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Nucleophosmin-anaplastic lymphoma kinase-expressing (NPM-ALK+) T-

cell lymphoma is an aggressive neoplasm that is more commonly seen in

children and young adults. The pathogenesis of NPM-ALK+ T-cell lym-

phoma is not completely understood. Wild-type ALK is a receptor tyrosine

kinase that is physiologically expressed in neural tissues during early stages

of human development, which suggests that ALK may interact with neu-

rotrophic factors. The aberrant expression of NPM-ALK results from a

translocation between the ALK gene on chromosome 2p23 and the NPM

gene on chromosome 5q35. The nerve growth factor (NGF) is the first neu-

rotrophic factor attributed to non-neural functions including cancer cell

survival, proliferation, and metastasis. These functions are primarily medi-

ated through the tropomyosin receptor kinase A (TrkA). The expression

and role of NGF/TrkA in NPM-ALK+ T-cell lymphoma are not known.

In this study, we tested the hypothesis that TrkA signaling is upregulated

and sustains the survival of this lymphoma. Our data illustrate that TrkA

and NGF are expressed in five NPM-ALK+ T-cell lymphoma cell lines

and TrkA is expressed in 11 of 13 primary lymphoma tumors from

patients. In addition, we found evidence to support that NPM-ALK and

TrkA functionally interact. A selective TrkA inhibitor induced apoptosis

and decreased cell viability, proliferation, and colony formation of NPM-

ALK+ T-cell lymphoma cell lines. These effects were associated with

downregulation of cell survival regulatory proteins. Similar results were

also observed using specific knockdown of TrkA in NPM-ALK+ T-cell
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lymphoma cells by siRNA. Importantly, the inhibition of TrkA signaling

was associated with antitumor effects in vivo, because tumor xenografts in

mice regressed and the mice exhibited improved survival. In conclusion,

TrkA plays an important role in the pathogenesis of NPM-ALK+ T-cell

lymphoma, and therefore, targeting TrkA signaling may represent a novel

approach to eradicate this aggressive neoplasm.

1. Introduction

Nucleophosmin-anaplastic lymphoma kinase-expres-

sing (NPM-ALK+) T-cell lymphoma is an aggressive

non-Hodgkin’s lymphoma that is frequently encoun-

tered in children and adolescents (Shiota et al., 1995).

Although conventional CHOP (cyclophosphamide,

doxorubicin, vincristine, prednisone)-based poly-

chemotherapy is able to achieve a high rate of remis-

sion, relapse and resistance occur in more than 40% of

the patients, and prognosis of these patients remains

invariably poor (Brugieres et al., 1998; Le Deley et al.,

2008). The aberrant expression of NPM-ALK occurs

because of a reciprocal chromosomal translocation

that induces the fusion of the ALK gene on chromo-

some 2p23 and the NPM gene on chromosome 5q35

(Morris et al., 1994). NPM-ALK possesses potent

oncogenic potential through interactions with mole-

cules involved in the regulation of cell survival and

growth such as JAK/STAT, PI3K/AKT, IRS-1, IGF-

IR, PLC-c, and SHC (Amin and Lai, 2007; Amin

et al., 2004; Bai et al., 1998, 2000; Rassidakis et al.,

2005; Shi et al., 2009, 2013; Zamo et al., 2002).

Because the expression of ALK is primarily identified

in neural tissues at early stages of human development,

there is a strong possibility that ALK contributes to

neural tissue development through interactions with

neurotrophic factors (Souttou et al., 2001).

The nerve growth factor (NGF) was the first neu-

rotrophic factor to be identified and characterized

(Levi-Montalcini, 1987). NGF is essential for survival

and differentiation of neuronal progenitor cells in the

central and peripheral nervous systems (Li et al.,

1995). The effects of NGF/tropomyosin receptor

kinase A (TrkA) in cancer appear to be related to the

cell type. For instance, NGF/TrkA induces differentia-

tion, apoptosis, and growth inhibition in neuroblas-

toma and medulloblastoma (Chou et al., 2000;

Lavenius et al., 1995; Matsushima and Bogenmann,

1993), and high expression of TrkA is considered a

favorable prognostic indicator in neuroblastoma (Nak-

agawara et al., 1993). Whereas TrkAI splice variant

was found to induce these effects, the TrkAIII splice

variant was shown to possess significant oncogenic

effects in neuroblastoma (Farina et al., 2015;

Tacconelli et al., 2004). Moreover, the association of

TrkA with its ligand NGF leads to the phosphoryla-

tion and activation of cascades involving PI3K/AKT

and MAPK, which contributes to the survival of

pheochromocytoma (Yao and Cooper, 1995). Apart

from neural tumors, NGF induces morphological

transformation in NIH-3T3 cells (Cordon-Cardo et al.,

1991; Ip et al., 1993). Furthermore, deregulation of

NGF/TrkA signaling has been shown to be involved

in the pathogenesis and survival of non-neural malig-

nancies including prostate, pancreas, skin, breast, and

liver cancers (Lagadec et al., 2009; Miknyoczki et al.,

2002; Oelmann et al., 1995; Rasi et al., 2007;

Shonukan et al., 2003). Notably, fewer studies have

explored the role of NGF/TrkA signaling in hemato-

logical malignancies including NPM-ALK+ T-cell

lymphoma (Bellanger et al., 2011; Kim et al., 2013;

Rao et al., 2010).

In this study, we hypothesized that TrkA plays

important roles in the pathogenesis of NPM-ALK+ T-

cell lymphoma. To test this hypothesis, we used sys-

tematic in vitro and in vivo experimental approaches.

Our results show that TrkA sustains the survival of

NPM-ALK+ T-cell lymphoma through association

and interactions with NPM-ALK, and suggest that

inhibition of TrkA signaling could be utilized as a

potential strategy to combat this aggressive neoplasm.

2. Materials and methods

2.1. Cell lines and reagents

Five previously characterized NPM-ALK+ T-cell lym-

phoma cell lines: Karpas 299, SR-786, SU-DHL-1,

SUP-M2, and DEL (DSMZ, Braunschweig, Germany),

were used in the study (Drexler, 2010). The breast

cancer cell line MCF7 and neuroblastoma cell line SK-

N-AS (ATCC, Manassas, VA, USA) were used as

positive controls for the expression of NGF and TrkA,

respectively. Human peripheral blood CD3+ pan-T

lymphocytes were purchased from StemCell
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Technologies (catalog number: 70024; Vancouver, BC,

Canada). The ALK inhibitor ASP3026 (CT-ASP302;

ChemieTek, Indianapolis, IN, USA) was dissolved in

DMSO mixed with H2O and HCl (1 : 1).

Cells were maintained in RPMI-1640 medium

(NPM-ALK+ lymphoma cell lines) or Dulbecco’s

modified Eagle’s medium (MCF7, SK-N-AS) (Thermo

Fisher Scientific, Waltham, MA, USA), supplemented

with 10% heat-inactivated fetal bovine serum (FBS),

penicillin (100 U�mL�1), streptomycin (100 lg�mL�1),

and L-glutamine (2 mM) (all from Sigma Aldrich, St.

Louis, MO, USA). Cell cultures were maintained at

37 °C in humidified air with 5% CO2. In some experi-

ments, cells were cultured overnight in 0.5–1% FBS.

Then, 250 or 500 ng�mL�1 recombinant human b-
NGF (256-GF-100/CF; R&D Systems, Minneapolis,

MN, USA) was added with or without 5 lg�mL�1

anti-TrkA-neutralizing antibody (AF175; R&D

Systems).

2.2. Small-molecule TrkA inhibitor (TrkAi)

Selective targeting of TrkA was achieved using TrkAi

[(Z)-4-(((2-oxoindolin-3-ylidene)methyl)amino)benzene-

sulfonamide; C15H13N3O3S] (648450; Calbiochem, San

Diego, CA, USA) dissolved in DMSO.

2.3. Antibodies

The following antibodies were purchased: pTrkA

(Tyr490; 9141), pALK (Tyr664; 3341), pSTAT3 (Tyr705;

9131), pIGF-IR (Tyr1131; 3021), IGF-IR (9750), AKT

(9272), and pAKT (Ser473; 4051) (Cell Signaling Tech-

nology, Danvers, MA, USA); ALK (M7195; Dako,

Carpinteria, CA, USA); ALK (ab17127; Abcam, Cam-

bridge, MA, USA); TrkA (sc-118), ERK1/2 (sc-94),

caspase-3 (sc-7272), BCL-2 (sc-7382), and BCL-XL (sc-

8392) (Santa Cruz Biotechnology, Santa Cruz, CA,

USA); STAT3 (569388; Calbiochem); TrkA (06-574)

and NGF (04-1119) (EMD Millipore, Billerica, MA,

USA); and b-actin (A-2228; Sigma).

