 
8, 10, 11, 17), KRAS (exon 2, 3), MPL (exon 10), NPM1 
(exon 12), NRAS (exon 2, 3), RUNX1 (exon 3-8), SETBP1 
(exon 4), SF3B1 (exon 14, 15), SRSF2 (exon 1), TET2 
(exon 3–11), TP53 (exon 2–11), and U2AF1 (exon 2, 6). 
In patient T208, we analyzed 10 genes including ASXL1, 
DNMT3A (exon 23), IDH1, IDH2, KIT (exon 8, 11, 17), 
RUNX1, SF3B1, SRSF2, TP53 (exon 5–8), and U2AF1. 

Cell growth in methylcellulose and apoptosis 
assay 

To analyze clonal growth, HMC-1 cells and HMC-
1.2 (purchased from Millipore) were plated in H4230 
media (StemCell Technologies, Vancouver, Canada) in 
the presence of kinase inhibitors. The cells were plated 
as duplicates or quadruplicates. HMC-1 cells with 
ectopic expression of TRKB were generated by retroviral 
transduction using a vector expressing human TRKB 
[12]. We performed PCR for detection of mycoplasma 
in cell cultures [57] and did not detect contamination 
of mycoplasma in tested cell lines. Primary mast cells 
were cultured in the presence of inhibitors for 48 hours 
before apoptosis analysis. Cell viability was analyzed 
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using the Annexin-V assay (BD Pharmingen, Heidelberg, 
Germany). Inhibitors dasatinib and entrectinib were 
purchased from Selleckchem (Houston, TX). NGF 
and BDNF were purchased from PeproTech. We chose 
dasatinib for KIT inhibition in this study, since dasatinib 
treatment showed benefit in some patients with SM  
[5, 58], and dasatinib is currently being tested in our 
Phase III clinical trial for CBF AML including KIT 
D816V mutated patients (ClinicalTrials.gov number, 
NCT02013648).

Western blot analysis and antibody array

For signal transduction analysis, cell extracts were 
prepared following established protocols [47]. Cell lysates 
were used as indicated in the Figure 2. Antibodies were 
purchased from Cell signaling Technology (Danvers, 
Massachusetts). Human Phospho-Receptor PTK arrays 
were performed following the manufacturer’s instruction 
(R&D, Minneapolis, MN).

Enzyme-linked immunosorbent assays (ELISA) 

Measurement of tryptase and human NGF were 
performed following the manufacturer’s instruction 
(eBioscience, mouse MCPT-1 Ready-SET-Go!® kit; R&D, 
human NGF DuoSet kit).

Growth factor stimulation, RNA-isolation, and 
qRT-PCR

HMC-1 cells were serum starved for 4 h, then treated 
with 100nM dasatinib or dasatinib/100 nM entrectinib for 
4 hours prior to stimulation with 100 ng/ml NGF. After  
120 min stimulation, RNA was isolated by using RNeasy 
Minin kit (QIAGEN, Hilden, Germany). Reverse 
transcription was performed using reverse transcriptase 
kit following the manufacturer’s instruction. Quantitative 
(TaqMan) RT-PCR was carried out as previously described 
[59]. TaqMan probes were purchased from Applied 
Biosystems. 

Xenograft studies

For the xenograft studies, NSG mice were irradiated 
with 2.5 Gy and transplanted with HMC-1 cells. We 
chose 106 HMC-1 cells for transplantation, since animals 
transplanted with ≥ 106 cells became moribund or died 
around 30 days after transplantation in our preliminary 
study. Entrectinib was dosed BID, 15 mg/kg, 4 days on, 
3 days off per week (http://ignyta.com). Entrectinib was 
reconstituted and prepared as previously published [60]. 
In line with published data [60], treatment with entrectinib 
in nontransplanted NSG mice in our laboratory led to max. 
plasma concentration of 5100 nM. Dasatinib was dosed 
BID 10 mg/kg as reported [61]. Dasatinib and entrectinib 

were given by a gavage. Treatment was started at day 5 
after transplantation for 19 days. 

Ethics approval and consent to participate

This study was approved by the ethical committee at 
the Hannover Medical School. 

Statistical analysis

Regression analysis was performed to compare the 
impact of different treatment regimens on the likelihood 
of survival of animals. The results were controlled by 
Kruskal-Wallis test. A single multivariate stepwise 
regression analysis was used to compare inhibition 
efficiency of the colony formation in Figure 2C. P values 
less than 0.05 were considered statistically significant.

Authors’ contributions

MY performed research, collected, analyzed and 
interpreted data, and wrote the manuscript. ZP, KH, GB, 
FF, AC, DN, MH, FT, NvN performed research, provided 
samples, or interpreted data. GB performed histological 
analysis and statistical analysis. AG interpreted data 
and provided administrative support. ZL conceived the 
concept, performed research, collected, analyzed and 
interpreted data, and wrote the manuscript. 

ACKNOWLEDGMENTS

We are very grateful to Dr. Johann Meyer for providing 
TRKA retroviral vector, Prof. Dr. Teruko Tamura-Niemann 
and Dr. Johann Meyer for providing HMC-1 cells, Dr. 
Wenming Peng for providing information of TRKA antibody 
used for Immunofluorescence analysis, Dr. Alexandra Koch 
for the information of gene expression analysis in HMC-
1 cells, Dr. Arnold Kirshenbaum and Prof. Dr. Dean D. 
Metcalfe for providing LAD2 cells, Jolanta Adolf, Christine 
Garen, Ellen Neumann, and Kerstin Schantl for technical 
assistance. We thank Massenspektrometrie – Metabolomic 
core unit for measurement of plasma concentration of 
entrectinib, and Experimental mouse histopathology core 
unit for paraffin bedding and section preparation.

CONFLICTS OF INTEREST

The authors do not declare any competing financial 
interests.

GRANT SUPPORT

This work was supported by the Deutsche 
Forschungsgemeinschaft (DFG grant: Li 1608/2-1), 
Deutsche José Carreras Leukämie-Stiftung (grant: 13/22), 



Oncotarget73881www.impactjournals.com/oncotarget

Alfred & Angelika Gutermuth-Stiftung, and the Deutsche 
Krebshilfe (grant: 108245). GB was supported by the DFG 
excellence cluster REBIRTH. KH and ZP were supported 
by the China Scholarship Council   (2011638024 and 
201406100008).

REFERENCES

 1. Arber DA, Orazi A, Hasserjian R, Thiele J, Borowitz MJ, 
Le Beau MM, Bloomfield CD, Cazzola M, Vardiman JW. 
The 2016 revision to the World Health Organization 
classification of myeloid neoplasms and acute leukemia. 
Blood. 2016; 127:2391–405.

 2. Theoharides TC, Valent P, Akin C. Mast Cells, Mastocytosis, 
and Related Disorders. N Engl J Med. 2015; 373:1885–6.

 3. Metcalfe DD, Mekori YA. Pathogenesis and Pathology of 
Mastocytosis. Annu Rev Pathol. 2017; 12:487–514.

 4. Pardanani A. Systemic mastocytosis in adults: 2015 update 
on diagnosis, risk stratification, and management. Am J 
Hematol. 2015; 90:250–62.

 5. Ustun C, Arock M, Kluin-Nelemans HC, Reiter A, 
Sperr WR, George T, Horny HP, Hartmann K, Sotlar K, 
Damaj G, Hermine O, Verstovsek S, Metcalfe DD, et al. 
Advanced systemic mastocytosis: from molecular and 
genetic progress to clinical practice. Haematologica. 2016; 
101:1133–43.

 6. Ustun C, Williams S, Skendzel S, Kodal B, Arock M, 
Gotlib J, Vallera D, Cooley S, Felices M, Weisdorf D, 
Miller J. Allogeneic NK cells eradicate myeloblasts but not 
neoplastic mast cells in systemic mastocytosis associated 
with acute myeloid leukemia. Am J Hematol. 2017.

 7. Gotlib J, Kluin-Nelemans HC, George TI, Akin C, Sotlar K, 
Hermine O, Awan FT, Hexner E, Mauro MJ, Sternberg DW, 
Villeneuve M, Huntsman Labed A, Stanek EJ, et al. 
Efficacy and Safety of Midostaurin in Advanced Systemic 
Mastocytosis. N Engl J Med. 2016; 374:2530–41.