2.4. Immunoprecipitation (IP) and western

blotting (WB)

Cell lysates were collected using standard techniques

and lysis buffer that was composed of 25 mM HEPES

(pH 7.7), 1.5 mM MgCl2, 400 mM NaCl, 2 mM

ethylenediaminetetraacetic acid, 0.5% Triton X-100,

3 mM DTT, 0.1 mM phenylmethane sulfonyl fluoride,

phosphatase inhibitor (20 mM b-GP, 1 mM Na3VO4;

Roche, Indianapolis, IN, USA), and protease inhibitor

cocktails (10 lg�mL�1 leupeptin, 2 lg�mL�1 pepstatin,

50 lg�mL�1 antipain, 1 9 benzamidine, 2 lg�mL�1

aprotinin, 20 lg�mL�1 chymostatin, Roche). For WB,

proteins (50 lg per well) were purified from total cell

lysates or from formalin-fixed and paraffin-embedded

tissue sections from the mice xenografts (Qproteome

FFPE Tissue Kit; Qiagen, Valencia, CA, USA). The

proteins were then electrophoresed on 6–12% reducing

SDS/PAGE. Separated proteins were transferred to

nitrocellulose membranes and were then blocked with

5% nonfat dry milk in phosphate-buffered saline with

Tween 20 buffer (0.1% Tween-20) and incubated at

4 °C overnight with specific primary antibodies. The

horseradish peroxidase (HRP)-conjugated secondary

antibodies (GE Healthcare, Piscataway, NJ, USA)

were used at 1 : 2000 dilutions. Protein bands were

visualized using a chemiluminescence-based kit (Amer-

sham Life Sciences, Arlington Heights, IL, USA). IP

was performed using the Dynabeads Co-Immunopreci-

pitation Kit 143.21D (Invitrogen, Waltham, MA,

USA). Briefly, 1.5 mg of the Dynabeads M-270 Epoxy

was coupled with 10 lg of antibody overnight. Next

day, 1000 lg of protein extract was added to the

bead–antibody complex and incubated for 1 h at 4 °C.
After washing with IP buffers, beads were eluted in

elution buffer and pH was adjusted by adding Tris/

HCl 2 M.

2.5. ELISA

An ELISA kit (ab99986; Abcam) was used to measure

the NGF levels in 100 lL of the cell lines culture

supernatant. According to the manufacturer, this kit

detects the pro- and active forms of NGF. Recombi-

nant NGF was used to create the standard curve and

the concentrations were calculated using the BMG

Labtech MARS Data Analysis Software (BMG LAB-

TECH GmbH, Ortenberg, Germany). Assays were

performed in triplicate.

2.6. MTS assay

Cell viability was evaluated by the One Solution Cell

Proliferation Assay (MTS) Kit (G3580; Promega,

Madison, WI, USA) (George et al., 2014; Shi et al.,

2009). Cells were seeded into 96-well plates at a con-

centration of 1 9 104 cells/well and incubated in the

presence of vehicle or the indicated concentration of

agents at 37 °C for 48 h. The MTS reagent was

added and incubated at 37 °C for 4 h. Measure-

ments were taken using an ELISA plate reader at

490 nm.
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2.7. Cell proliferation

Cell proliferation was evaluated by bromodeoxyuridine

(BrdU) assay using ELISA-based kit (Roche) (George

et al., 2014; Shi et al., 2009). Briefly, cells were seeded

into 96-well plates at a concentration of 2 9 105 cells/

well and incubated for 24 h in the presence of 20 lL
of BrdU. Plates were then centrifuged, and the anti-

BrdU antibody, peroxidase goat anti-mouse IgG con-

jugate (1 : 2000), and 3,3,5,5-tetra methyl benzidine

(TMB) substrate were added. Reaction was stopped,

and plates were read in an ELISA reader at 450/

595 nm.

2.8. Apoptosis

Quantitative analysis of apoptosis was performed by

flow cytometry after staining the cells with annexin V-

FITC and propidium iodide (556547; BD Biosciences,

San Jose, CA, USA) (George et al., 2014; Shi et al.,

2009). Moreover, morphologic changes consistent with

apoptosis were evaluated in cytospin-prepared slides

from the cell lines after staining with Giemsa.

2.9. Colony formation

Methylcellulose medium was prepared by mixing 1%

methylcellulose stock (Methocult H4230; StemCell

Technologies) with RPMI-1640 (1 : 4) (George et al.,

2014; Shi et al., 2009). Thereafter, 3.5 mL of methyl-

cellulose medium was added to 15-mL tubes. Har-

vested cells were added in a 1 : 10 (v/v) ratio. Tubes

were tightly capped, and the mix was gently inverted

several times. Then, 3.5 mL of the mix was divided

into 24-well plates in triplicate. Plates were placed in a

humidified incubator at 37 °C in 5% CO2 for approxi-

mately 5 days and then p-iodonitrotetrazolium violet

was added for 24 h. Colonies were visualized using the

FluorChem 8800 imaging system (Alpha Innotech, San

Leandro, CA, USA).

2.10. Tyrosine kinase activity assay

TrkA tyrosine kinase activity in NPM-ALK+ T-cell

lymphoma cells was measured using a commercially

available kit (MK410; Takara Bio, Otsu, Shiga, Japan)

following the manufacturer’s protocol. Cells (2 9 106)

were immunoprecipitated by using TrkA antibody

incubated overnight at 4 °C. Samples were centrifuged,

diluted in kinase reacting buffer, and added in dupli-

cate in a 96-well microtiter plate containing immobi-

lized synthetic peptide substrates. ATP-2Na was added

to start tyrosine phosphorylation. Subsequently,

blocking, addition of anti-phosphotyrosine (PY20)/

HRP solution, and washing steps were performed.

Finally, HRP substrate TMB was added, reaction was

stopped after 15 min, and the absorbance was mea-

sured at 450 nm.

2.11. Immunohistochemical (IHC) staining

Studies involving human tissues were performed after

approval of the Institutional Review Board. Formalin-

fixed and paraffin-embedded ALK+ T-cell lymphoma

human tumors, mice xenograft tumors, and cellblocks

prepared from T lymphocytes and the lymphoma cell

lines were probed by IHC for the expression of TrkA

(1 : 400; AF175; R&D Systems) using standard tech-

niques (George et al., 2014; Shi et al., 2009). In addi-

tion, IHC was used to study the expression of pIGF-

IR (Tyr1161, 1 : 75; ab39398; Abcam) and pSTAT3

(Tyr705, 1 : 100; 4113; Cell Signaling Technology) in

the mice tumors. Photomicrographs were captured

using a Nikon Microphot FXA microscope (Nikon

Instruments, Melville, NY, USA) and an Olympus

DP70 camera (Olympus America, Melville, NY, USA).

2.12. Transfection, plasmids, and siRNA

The NPM-ALK in pCDNA3.1(+) expression plasmid

was used as previously described to induce exogenous

expression of NPM-ALK (Shi et al., 2009). In addi-

tion, SMARTpool-designed siRNA (Dharmacon,

Lafayette, CO, USA) was used to knockdown ALK,

and the siCONTROL nontargeting siRNA (Dharma-

con) was used as a negative control. Cells were

microporated using NeonTM Transfection System

(Invitrogen) according to the manufacturer’s instruc-

tions. Briefly, 5 9 106 cells for each transfection were

washed with PBS, resuspended in 100 lL of resuspen-

sion buffer (R-buffer), and mixed with plasmid DNA

(10 lg) or siRNA. The cells’ DNA/siRNA mixture

was subjected to three pulses with pulse width of

10 ms at 1500 V. In some experiments, cells were

transfected with the SignalSilence TrkA siRNA I

(Cell Signaling Technology) using the Amaxa 4D

nucleofection system (solution SF, program CA-150;

Lonza, Atlanta, GA, USA). Cells were incubated for

48 h before performing cellular and biochemical

assays.

2.13. Lymphoma xenograft tumors

Human lymphoma murine xenograft was utilized to

test in vivo efficacy of the TrkAi. These experiments

were performed after approval of our Institutional

1192 Molecular Oncology 11 (2017) 1189–1207 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Role of TrkA in NPM-ALK+ T-cell lymphoma W. Shi et al.



Animal Care and Use Committee. SCID/beige mice

(5- to 6-week-old females; Taconic, Cambridge City,

IN, USA) were injected s.c. into the left flank with

5 9 106 SR-786 cells. Tumors developed by day 7.

Mice (n = 5 per group) were randomly selected for the

different treatment regimens. In the first group, TrkAi

was injected subcutaneously at a dose of 10 mg�kg�1

twice a day for 28 days. In the second group, CHOP

at half the conventional dose [cyclophosphamide

(20 mg�kg�1), doxorubicin (1.65 mg�kg�1), and vin-

cristine (0.25 mg�kg�1) were given intravenously, and

prednisone (0.1 mg�kg�1) was given by oral gavage]

was administered for the first five consecutive days. In

the third group, the combination of TrkAi and the

CHOP was used at doses and time points described

earlier. Although mice were treated only up to

28 days, they were monitored for tumor growth and

progression up to 105 days. Tumor volumes were cal-

culated according to the formula: 0.5 9 a 9 b2, where

‘a’ is the length and ‘b’ is the width of the tumor.