 8. Lortholary O, Chandesris MO, Bulai Livideanu C, 
Paul C, Guillet G, Jassem E, Niedoszytko M, Barete S, 
Verstovsek S, Grattan C, Damaj G, Canioni D, Fraitag S, 
et al. Masitinib for treatment of severely symptomatic 
indolent systemic mastocytosis: a randomised, placebo-
controlled, phase 3 study. Lancet. 2017.

 9. Hochhaus A, Baccarani M, Giles FJ, le Coutre PD, 
Muller MC, Reiter A, Santanastasio H, Leung M, Novick S, 
Kantarjian HM. Nilotinib in patients with systemic 
mastocytosis: analysis of the phase 2, open-label, single-
arm nilotinib registration study. J Cancer Res Clin Oncol. 
2015; 141:2047–60.

10. Sharma N, Everingham S, Zeng LF, Zhang ZY, Kapur R, 
Craig AW. Oncogenic KIT-induced aggressive systemic 
mastocytosis requires SHP2/PTPN11 phosphatase for 
disease progression in mice. Oncotarget. 2014; 5:6130–41. 
doi: 10.18632/oncotarget.2177.

11. Jawhar M, Schwaab J, Schnittger S, Sotlar K, Horny HP, 
Metzgeroth G, Muller N, Schneider S, Naumann N, Walz C, 

Haferlach T, Valent P, Hofmann WK, et al. Molecular 
profiling of myeloid progenitor cells in multi-mutated 
advanced systemic mastocytosis identifies KIT D816V as 
a distinct and late event. Leukemia. 2015; 29:1115–22.

12. Li Z, Beutel G, Rhein M, Meyer J, Koenecke C, Neumann T, 
Yang M, Krauter J, von Neuhoff N, Heuser M, Diedrich H, 
Gohring G, Wilkens L, et al. High-affinity neurotrophin 
receptors and ligands promote leukemogenesis. Blood. 
2009; 113:2028–37.

13. Sartore-Bianchi A, Ardini E, Bosotti R, Amatu A, 
Valtorta E, Somaschini A, Raddrizzani L, Palmeri L, 
Banfi P, Bonazzina E, Misale S, Marrapese G, Leone A, 
et al. Sensitivity to Entrectinib Associated With a Novel 
LMNA-NTRK1 Gene Fusion in Metastatic Colorectal 
Cancer. J Natl Cancer Inst. 2016; 108.

14. Welker P, Grabbe J, Grutzkau A, Henz BM. Effects of 
nerve growth factor (NGF) and other fibroblast-derived 
growth factors on immature human mast cells (HMC-1). 
Immunology. 1998; 94:310–7.

15. Peng WM, Maintz L, Allam JP, Raap U, Gutgemann I, 
Kirfel J, Wardelmann E, Perner S, Zhao W, Fimmers R, 
Walgenbach K, Oldenburg J, Schwartz LB, et al. Increased 
circulating levels of neurotrophins and elevated expression 
of their high-affinity receptors on skin and gut mast cells in 
mastocytosis. Blood. 2013; 122:1779–88.

16. Skaper SD. Nerve growth factor: a neuroimmune crosstalk 
mediator for all seasons. Immunology. 2017.

17. Spinnler K, Frohlich T, Arnold GJ, Kunz L, Mayerhofer A. 
Human tryptase cleaves pro-nerve growth factor (pro-
NGF): hints of local, mast cell-dependent regulation of 
NGF/pro-NGF action. J Biol Chem. 2011; 286:31707–13.

18. Li Z, Dullmann J, Schiedlmeier B, Schmidt M, von Kalle C, 
Meyer J, Forster M, Stocking C, Wahlers A, Frank O, 
Ostertag W, Kuhlcke K, Eckert HG, et al. Murine leukemia 
induced by retroviral gene marking. Science. 2002; 
296:497.

19. Yang M, Huang K, Busche G, Ganser A, Li Z. Activation 
of TRKB receptor in murine hematopoietic stem/progenitor 
cells induced mastocytosis. Blood. 2014; 124:1196–7.

20. Sperr WR, Escribano L, Jordan JH, Schernthaner GH, 
Kundi M, Horny HP, Valent P. Morphologic properties of 
neoplastic mast cells: delineation of stages of maturation 
and implication for cytological grading of mastocytosis. 
Leuk Res. 2001; 25:529–36.

21. Huang K, Yang M, Pan Z, Heidel FH, Scherr M, Eder M, 
Fischer T, Busche G, Welte K, von Neuhoff N, Ganser A, 
Li Z. Leukemogenic potency of the novel FLT3-N676K 
mutant. Ann Hematol. 2016; 95:783–91.

22. Xiang Z, Kreisel F, Cain J, Colson A, Tomasson MH. 
Neoplasia driven by mutant c-KIT is mediated by 
intracellular, not plasma membrane, receptor signaling. Mol 
Cell Biol. 2007; 27:267–82.

23. Zappulla JP, Dubreuil P, Desbois S, Letard S, Hamouda NB, 
Daeron M, Delsol G, Arock M, Liblau RS. Mastocytosis 



Oncotarget73882www.impactjournals.com/oncotarget

in mice expressing human Kit receptor with the activating 
Asp816Val mutation. J Exp Med. 2005; 202:1635–41.

24. Nilsson G, Forsberg-Nilsson K, Xiang Z, Hallbook F, 
Nilsson K, Metcalfe DD. Human mast cells express 
functional TrkA and are a source of nerve growth factor. 
Eur J Immunol. 1997; 27:2295–301.

25. Drilon A, Siena S, Ou SI, Patel M, Ahn MJ, Lee J, 
Bauer TM, Farago AF, Wheler JJ, Liu SV, Doebele R, 
Giannetta L, Cerea G, et al. Safety and Antitumor Activity 
of the Multitargeted Pan-TRK, ROS1, and ALK Inhibitor 
Entrectinib: Combined Results from Two Phase I Trials 
(ALKA-372-001 and STARTRK-1). Cancer Discov. 2017; 
7:400–9.

26. Dutta P, Koch A, Breyer B, Schneider H, Dittrich-
Breiholz O, Kracht M, Tamura T. Identification of novel 
target genes of nerve growth factor (NGF) in human 
mastocytoma cell line (HMC-1 (V560G c-Kit)) by 
transcriptome analysis. BMC Genomics. 2011; 12:196.

27. To SQ, Knower KC, Clyne CD. NFkappaB and MAPK 
signalling pathways mediate TNFalpha-induced Early Growth 
Response gene transcription leading to aromatase expression. 
Biochem Biophys Res Commun. 2013; 433:96–101.

28. Kunz D, Walker G, Bedoucha M, Certa U, Marz-Weiss P, 
Dimitriades-Schmutz B, Otten U. Expression profiling and 
Ingenuity biological function analyses of interleukin-6- 
versus nerve growth factor-stimulated PC12 cells. BMC 
Genomics. 2009; 10:90.

29. Porkka K, Koskenvesa P, Lundan T, Rimpilainen J, 
Mustjoki S, Smykla R, Wild R, Luo R, Arnan M, Brethon B, 
Eccersley L, Hjorth-Hansen H, Hoglund M, et al. Dasatinib 
crosses the blood-brain barrier and is an efficient therapy for 
central nervous system Philadelphia chromosome-positive 
leukemia. Blood. 2008; 112:1005–12.

30. Muragaki Y, Chou TT, Kaplan DR, Trojanowski JQ, 
Lee VM. Nerve growth factor induces apoptosis in human 
medulloblastoma cell lines that express TrkA receptors. J 
Neurosci. 1997; 17:530–42.

31. Garcia R, Aguiar J, Alberti E, de la Cuetara K, Pavon N. 
Bone marrow stromal cells produce nerve growth factor 
and glial cell line-derived neurotrophic factors. Biochem 
Biophys Res Commun. 2004; 316:753–4.

32. Kentsis A, Reed C, Rice KL, Sanda T, Rodig SJ, Tholouli E, 
Christie A, Valk PJ, Delwel R, Ngo V, Kutok JL, 
Dahlberg SE, Moreau LA, et al. Autocrine activation of the 
MET receptor tyrosine kinase in acute myeloid leukemia. 
Nat Med. 2012; 18:1118–22.

33. Patients with NTRK Fusions Respond to Targeted 
Therapies. Cancer Discov. 2016; 6:566–7.

34. Doebele RC, Davis LE, Vaishnavi A, Le AT, Estrada-
Bernal A, Keysar S, Jimeno A, Varella-Garcia M, 
Aisner DL, Li Y, Stephens PJ, Morosini D, Tuch BB, et al. 
An Oncogenic NTRK Fusion in a Patient with Soft-Tissue 
Sarcoma with Response to the Tropomyosin-Related Kinase 
Inhibitor LOXO-101. Cancer Discov. 2015; 5:1049–57.