After euthanasia, total body necropsy was performed

and tumors were fixed in 10% buffered formalin or

snap-frozen in liquid nitrogen.

2.14. Statistical analysis

Statistical differences between the experimental groups

were measured using Student’s t-test, one-way

ANOVA, or Dunnett’s multiple comparison test when

appropriate. A P < 0.05 was considered statistically

significant. GRAPHPAD PRISM software was used to per-

form the analysis (GraphPad Software Inc., San

Diego, CA, USA).

3. Results

3.1. The expression of TrkA and NGF in NPM-

ALK+ T-cell lymphoma

We examined TrkA protein expression in five NPM-

ALK+ T-cell lymphoma cell lines using IHC.

Figure 1A shows that TrkA protein was highly

expressed in the lymphoma cell lines Karpas 299 (a),

SU-DHL-1 (b), SUP-M2 (c), and DEL (d), while

normal human T lymphocytes exhibited much weaker

expression (e). SK-N-AS was used as the positive

control for the expression of TrkA (f). We also ana-

lyzed the expression of TrkA in 13 primary lym-

phoma tumors from 11 patients (eight females and

three males; age range: 1–16 years; median age:

10 years old). The majority of the primary lymphoma

tumors from patients (77%; 11/13 tumors) exhibited

significant levels of TrkA; examples are shown in

Fig. 1B (a and b). An example of a negative tumor is

shown in (c). A reactive lymph node demonstrated

the expression of TrkA in dendritic and stromal cells

within the germinal center, whereas the mantle zone

and interfollicular areas were negative (d).

Using WB, high levels of expression of TrkA were

documented in five NPM-ALK+ T-cell lymphoma cell

lines (Fig. 1C). In contrast, T cells exhibited much

lower levels of TrkA. SK-N-AS cells were used as a

positive control for TrkA expression. Likewise, the

expression of NGF was upregulated in the lymphoma

cell lines, with much lower levels in the T cells

(Fig. 1D). The MCF7 cells served as a positive control

for the expression of NGF. In order to determine

whether NPM-ALK+ T-cell lymphoma cells secrete

detectable levels of NGF, ELISA was performed on

cell culture supernatants. Although, according to the

manufacturer, the ELISA kit detects both the pro- and

active forms of NGF, the data support autocrine

secretion of NGF by the lymphoma cell lines com-

pared with human T lymphocytes that appear to

release much lower levels (Fig. 1E). MCF7 cells were

used as a positive control for NGF.

3.2. The association and functional interactions

between TrkA and NPM-ALK

Thereafter, we tested whether NPM-ALK and TrkA

are physically associated and functionally interact. IP

using anti-ALK antibody followed by WB using

anti-TrkA antibody illustrated the physical associa-

tion between NPM-ALK and TrkA in SR-786

(Fig. 2A), SUP-M2 (Fig. 2B), and Karpas 299

(Fig. S1A) cells. These findings were consistent when

anti-TrkA and anti-ALK antibodies were used for

IP and WB, respectively. Then, we analyzed whether

NPM-ALK maintains the phosphorylation of TrkA.

Downregulation of NPM-ALK by ALK siRNA in

SR-786 (Fig. 2C) and SUP-M2 (Fig. 2D) cells

decreased pTrkA levels considerably, suggesting func-

tional interactions between these two kinases. To

further support that NPM-ALK phosphorylates

TrkA, we exogenously expressed NPM-ALK in the

human neuroblastoma cells SK-N-AS that lack this

chimeric protein. Overexpression of NPM-ALK led

to a remarkable increase in TrkA phosphorylation

(Fig. 2E). In order to examine whether TrkA is a

target of NPM-ALK tyrosine kinase activity, we

used an ALK-selective inhibitor, ASP3026 (George

et al., 2014). Treatment of the SR-786 cells with the

ALK inhibitor ASP3026 decreased pNPM-ALK,

which was associated with a pronounced decrease in

pTrkA (Fig. 2F).
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3.3. NGF salvages serum-deprived NPM-ALK+ T-

cell lymphoma cells and induces the

phosphorylation of TrkA in these cells

To further examine the contribution of NGF/TrkA

signaling to the survival of NPM-ALK+ T-cell lym-

phoma, the lymphoma cell lines were cultured

overnight in RPMI supplemented with only 1% FBS.

Thereafter, cells were stimulated with NGF for 48 h,

in the presence or absence of an anti-TrkA-neutraliz-

ing antibody. NGF effectively salvaged the serum-

depleted lymphoma cells by increasing their viability

(Fig. 3A) and proliferation (Fig. 3B) in a concentra-

tion-dependent manner. Importantly, the effects of

Fig. 1. The expression of TrkA and NGF in NPM-ALK+ T-cell lymphoma cell lines and human tumors. (A) Immunohistochemical staining

shows that TrkA is strongly expressed in the NPM-ALK+ T-cell lymphoma cell lines Karpas 299 (a), SU-DHL-1 (b), SUP-M2 (c), and DEL (d).

In contrast, only scattered normal human T lymphocytes are weakly positive for TrkA (e). The neuroblastoma cells SK-N-AS were used as

positive control for the expression of TrkA (f). (B) Two examples of human ALK+ T-cell lymphoma tumors are shown that are strongly

positive for TrkA (a, b). An ALK+ lymphoma tumor that is negative for TrkA (c). Sections from a reactive lymph node demonstrate that TrkA

is strongly expressed in dendritic cells and weakly expressed in scattered B lymphocytes residing within the germinal center of a reactive

lymphoid follicle. The surrounding mantle zone and interfollicular areas are predominantly negative for TrkA. Original magnification is 9 400

in A and B; excluding B (d) where original magnification is 9 100. (C) Consistent with IHC data, WB shows that TrkA is highly expressed in

five NPM-ALK+ T-cell lymphoma cell lines than in normal human T lymphocytes. SK-N-AS cells were used as positive control for the

expression of TrkA. (D) Compared with human T lymphocytes, the expression of NGF is also increased in NPM-ALK+ T-cell lymphoma cell

lines, and MCF7 cells were used as positive controls. In C and D, b-actin shows equal protein loading. MW: TrkA, 140 kDa; NGF, 32 kDa.

(E) ELISA demonstrates that the release of NGF from the lymphoma cell lines is significantly higher than from the T cells. MCF7 cells were

used as positive control. Data represent means � SE of three independent experiments (*P < 0.001; †P < 0.01; ‡P < 0.05 vs. T cells).
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NGF were suppressed when cells were simultaneously

treated with NGF and an anti-TrkA-neutralizing anti-

body.

Then, we set to examine whether NGF induces the

phosphorylation of TrkA in NPM-ALK+ T-cell lym-

phoma. Serum-starved SR-786 cells were stimulated

with NGF (50 ng�mL�1) for 24 h in the absence or

presence of an anti-TrkA-neutralizing antibody.

Exogenous NGF slightly increased pTrkA levels, and

these effects were inhibited with the addition of the

anti-TrkA-neutralizing antibody (Fig. S1B). In the

absence of exogenous NGF, the addition of the anti-

TrkA-neutralizing antibody decreased the phosphory-

lation of TrkA (Fig. S1B), suggesting that it reversed

the basal level of phosphorylation of TrkA that most

probably resulted from the release of the active form

of NGF by SR-786 cells in the culture medium. Nota-

bly, the decrease in pTrkA levels compared with base-

line levels was more pronounced than the decrease in

pTrkA levels when anti-TrkA antibody was added to

the medium in the presence of exogenous NGF. It is

possible that this phenomenon could be due to the

smaller amount of NGF secreted by the starved SR-

786 cells vs. when exogenous NGF was added to the

culture medium. To further investigate whether NGF

secreted by NPM-ALK+ T-cell lymphoma cells is the

active form, conditioned medium from SR-786 cells

was added to serum-starved SK-N-AS cells, which

caused modest upregulation of pTrkA in these cells

(Fig. S1C). Collectively, these findings suggest that

NPM-ALK+ T-cell lymphoma cells release the active

form of NGF.

3.4. TrkA signaling is critical for the survival of

NPM-ALK+ T-cell lymphoma

Having characterized the expression of TrkA and its

association with NPM-ALK, we set to examine

whether inhibition of TrkA may suppress NPM-

ALK+ T-cell lymphoma. A small-molecule TrkAi was

Fig. 2. The association and interactions between TrkA and NPM-ALK. (A) IP using ALK antibody followed by WB using TrkA antibody shows

that TrkA and NPM-ALK are physically associated in SR-786 (A) and SUP-M2 cells (B). Similar results were obtained when TrkA and ALK

antibodies were used for IP and WB, respectively. Input levels are shown where lysates were probed only with ALK or TrkA antibody. In

addition, controls are shown where IgG was used for IP. Similar results were also obtained in Karpas 299 cells (Fig. S1A). (C) and (D)

Specific downregulation of NPM-ALK using ALK siRNA was associated with remarkable decrease in the phosphorylation levels of TrkA in

SR-786 and SUP-M2 cells, which suggests functional interactions between the two kinases. (E) In agreement with this idea, forced

expression of NPM-ALK in SK-N-AS cells was associated with a pronounced increase in TrkA phosphorylation levels. (F) In addition,

selective inhibition of ALK kinase activity by treating the SR-786 cells with ASP3026 for 48 h caused remarkable downregulation of pNPM-

ALK. The decrease in pNPM-ALK was also associated with downregulation of pTrkA. ASP3026 did not induce changes in the basal levels of

NPM-ALK and TrkA. In WB experiments, b-actin supports equal protein loading. MW: TrkA and pTrkA, 140 kDa; NPM-ALK and pNPM-ALK,

80 kDa.
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utilized to selectively antagonize TrkA signaling.

Treatment of the lymphoma cells with TrkAi for 48 h

caused a concentration-dependent decrease in the

levels of pTrkA (Fig. 4A). Data show that at 48 h,

inhibition of TrkA was associated with a concentra-

tion-dependent decrease in lymphoma cell viability

(Fig. 4B). The IC50 was 13.5 lM in SUP-M2, 15.0 in

SU-DHL-1, 16.5 in SR-786, and 30.0 in Karpas 299

and DEL cells. Although TrkAi decreased the viability

of Karpas 299 and DEL cells, its effects were more

pronounced in SR-786, SUP-M2, and SU-DHL-1 cells.

Importantly, the effects of TrkAi were not detected in

the human T cells attesting to the selectivity of this

inhibitor.

Quantitative evaluation of apoptosis by flow cytom-

etry displayed that inhibition of TrkA caused a

Fig. 3. NGF salvages serum-deprived NPM-ALK+ T-cell lymphoma

cells. (A) Stimulation of TrkA by NGF increases the viability of

serum-depleted NPM-ALK+ T-cell lymphoma cells. At an NGF

concentration of 250 ng�mL�1, Karpas 299 and SR-786 cells were

more sensitive (P < 0.0001 vs. untreated cells) than SU-DHL-1 and

SUP-M2 (P < 0.01 vs. untreated cells). However, at a

concentration of 500 ng�mL�1, the increase in cell viability became

highly significant in the four cell lines (P < 0.0001 vs. untreated

cells). Importantly, the increase in cell viability was inhibited in the

presence of the anti-TrkA-neutralizing antibody (Ab). Although DEL

cells showed a similar pattern of response to NGF, the changes

did not achieve statistical significance. (B) Similar effects on cell

proliferation were detected when the cells were treated with NGF.

In this assay, SR-786 and SUP-M2 cells were more sensitive as

their proliferation increased significantly at a concentration of

250 ng�mL�1 (P < 0.05). At a concentration of 500 ng�mL�1, the

increase in cell proliferation became significant in four cell lines

(P < 0.001 in Karpas 299, SR-786, SUP-M2, and P < 0.05 in SU-

DHL-1 vs. untreated cells). The anti-TrkA-neutralizing antibody

hindered the stimulatory effects of NGF. DEL cells showed a

similar pattern of response to NGF but the changes were not

statistically significant. The results are shown as means � SE of

three independent experiments. The results are presented as

percent change from the baseline (arbitrarily considered as 100%),

which represents cells that underwent serum deprivation without

the addition of NGF or the anti-TrkA-neutralizing antibody.

Fig. 4. TrkAi decreases pTrkA levels and induces negative cellular effects in NPM-ALK+ T-cell lymphoma cells. (A) WB shows that at 48 h

TrkAi downregulates the expression of pTrkA in five NPM-ALK+ T-cell lymphoma cell lines. Changes are not observed in TrkA or b-actin.

MW: TrkA and pTrkA, 140 kDa. (B) TrkAi-induced downregulation of pTrkA was associated with a concentration-dependent decrease in the

lymphoma cell viability after 48 h of treatment. The SR-786, SU-DHL-1, and SUP-M2 cells were more sensitive to the effects of TrkAi

(P < 0.0001 at 15 lM concentration and above). Although the viability of Karpas 299 and DEL cells decreased after treatment with TrkAi,

these two cells appeared to be less sensitive (P < 0.0001 at a concentration of 25 lM and above). Importantly, TrkAi has no effect on the

viability of the normal human T lymphocytes. (C) Antagonism of TrkA by the inhibitor induces concentration-dependent increase in apoptotic

cells in the lymphoma cells at 48 h. Data represent means � SE of three independent experiments (*P < 0.0001; †P < 0.001; ‡P < 0.01 vs.

vehicle-treated cells). (D) Selective inhibition of TrkA also induced morphological changes consistent with apoptosis in the form of cell

shrinkage and nuclear condensation and fragmentation. Red arrowheads mark the apoptotic cells in SR-786 and SU-DHL-1 cells. Almost all

of the SUP-M2 cells that were treated by TrkAi underwent apoptosis. (E) TrkAi induced a significant decrease in the lymphoma cell

proliferation at 48 h. The results are shown as means � SE of three independent experiments (*P < 0.0001 vs. vehicle-treated cells). (F)

TrkAi significantly decreased the anchorage-independent colony formation potential of SR-786, SU-DHL-1, and SUP-M2 cells in

methylcellulose (means � SE of three independent experiments; *P < 0.001 vs. vehicle-treated cells). (G) Representative examples of

colonies from the lymphoma cell lines with and without treatment with TrkAi.

1196 Molecular Oncology 11 (2017) 1189–1207 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Role of TrkA in NPM-ALK+ T-cell lymphoma W. Shi et al.



significant increase in apoptotic cells (Fig. 4C). In this

regard, the effects of TrkAi at 20 lM concentration

were more pronounced in the SUP-M2, SR-786, and

Karpas 299 cells than in SU-DHL-1 and DEL

(Fig. 4C). The effects of the TrkAi were more pro-

nounced in all cell lines at a 30 lM concentration.

Giemsa staining showed that TrkAi induced

morphologic changes consistent with apoptosis, includ-

ing cell shrinkage and nuclear condensation and frag-

mentation (Fig. 4D).

In addition, BrdU assay demonstrated a TrkAi con-

centration-dependent decrease in cell proliferation

(Fig. 4E). To determine whether TrkA inhibition

impedes colony-forming potential of the NPM-ALK+
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T-cell lymphoma, an anchorage-independent colony

formation assay was performed. Treatment with the

TrkAi suppressed the ability of SR-786, SU-DHL-1,

and SUP-M2 cells to form colonies in methylcellulose

(Fig. 4F). Representative examples of the colonies

from each cell line after seven days from treatment are

shown (Fig. 4G).

3.5. TrkAi decreases TrkA tyrosine kinase activity

and induces alterations of survival regulatory

proteins in NPM-ALK+ T-cell lymphoma

We first examined the effects of the TrkAi on tyrosine

kinase activity. Treatment of SR-786, SU-DHL-1, and

SUP-M2 cells with this inhibitor decreased significantly

TrkA tyrosine kinase activity (Fig. 5A). In addition,

WB was performed to analyze the changes in survival-

promoting proteins in SR-786 cells. TrkAi decreased the

phosphorylation of TrkA, NPM-ALK, IGF-IR, AKT,

and STAT3 (Fig. 5B). Consistent with the occurrence of

apoptosis, TrkAi caused pronounced decrease in cas-

pase-3, BCL-2, and BCL-XL levels (Fig. 5B).

3.6. Specific downregulation of TrkA by siRNA

suppresses NPM-ALK+ T-cell lymphoma survival

To further analyze the contribution of TrkA to NPM-

ALK+ T-cell lymphoma cell survival, we induced

specific targeting of TrkA by siRNA. Transfection of

SR-786 with TrkA siRNA was associated with a sig-

nificant decrease in cell viability (Fig. 6A) and prolifer-

ation (Fig. 6B). In order to elucidate the signaling

mechanisms impacted by the knockdown of TrkA,

changes in several survival regulatory proteins were

monitored. The siRNA-induced downregulation of

TrkA and pTrkA proteins was associated with

decreased phosphorylation of NPM-ALK, IGF-IR,

AKT, and STAT3 (Fig. 6C).