35. Garcia-Montero AC, Jara-Acevedo M, Teodosio C, 
Sanchez ML, Nunez R, Prados A, Aldanondo I, Sanchez L, 
Dominguez M, Botana LM, Sanchez-Jimenez F, Sotlar K, 
Almeida J, et al. KIT mutation in mast cells and other bone 
marrow hematopoietic cell lineages in systemic mast cell 
disorders: a prospective study of the Spanish Network on 
Mastocytosis (REMA) in a series of 113 patients. Blood. 
2006; 108:2366–72.

36. Akin C, Fumo G, Yavuz AS, Lipsky PE, Neckers L, 
Metcalfe DD. A novel form of mastocytosis associated with 
a transmembrane c-kit mutation and response to imatinib. 
Blood. 2004; 103:3222–5.

37. Morgado JM, Perbellini O, Johnson RC, Teodosio C, 
Matito A, Alvarez-Twose I, Bonadonna P, Zamo A, Jara-
Acevedo M, Mayado A, Garcia-Montero A, Mollejo M, 
George TI, et al. CD30 expression by bone marrow 
mast cells from different diagnostic variants of systemic 
mastocytosis. Histopathology. 2013; 63:780–7.

38. Valent P, Sotlar K, Sperr WR, Reiter A, Arock M, Horny HP. 
Chronic mast cell leukemia: a novel leukemia-variant with 
distinct morphological and clinical features. Leuk Res. 
2015; 39:1–5.

39. Balci TB, Prykhozhij SV, Teh EM, Da'as SI, McBride E, 
Liwski R, Chute IC, Leger D, Lewis SM, Berman JN. 
A transgenic zebrafish model expressing KIT-D816V 
recapitulates features of aggressive systemic mastocytosis. 
Br J Haematol. 2014; 167:48–61.

40. Hyman C, Juhasz M, Jackson C, Wright P, Ip NY, 
Lindsay RM. Overlapping and distinct actions of the 
neurotrophins BDNF, NT-3, and NT-4/5 on cultured 
dopaminergic and GABAergic neurons of the ventral 
mesencephalon. J Neurosci. 1994; 14:335–47.

41. Fan G, Egles C, Sun Y, Minichiello L, Renger JJ, Klein R, 
Liu G, Jaenisch R. Knocking the NT4 gene into the BDNF 
locus rescues BDNF deficient mice and reveals distinct NT4 
and BDNF activities. Nat Neurosci. 2000; 3:350–7.

42. Atwal JK, Massie B, Miller FD, Kaplan DR. The TrkB-
Shc site signals neuronal survival and local axon growth via 
MEK and P13-kinase. Neuron. 2000; 27:265–77.

43. Kirshenbaum AS, Akin C, Wu Y, Rottem M, Goff JP, 
Beaven MA, Rao VK, Metcalfe DD. Characterization of 
novel stem cell factor responsive human mast cell lines 
LAD 1 and 2 established from a patient with mast cell 
sarcoma/leukemia; activation following aggregation of 
FcepsilonRI or FcgammaRI. Leuk Res. 2003; 27:677–82.

44. Sawada J, Itakura A, Tanaka A, Furusaka T, Matsuda H. 
Nerve growth factor functions as a chemoattractant for mast 
cells through both mitogen-activated protein kinase and 
phosphatidylinositol 3-kinase signaling pathways. Blood. 
2000; 95:2052–8.

45. Niedoszytko M, Oude Elberink JN, Bruinenberg M, 
Nedoszytko B, de Monchy JG, te Meerman GJ, 
Weersma RK, Mulder AB, Jassem E, van Doormaal JJ. 
Gene expression profile, pathways, and transcriptional 



Oncotarget73883www.impactjournals.com/oncotarget

system regulation in indolent systemic mastocytosis. 
Allergy. 2011; 66:229–37.

46. Reuther GW, Lambert QT, Caligiuri MA, Der CJ. 
Identification and characterization of an activating TrkA 
deletion mutation in acute myeloid leukemia. Mol Cell Biol. 
2000; 20:8655–66.