3.7. Targeting TrkA signaling inhibits NPM-ALK+

T-cell lymphoma xenograft tumor growth in mice

The in vivo antitumor activity of TrkAi alone or in

combination with CHOP was evaluated in NPM-

ALK+ T-cell lymphoma xenograft tumors. Injections

(s.c.) of SR-786 cells at the mice flanks resulted in

tumor nodules by day 7. Representative tumors before

and after dissection from the vehicle, TrkAi, CHOP,

and TrkAi+CHOP groups at the end of experiments

are shown in Fig. 7A. The vehicle group demonstrated

the largest tumor size. Whereas TrkAi or CHOP

reduced the tumor volume, treating the mice with

TrkAi and CHOP resulted in a remarkable decrease in

tumor volume. Figure 7B shows the changes in tumor

volumes that were assessed every seven days. Vehicle-

treated mice showed a fast, progressive tumor growth,

Fig. 5. TrkAi efficiently decreases TrkA tyrosine kinase activity and

the phosphorylation of survival-promoting proteins in NPM-ALK+ T-

cell lymphoma cells. (A) Treatment of SR-786, SU-DHL-1, and SUP-

M2 cells with the TrkAi induced a significant decrease in TrkA

tyrosine kinase activity. Results shown are means � SE of three

independent experiments (*P < 0.0001 vs. vehicle-treated cells).

(B) WB shows that at 48 h TrkAi induced downregulation of pTrkA

levels in SR-786 cells. The decrease in pTrkA was associated with

a significant decrease in pNPM-ALK, pIGF-IR, pAKT, and pSTAT3.

These effects were more pronounced at the 30 lM concentration.

Changes were not detected in the total protein levels. Moreover,

treatment with TrkAi decreased the levels of caspase 3, BCL-2,

and BCL-XL, attesting to apoptosis occurrence. b-Actin was used

as the loading control. MW: TrkA and pTrkA, 140 kDa; NPM-ALK

and pNPM-ALK, 80 kDa; IGF-IR and pIGF-IR, 95 kDa; AKT and

pAKT, 60 kDa; STAT3 and pSTAT3, 86 kDa; caspase 3, 32 kDa;

BCL-2, 26 kDa; BCL-XL, 30 kDa.
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and they were euthanized because of tumor burden.

Treatment with TrkAi or CHOP was associated with a

significant decrease in the tumor volume particularly

at the early stages of the experiment up to day 35.

Although tumor growth increased afterward, it was

still much less than in the vehicle group. Importantly,

combining TrkAi and CHOP suppressed significantly

the lymphoma growth throughout the entire duration

of the experiment.

Kaplan–Meier curve representing mice survival is

shown in Fig. 7C. As indicated, all vehicle-treated mice

were euthanized by day 47, while TrkAi- and CHOP-

Fig. 6. Specific blockade of TrkA by siRNA decreases cell viability and proliferation and downregulates the phosphorylation of survival-

promoting proteins in NPM-ALK+ T-cell lymphoma cells. Transfection of TrkA siRNA decreased the (A) viability and (B) proliferation of SR-

786 cells. Data represent means � SE of three independent experiments (*P < 0.001 vs. scrambled siRNA-transfected cells). (C) The

decrease in TrkA was associated with decreased phosphorylation of NPM-ALK, IGF-IR, AKT, and STAT3. b-Actin was used as the loading

control. MW: TrkA and pTrkA, 140 kDa; NPM-ALK and pNPM-ALK, 80 kDa; IGF-IR and pIGF-IR, 95 kDa; AKT and pAKT, 60 kDa; STAT3 and

pSTAT3, 86 kDa.
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treated mice survived until days 68 and 95, respectively.

In the combination group, four of five mice survived

beyond 105 days. The median survival of vehicle-,

TrkAi-, CHOP-, and TrkAi+CHOP-treated mice was

40, 54, 85, and > 105 days, respectively (Fig. 7D).

3.8. TrkA inhibition causes downregulation of

pNPM-ALK and downstream effectors in vivo

A possible mechanism involving the antitumor activity

of lymphoma tumor growth was deduced by analyzing

the changes in the expression of TrkA and pTrkA in

lymphoma tissues from the four groups. In addition,

the expression of important survival-promoting

proteins in these tissues, including pNPM-ALK,

pIGF-IR, and pSTAT3, was also analyzed. IHC and

WB showed that TrkAi alone remarkably decreased

the expression of pTrkA, pNPM-ALK, pIGF-IR, and

pSTAT3 (Fig. 8A–C). Whereas treatment with CHOP

alone was associated with decreased pIGF-IR and

pSTAT3 levels, it had no effects on pTrkA or pNPM-

ALK. Notably, the effects of combining TrkAi and

CHOP on these protein levels were more pronounced.

4. Discussion

In this paper, we show for the first time that the

expression of TrkA and its ligand NGF is upregulated

Fig. 7. Effects of inhibition of TrkA on NPM-ALK+ T-cell lymphoma growth in vivo. (A) Tumor sizes of the SR-786 subcutaneous xenografts

treated with vehicle, TrkAi, CHOP, or CHOP+TrkAi. Tumors are depicted before (upper panel) and after (lower panel) dissection. Whereas

treatment with TrkAi or CHOP alone decreased tumor sizes, this effect was much more pronounced when mice were simultaneously

treated with TrkAi and CHOP. (B) Changes in tumor volume over a period of 105 days in the vehicle-, TrkAi-, CHOP-, CHOP+TrkAi-treated

mice. Data represent means � SE (*P < 0.0001; †P < 0.05 vs. vehicle-treated group). (C) Kaplan–Meier survival curve demonstrates

significant differences in the survival of the mice treated with vehicle, inhibitor, CHOP, and CHOP+TrkAi. All treatment groups were

statistically significant vs. control group in terms of survival (P < 0.001). CHOP treatment was slightly superior to using TrkAi alone

(P < 0.05), but CHOP+TrkAi was far superior to TrkAi or CHOP alone (P < 0.005). (D) Scatter plot shows median survival of animals treated

with various agents. Data shown represent means � SE (*P < 0.05 vs. TrkAi, P < 0.0001 vs. CHOP and CHOP+TrkAi; †P < 0.05 vs. CHOP,

P < 0.0001 vs. CHOP+TrkAi; ‡P < 0.05 vs. CHOP+TrkAi).
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in the NPM-ALK+ T-cell lymphoma. In contrast, nor-

mal human T lymphocytes demonstrate much lower

levels of expression of these proteins. Of important

note, our data suggest that NGF/TrkA signaling main-

tains the survival of NPM-ALK+ T-cell lymphoma

cells. In support of this idea, we found that TrkA is

physically associated with NPM-ALK, which is con-

sidered the major oncogenic protein driving the sur-

vival of these lymphoma cells. When NPM-ALK was

downregulated by using siRNA or its kinase activity

was inhibited by using ASP3026, the phosphorylation

of TrkA decreased, suggesting that TrkA may repre-

sent a target for NPM-ALK phosphorylation and tyr-

osine kinase activity. In addition, forced expression of

NPM-ALK in the neuroblastoma cells SK-N-AS that

lack this chimeric protein increased significantly the

phosphorylation of TrkA.

We also demonstrated autocrine secretion of NGF,

the primary ligand of TrkA, in cell culture super-

natants of NPM-ALK+ T-cell lymphoma cell lines,

which further proposes a biological role of TrkA sig-

naling. Upon serum deprivation, exogenous NGF was

capable of promoting the viability and proliferation of

the lymphoma cells. Of note, the effects of NGF were

significantly reduced in the presence of an anti-TrkA

antibody, attesting the effects of exogenous NGF were

indeed mediated via the TrkA receptor. This trend was

previously observed in other types of human cancer

cells when NGF significantly enhanced their prolifera-

tion and clonal growth (Descamps et al., 1998;

Oelmann et al., 1995; Tsunoda et al., 2006). In addi-

tion, in our hands, exogenous NGF and conditioned

medium from the lymphoma cells increased, albeit

slightly, basal levels of phosphorylation of TrkA.

These effects were diminished when an anti-TrkA neu-

tralizing antibody was used simultaneously with NGF.

Whereas these results suggest that the lymphoma cells

secrete the active form of NGF, phosphorylation of

TrkA appears to be more dependent on NPM-ALK

and to a lesser extent on NGF. Selective and specific

targeting of TrkA by TrkAi and siRNA, respectively,

decreased the viability, proliferation, and anchorage-

independent colony formation, and induced apoptosis

in the lymphoma cells. The contribution of TrkA to

the survival of NPM-ALK+ T-cell lymphoma as well

as potential utilization of TrkA inhibitors to treat this

lymphoma has been further illustrated in the in vivo

experiments.

The expression and role of ALK as a candidate

receptor for regulating critical events during develop-

mental stages of neural tissues have been previously

emphasized (Iwahara et al., 1997; Souttou et al.,

2001). These observations imply that ALK may

interact with neurotrophic factors to regulate key

physiological processes including proliferation, differ-

entiation, and programmed cell death. Moreover,

deregulation of ALK has been reported in neural can-

cers such as neuroblastoma (Chen et al., 2008), which

signifies that ALK might also have complementary

interactions with other neurotrophic factors to regulate

processes important for cancer cell survival. In line

with this possibility, we found increased expression of

TrkA in the NPM-ALK+ T-cell lymphoma cell lines

and in the majority of the human tumors. Function-

ally, NPM-ALK appears to induce the phosphoryla-

tion of TrkA, which reciprocally maintains the

phosphorylation of NPM-ALK. These findings impli-

cate a proactive role for TrkA/NPM-ALK axis in pro-

moting the survival of NPM-ALK+ T-cell lymphoma.

Previous studies suggested similar effects of other

oncogenic protein kinases in this lymphoma (Amin

et al., 2003; Cussac et al., 2004; Shi et al., 2009).

The utility of TrkA as a potential therapeutic target

in NPM-ALK+ T-cell lymphoma was underscored

when blockade of TrkA signaling using a small-

molecule inhibitor decreased cell proliferation, viabil-

ity, and anchor-independent colony formation of these

lymphoma cells. In addition, TrkAi caused these cells

to undergo apoptotic cell death. These results support

the notion that TrkA signaling might play important

roles in maintaining the survival of NPM-ALK+ T-

cell lymphoma. The TrkAi was efficient in reducing

the tyrosine phosphorylation and tyrosine kinase activ-

ity of TrkA. Our results also show that downregula-

tion of TrkA by TrkAi was associated with decreased

phosphorylation of NPM-ALK, IGF-IR, STAT3, and

AKT in a concentration-dependent manner. In addi-

tion, targeting TrkA induced a significant decrease in

caspase-3, BCL-2, and BCL-XL, which was consistent

with the occurrence of apoptosis. Notably, some vari-

ability in the cellular response to TrkAi was observed

among the different lymphoma cell lines. This variabil-

ity could be explained, at least in part, by the intrinsic

biochemical differences among these cell lines

(Turturro et al., 2001). Importantly, the cellular and

biochemical effects of selective inhibition of TrkA by

TrkAi were consistent when specific downregulation of

TrkA was achieved by using siRNA.

It has been shown that TrkA small-molecule inhibi-

tors, such as GTx-186, HS-345, CEP-751, and CEP-

701, decrease the proliferation and growth of pancre-

atic, ovarian, prostate, thyroid, neuroblastoma, and

medulloblastoma cancer cells (Camoratto et al., 1997;

Dionne et al., 1998; Evans et al., 1999; Narayanan

et al., 2013; Seo et al., 2013). GTx-186 is of particular

interest because in a previous report this compound
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Fig. 8. Analysis of lymphoma xenograft tumors. (A) IHC shows high levels of expression of TrkA, pIGF-IR, and pSTAT3 in the tumors from control

mice. Whereas the TrkAi decreased the expression of TrkA, CHOP alone had lesser effects. Combining TrkAi and CHOP induced remarkable

downregulation of TrkA levels in the tumors. In addition, the combination regimen remarkably reduced the levels of pIGF-IR and pSTAT3. Original

magnification is9 400. (B) Because of the lack of adequate antibodies to detect pTrkA and pNPM-ALK expression using IHC, mouse tumors were

subjected to protein extraction and WB assay to analyze pNPM-ALK expression. CHOP alone failed to decrease the levels of pTrkA or pNPM-ALK

in two representative tumors. In contrast, TrkAi alone or in combination with CHOP caused a marked reduction in pTrkA and pNPM-ALK levels. b-

Actin shows equal protein loading. (C) Densitometry of the NPM-ALK and pNPM-ALK bands is shown (*P < 0.05 and †P < 0.01 vs. control). Data

shown represent means � SE of three different xenograft tumors (MW: NPM-ALK and pNPM-ALK, 80 kDa; pTrkA, 140 kDa).
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decreased significantly NPM-ALK tyrosine phosphory-

lation in Karpas 299 and SU-DHL-1 cells (Narayanan

et al., 2013), similar to the TrkAi-induced downregula-

tion of NPM-ALK phosphorylation observed in the

current study. Further investigations were not per-

formed to delineate the previously reported results

(Narayanan et al., 2013). Although it cannot be ruled

out that TrkAi induces nonselective effects on NPM-

ALK, the significant decrease in NPM-ALK phospho-

rylation after specific downregulation of TrkA by

siRNA strongly suggests that NPM-ALK and TrkA

interact reciprocally to sustain their phosphorylation/

activation status, and the decrease in pNPM-ALK was

secondary to the decrease in pTrkA.

Previous studies demonstrated that the TrkA inhibi-

tor CEP-701 (lestaurtinib) and its parent compound

CEP-751 are not highly selective toward TrkA. Indeed,

these compounds induce significant inhibitory effects

on TrkB and non-Trk targets including JAK2, FLT3,

RET, PKC, and PDGFRa (Brown et al., 2006;

Hexner et al., 2008; Santos et al., 2010). Of important

consideration to our studies, CEP-701 also increases

CD30L, which could support the survival of NPM-

ALK+ T-cell lymphoma (Atsaves et al., 2014).

Although the CEP-751-related compounds have been

utilized in clinical trials of patients with cancer (Chan

et al., 2008; Hexner et al., 2014; Knapper et al., 2006;

Minturn et al., 2011; Santos et al., 2010), we decided

not to use these compounds in our study because of

the concerning issues listed above. Instead, we used

the TrkAi, which has been recently shown to induce

significant inhibitory effects on TrkA without known

effects on other targets (Kokona et al., 2012). This

TrkAi induces its effects in normal retina cells from

rats at a concentration of 10.0 lM, and when a con-

centration of 1.0 lM was used, only partial effects were

observed (Kokona et al., 2012). In addition, a recent

paper showed that TrkAi induced its cellular effects in

the pheochromocytoma cells PC12 at a concentration

of 15 lM (Colombo et al., 2014). Thus, in the current

study, we used this TrkAi at a concentration range of

10–30 lM. Of important note, at this concentration

range, TrkAi did not decrease the viability of human

T lymphocytes, which implicates a high selectivity of

this inhibitor.

In our in vivo experiments, TrkAi alone significantly

diminished NPM-ALK+ T-cell lymphoma xenograft

tumor size, consistent with the in vitro effects of TrkAi

and TrkA siRNA. TrkAi also improved the survival of

mice with lymphoma tumors. A current frontline ther-

apeutic protocol for NPM-ALK+ T-cell lymphoma is

the CHOP polychemotherapy. Alas, severe adverse

reactions, including therapy-related death, are

sometimes encountered during clinical utilization of

CHOP (Fisher et al., 1993; Lim et al., 2010; Sitzia

et al., 1997; Tulpule et al., 2006). In a previous study

from our laboratory, using a full concentration of

CHOP in mice with systemic NPM-ALK+ T-cell lym-

phoma resulted in significant toxic effects including

therapy-related death (George et al., 2014). In the cur-

rent study, the effects of CHOP alone or in combina-

tion with TrkAi were analyzed, but we opted to use

only half of the original concentration to avoid possi-

ble lethal toxicities. Of note is that CHOP appeared to

induce superior effects on tumor size and mice survival

than TrkAi alone. Nonetheless, the effects of low con-

centrations of CHOP or TrkAi alone were much more

pronounced when the two therapies were combined.

These results are not entirely unexpected considering

that several previous studies concluded that the TrkA

inhibitors could be more effective when combined with

other therapies. For instance, the effects of CEP-701

or chemotherapy were synergistically enhanced when

the two regimens were combined to treat acute lym-

phoblastic leukemia, neuroblastoma, and breast cancer

(Brown et al., 2006; Iyer et al., 2010; Zhang et al.,

2015). In another study, enhancing SHP-1 expression

by using 5-azacytidine improved the sensitivity of

acute myeloid leukemia cells to CEP-701 (Al-Jamal

et al., 2015). Moreover, combining the TrkA inhibitor

CEP-751 or CEP-701 with androgen ablation was

much more effective in treating prostate carcinoma

in vivo than any of these regimens alone (George et al.,

1999). It was also reported in a recent study that the

TrkA inhibitors GW441756, K252a, CEP-701, and

G€o6976 promote the effects of agents that induce

ROS-mediated death in neuroblastoma cells (Ruggeri

et al., 2014). The exact explanation for this phe-

nomenon is not clear, but it is believed that using

TrkA inhibitors alone may be effective only in tumors

with activated Trk mutations (Thiele et al., 2009).

However, it cannot be overlooked that developing

potent and more selective TrkA inhibitors might sig-

nificantly enhance their effects as monotherapeutic

agents.

In conclusion, our data provide novel evidence that

TrkA signaling contributes to NPM-ALK+ T-cell lym-

phoma pathogenesis. Selective and specific in vitro tar-

geting of TrkA induced negative biological effects in

these lymphoma cells. Using TrkAi as a monotherapy

or combined with low concentrations of CHOP hin-

dered the growth of the lymphoma tumors in vivo and

improved mice survival. Although selective ALK inhi-

bitors represent an emerging strategy to treat ALK+

neoplasms including NPM-ALK+ T-cell lymphoma

(Mosse et al., 2013), several resistance mechanisms to
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these inhibitors have been already identified and char-

acterized, which represents an important limitation

(Dong et al., 2016; Isozaki et al., 2016; Katayama

et al., 2016; Zdzalik et al., 2014). Our findings suggest

that TrkA inhibition could represent an alternative

therapeutic approach to tackle this aggressive

neoplasm.