47. Meyer J, Rhein M, Schiedlmeier B, Kustikova O, Rudolph 
C, Kamino K, Neumann T, Yang M, Wahlers A, Fehse B, 
Reuther GW, Schlegelberger B, Ganser A, et al. Remarkable 
leukemogenic potency and quality of a constitutively 
active neurotrophin receptor, deltaTrkA. Leukemia. 2007; 
21:2171–80.

48. Newrzela S, Cornils K, Li Z, Baum C, Brugman MH, 
Hartmann M, Meyer J, Hartmann S, Hansmann ML, 
Fehse B, von Laer D. Resistance of mature T cells to 
oncogene transformation. Blood. 2008; 112:2278–86.

49. Li L, Yun SH, Keblesh J, Trommer BL, Xiong H, 
Radulovic J, Tourtellotte WG. Egr3, a synaptic activity 
regulated transcription factor that is essential for learning 
and memory. Mol Cell Neurosci. 2007; 35:76–88.

50. Tourtellotte WG, Milbrandt J. Sensory ataxia and muscle 
spindle agenesis in mice lacking the transcription factor 
Egr3. Nat Genet. 1998; 20:87–91.

51. Liu D, Evans I, Britton G, Zachary I. The zinc-finger 
transcription factor, early growth response 3, mediates 
VEGF-induced angiogenesis. Oncogene. 2008; 27:2989–98.

52. Xi H, Schwartz R, Engel I, Murre C, Kersh GJ. Interplay 
between RORgammat, Egr3, and E proteins controls 
proliferation in response to pre-TCR signals. Immunity. 
2006; 24:813–26.

53. Baron VT, Pio R, Jia Z, Mercola D. Early Growth Response 
3 regulates genes of inflammation and directly activates IL6 
and IL8 expression in prostate cancer. Br J Cancer. 2015; 
112:755–64.

54. von Ruden T, Kandels S, Radaszkiewicz T, Ullrich A, 
Wagner EF. Development of a lethal mast cell disease in 
mice reconstituted with bone marrow cells expressing the 
v-erbB oncogene. Blood. 1992; 79:3145–58.

55. Chen CC, Grimbaldeston MA, Tsai M, Weissman IL, 
Galli SJ. Identification of mast cell progenitors in adult 
mice. Proc Natl Acad Sci U S A. 2005; 102:11408–13.

56. Li Z, Schwieger M, Lange C, Kraunus J, Sun H, van den 
Akker E, Modlich U, Serinsoz E, Will E, von Laer D, 
Stocking C, Fehse B, Schiedlmeier B, et al. Predictable 
and efficient retroviral gene transfer into murine bone 
marrow repopulating cells using a defined vector dose. Exp 
Hematol. 2003; 31:1206–14.

57. Uphoff CC, Drexler HG. Comparative PCR analysis for 
detection of mycoplasma infections in continuous cell lines. 
In Vitro Cell Dev Biol Anim. 2002; 38:79–85.

58. Ustun C, Corless CL, Savage N, Fiskus W, Manaloor E, 
Heinrich MC, Lewis G, Ramalingam P, Kepten I, Jillella A, 
Bhalla K. Chemotherapy and dasatinib induce long-
term hematologic and molecular remission in systemic 
mastocytosis with acute myeloid leukemia with KIT 
D816V. Leuk Res. 2009; 33:735–41.

59. Kustikova O, Fehse B, Modlich U, Yang M, Dullmann J, 
Kamino K, von Neuhoff N, Schlegelberger B, Li Z, Baum 
C. Clonal dominance of hematopoietic stem cells triggered 
by retroviral gene marking. Science. 2005; 308:1171–4.

60. Iyer R, Wehrmann L, Golden RL, Naraparaju K, 
Croucher JL, MacFarland SP, Guan P, Kolla V, Wei G, 
Cam N, Li G, Hornby Z, Brodeur GM. Entrectinib is a 
potent inhibitor of Trk-driven neuroblastomas in a xenograft 
mouse model. Cancer Lett. 2016; 372:179–86.

61. Hu Y, Swerdlow S, Duffy TM, Weinmann R, Lee FY, Li S. 
Targeting multiple kinase pathways in leukemic progenitors 
and stem cells is essential for improved treatment of 
Ph+ leukemia in mice. Proc Natl Acad Sci U S A. 2006; 
103:16870–5.