Acknowledgements

This work was supported by R01CA151533 Grant

from the National Cancer Institute (NCI) to HMA,

P30CA125123 Grant from NCI to the Pathology and

Histology Core at Baylor College of Medicine, and

81101786 and 81570184 grants from the National Nat-

ural Science Foundation, 2011-ws-062 Grant from the

Six Top Talent Foundation of Jiangsu Province, and

International Cooperation and Exchanges (2011) from

the Department of Health, Jiangsu, China, to WS. The

contents of this paper are solely the responsibility of

the authors and do not necessarily represent the offi-

cial views of the NCI or the National Institutes of

Health.

Author contributions

WS, SKG, and BG designed and performed experi-

ments, analyzed data, and contributed to writing the

manuscript; AM performed experiments and analyzed

data, CVC and SA provided essential experimental

tools and analyzed data; HMA designed the investiga-

tion, performed research, analyzed data, supervised the

study, and wrote the manuscript. All authors read and

approved the manuscript as submitted.

References

Al-Jamal HA, Mat Jusoh SA, Hassan R and Johan MF

(2015) Enhancing SHP-1 expression with 5-azacytidine

may inhibit STAT3 activation and confer sensitivity in

lestaurtinib (CEP-701)-resistant FLT3-ITD positive

acute myeloid leukemia. BMC Cancer 15, 869.

Amin HM and Lai R (2007) Pathobiology of ALK+
anaplastic large-cell lymphoma. Blood 110, 2259–2267.

Amin HM, McDonnell TJ, Ma Y, Lin Q, Fujio Y,

Kunisada K, Leventaki V, Das P, Rassidakis GZ,

Cutler C et al. (2004) Selective inhibition of STAT3

induces apoptosis and G(1) cell cycle arrest in ALK-

positive anaplastic large cell lymphoma. Oncogene 23,

5426–5434.
Amin HM, Medeiros LJ, Ma Y, Feretzaki M, Das P,

Leventaki V, Rassidakis GZ, O’Connor SL,

McDonnell TJ and Lai R (2003) Inhibition of JAK3

induces apoptosis and decreases anaplastic lymphoma

kinase activity in anaplastic large cell lymphoma.

Oncogene 22, 5399–5407.
Atsaves V, Lekakis L, Drakos E, Leventaki V, Ghaderi M,

Baltatzis GE, Chioureas D, Jones D, Feretzaki M,

Liakou C et al. (2014) The oncogenic JUNB/CD30

axis contributes to cell cycle deregulation in ALK+
anaplastic large cell lymphoma. Br J Haematol 167,

514–523.
Bai RY, Dieter P, Peschel C, Morris SW and Duyster J

(1998) Nucleophosmin-anaplastic lymphoma kinase of

large-cell anaplastic lymphoma is a constitutively active

tyrosine kinase that utilizes phospholipase C-gamma to

mediate its mitogenicity. Mol Cell Biol 18, 6951–6961.
Bai RY, Ouyang T, Miething C, Morris SW, Peschel C

and Duyster J (2000) Nucleophosmin-anaplastic

lymphoma kinase associated with anaplastic large-cell

lymphoma activates the phosphatidylinositol 3-kinase/

Akt antiapoptotic signaling pathway. Blood 96, 4319–
4327.

Bellanger C, Dubanet L, Lise MC, Fauchais AL,

Bordessoule D, Jauberteau MO and Troutaud D

(2011) Endogenous neurotrophins and Trk signaling in

diffuse large B cell lymphoma cell lines are involved in

sensitivity to rituximab-induced apoptosis. PLoS One

6, e27213.

Brown P, Levis M, McIntyre E, Griesemer M and Small D

(2006) Combinations of the FLT3 inhibitor CEP-701

and chemotherapy synergistically kill infant and

childhood MLL-rearranged ALL cells in a sequence-

dependent manner. Leukemia 20, 1368–1376.
Brugieres L, Deley MC, Pacquement H, Meguerian-

Bedoyan Z, Terrier-Lacombe MJ, Robert A, Pondarre

C, Leverger G, Devalck C, Rodary C et al. (1998)

CD30(+) anaplastic large-cell lymphoma in children:

analysis of 82 patients enrolled in two consecutive

studies of the French Society of Pediatric Oncology.

Blood 92, 3591–3598.
Camoratto AM, Jani JP, Angeles TS, Maroney AC,

Sanders CY, Murakata C, Neff NT, Vaught JL, Isaacs

JT and Dionne CA (1997) CEP-751 inhibits TRK

receptor tyrosine kinase activity in vitro exhibits anti-

tumor activity. Int J Cancer 72, 673–679.
Chan E, Mulkerin D, Rothenberg M, Holen KD, Lockhart

AC, Thomas J and Berlin J (2008) A phase I trial of

CEP-701 + gemcitabine in patients with advanced

adenocarcinoma of the pancreas. Invest New Drugs 26,

241–247.
Chen Y, Takita J, Choi YL, Kato M, Ohira M, Sanada M,

Wang L, Soda M, Kikuchi A, Igarashi T et al. (2008)

Oncogenic mutations of ALK kinase in neuroblastoma.

Nature 455, 971–974.
Chou TT, Trojanowski JQ and Lee VM (2000) A novel

apoptotic pathway induced by nerve growth factor-

mediated TrkA activation in medulloblastoma. J Biol

Chem 275, 565–570.

1204 Molecular Oncology 11 (2017) 1189–1207 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Role of TrkA in NPM-ALK+ T-cell lymphoma W. Shi et al.



Colombo F, Racchetti G and Meldolesi J (2014) Neurite

outgrowth induced by NGF or L1CAM via activation

of the TrkA receptor is sustained also by the exocytosis

of enlargeosomes. Proc Natl Acad Sci U S A 111,

16943–16948.
Cordon-Cardo C, Tapley P, Jing SQ, Nanduri V, O’Rourke

E, Lamballe F, Kovary K, Klein R, Jones KR,

Reichardt LF et al. (1991) The trk tyrosine protein

kinase mediates the mitogenic properties of nerve

growth factor and neurotrophin-3. Cell 66, 173–183.
Cussac D, Greenland C, Roche S, Bai RY, Duyster J,

Morris SW, Delsol G, Allouche M and Payrastre B

(2004) Nucleophosmin-anaplastic lymphoma kinase of

anaplastic large-cell lymphoma recruits, activates, and

uses pp60c-src to mediate its mitogenicity. Blood 103,

1464–1471.
Descamps S, Lebourhis X, Delehedde M, Boilly B and

Hondermarck H (1998) Nerve growth factor is

mitogenic for cancerous but not normal human

breast epithelial cells. J Biol Chem 273, 16659–16662.
Dionne CA, Camoratto AM, Jani JP, Emerson E, Neff N,

Vaught JL,Murakata C, Djakiew D, Lamb J, Bova S

et al. (1998) Cell cycle-independent death of prostate

adenocarcinoma is induced by the trk tyrosine kinase

inhibitor CEP-751 (KT6587).Clin Cancer Res 4, 1887–
1898.

Dong X, Fernandez-Salas E, Li E and Wang S (2016)

Elucidation of resistance mechanisms to second-

generation ALK inhibitors alectinib and ceritinib in

non-small cell lung cancer cells. Neoplasia 18, 162–171.
Drexler H (2010) Guide to Leukemia-Lymphoma Cell

Lines, 2nd edn. German Collection of Microorganisms

and Cell Cultures, Braunschweig.

Evans AE, Kisselbach KD, Yamashiro DJ, Ikegaki N,

Camoratto AM, Dionne CA and Brodeur GM (1999)

Antitumor activity of CEP-751 (KT-6587) on human

neuroblastoma and medulloblastoma xenografts. Clin

Cancer Res 5, 3594–3602.
Farina AR, Cappabianca L, Ruggeri P, Gneo L,

Maccarone R and Mackay AR (2015) Retrograde

TrkAIII transport from ERGIC to ER: a re-

localisation mechanism for oncogenic activity.

Oncotarget 6, 35636–35651.
Fisher RI, Gaynor ER, Dahlberg S, Oken MM, Grogan

TM, Mize EM, Glick JH, Coltman CA Jr and Miller

TP (1993) Comparison of a standard regimen (CHOP)

with three intensive chemotherapy regimens for

advanced non-Hodgkin’s lymphoma. N Engl J Med

328, 1002–1006.
George DJ, Dionne CA, Jani J, Angeles T, Murakata C,

Lamb J and Isaacs JT (1999) Sustained in vivo

regression of Dunning H rat prostate cancers treated

with combinations of androgen ablation and Trk

tyrosine kinase inhibitors, CEP-751 (KT-6587) or CEP-

701 (KT-5555). Cancer Res 59, 2395–2401.

George SK, Vishwamitra D, Manshouri R, Shi P and

Amin HM (2014) The ALK inhibitor ASP3026

eradicates NPM-ALK(+) T-cell anaplastic large-cell

lymphoma in vitro and in a systemic xenograft

lymphoma model. Oncotarget 5, 5750–5763.
Hexner E, Roboz G, Hoffman R, Luger S, Mascarenhas J,

Carroll M, Clementi R, Bensen-Kennedy D and

Moliterno A (2014) Open-label study of oral CEP-701

(lestaurtinib) in patients with polycythaemia vera or

essential thrombocythaemia with JAK2-V617F

mutation. Br J Haematol 164, 83–93.
Hexner EO, Serdikoff C, Jan M, Swider CR, Robinson C,

Yang S, Angeles T, Emerson SG, Carroll M, Ruggeri B

et al. (2008) Lestaurtinib (CEP701) is a JAK2 inhibitor

that suppresses JAK2/STAT5 signaling and the

proliferation of primary erythroid cells from patients

with myeloproliferative disorders. Blood 111, 5663–5671.
Ip NY, Stitt TN, Tapley P, Klein R, Glass DJ, Fandl J,

Greene LA, Barbacid M and Yancopoulos GD (1993)

Similarities and differences in the way neurotrophins

interact with the Trk receptors in neuronal and

nonneuronal cells. Neuron 10, 137–149.
Isozaki H, Ichihara E, Takigawa N, Ohashi K, Ochi N,

Yasugi M, Ninomiya T, Yamane H, Hotta K, Sakai K

et al. (2016) Non-small cell lung cancer cells acquire

resistance to the ALK inhibitor alectinib by activating

alternative receptor tyrosine kinases. Cancer Res 76,

1506–1516.
Iwahara T, Fujimoto J, Wen D, Cupples R, Bucay N,

Arakawa T, Mori S, Ratzkin B and Yamamoto T

(1997) Molecular characterization of ALK, a receptor

tyrosine kinase expressed specifically in the nervous

system. Oncogene 14, 439–449.
Iyer R, Evans AE, Qi X, Ho R, Minturn JE, Zhao H,

Balamuth N, Maris JM and Brodeur GM (2010)

Lestaurtinib enhances the antitumor efficacy of

chemotherapy in murine xenograft models of

neuroblastoma. Clin Cancer Res 16, 1478–1485.
Katayama R, Sakashita T, Yanagitani N, Ninomiya H,

Horiike A, Friboulet L, Gainor JF, Motoi N, Dobashi

A, Sakata S et al. (2016) P-glycoprotein mediates

ceritinib resistance in anaplastic lymphoma kinase-

rearranged non-small cell lung cancer. EBioMedicine 3,

54–66.
Kim MS, Kim GM, Choi YJ, Kim HJ, Kim YJ and Jin W

(2013) c-Src activation through a TrkA and c-Src

interaction is essential for cell proliferation and

hematological malignancies. Biochem Biophys Res

Commun 441, 431–437.
Knapper S, Burnett AK, Littlewood T, Kell WJ, Agrawal

S, Chopra R, Clark R, Levis MJ and Small D (2006)

A phase 2 trial of the FLT3 inhibitor lestaurtinib

(CEP701) as first-line treatment for older patients with

acute myeloid leukemia not considered fit for intensive

chemotherapy. Blood 108, 3262–3270.

1205Molecular Oncology 11 (2017) 1189–1207 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

W. Shi et al. Role of TrkA in NPM-ALK+ T-cell lymphoma



Kokona D, Charalampopoulos I, Pediaditakis I, Gravanis

A and Thermos K (2012) The neurosteroid

dehydroepiandrosterone (DHEA) protects the retina

from AMPA-induced excitotoxicity: NGF TrkA

receptor involvement. Neuropharmacology 62, 2106–
2117.

Lagadec C, Meignan S, Adriaenssens E, Foveau B,

Vanhecke E, Romon R, Toillon RA, Oxombre B,

Hondermarck H and Le Bourhis X (2009) TrkA

overexpression enhances growth and metastasis of

breast cancer cells. Oncogene 28, 1960–1970.
Lavenius E, Gestblom C, Johansson I, Nanberg E and

Pahlman S (1995) Transfection of TRK-A into human

neuroblastoma cells restores their ability to

differentiate in response to nerve growth factor. Cell

Growth Differ 6, 727–736.
Le Deley MC, Reiter A, Williams D, Delsol G, Oschlies I,

McCarthy K, Zimmermann M and Brugieres L (2008)

Prognostic factors in childhood anaplastic large cell

lymphoma: results of a large European intergroup

study. Blood 111, 1560–1566.
Levi-Montalcini R (1987) The nerve growth factor 35 years

later. Science 237, 1154–1162.
Li Y, Holtzman DM, Kromer LF, Kaplan DR, Chua-

Couzens J, Clary DO, Knusel B and Mobley WC

(1995) Regulation of TrkA and ChAT expression in

developing rat basal forebrain: evidence that both

exogenous and endogenous NGF regulate

differentiation of cholinergic neurons. J Neurosci 15,

2888–2905.
Lim KH, Yoon HI, Kang YA, Lee KW, Kim JH, Bang

SM, Lee JH, Lee CT and Lee JS (2010) Severe

pulmonary adverse effects in lymphoma patients

treated with cyclophosphamide, doxorubicin,

vincristine, and prednisone (CHOP) regimen plus

rituximab. Korean J Intern Med 25, 86–92.
Matsushima H and Bogenmann E (1993) Expression of

trkA cDNA in neuroblastomas mediates differentiation

in vitro and in vivo. Mol Cell Biol 13, 7447–7456.
Miknyoczki SJ, Wan W, Chang H, Dobrzanski P, Ruggeri

BA, Dionne CA and Buchkovich K (2002) The

neurotrophin-trk receptor axes are critical for the

growth and progression of human prostatic carcinoma

and pancreatic ductal adenocarcinoma xenografts in

nude mice. Clin Cancer Res 8, 1924–1931.
Minturn JE, Evans AE, Villablanca JG, Yanik GA, Park

JR, Shusterman S, Groshen S, Hellriegel ET, Bensen-

Kennedy D, Matthay KK et al. (2011) Phase I trial of

lestaurtinib for children with refractory neuroblastoma:

a new approaches to neuroblastoma therapy

consortium study. Cancer Chemother Pharmacol 68,

1057–1065.
Morris SW, Kirstein MN, Valentine MB, Dittmer KG,

Shapiro DN, Saltman DL and Look AT (1994) Fusion

of a kinase gene, ALK, to a nucleolar protein gene,

NPM, in non-Hodgkin’s lymphoma. Science 263,

1281–1284.
Mosse YP, Lim MS, Voss SD, Wilner K, Ruffner K,

Laliberte J, Rolland D, Balis FM, Maris JM, Weigel

BJ et al. (2013) Safety and activity of crizotinib for

paediatric patients with refractory solid tumours or

anaplastic large-cell lymphoma: a Children’s Oncology

Group phase 1 consortium study. Lancet Oncol 14,

472–480.
Nakagawara A, Arima-Nakagawara M, Scavarda NJ, Azar

CG, Cantor AB and Brodeur GM (1993) Association

between high levels of expression of the TRK gene and

favorable outcome in human neuroblastoma. N Engl J

Med 328, 847–854.
Narayanan R, Yepuru M, Coss CC, Wu Z, Bauler MN,

Barrett CM, Mohler ML, Wang Y, Kim J, Snyder LM

et al. (2013) Discovery and preclinical characterization

of novel small molecule TRK and ROS1 tyrosine

kinase inhibitors for the treatment of cancer and

inflammation. PLoS One 8, e83380.

Oelmann E, Sreter L, Schuller I, Serve H, Koenigsmann

M, Wiedenmann B, Oberberg D, Reufi B, Thiel E

and Berdel WE (1995) Nerve growth factor

stimulates clonal growth of human lung cancer cell

lines and a human glioblastoma cell line expressing

high-affinity nerve growth factor binding sites

involving tyrosine kinase signaling. Cancer Res 55,

2212–2219.
Rao R, Nalluri S, Fiskus W, Balusu R, Joshi A,

Mudunuru U, Buckley KM, Robbins K, Ustun C,

Reuther GW et al. (2010) Heat shock protein 90

inhibition depletes TrkA levels and signaling in human

acute leukemia cells. Mol Cancer Ther 9, 2232–2242.
Rasi G, Serafino A, Bellis L, Lonardo MT, Andreola F,

Zonfrillo M, Vennarecci G, Pierimarchi P, Sinibaldi

Vallebona P, Ettorre GM, et al. (2007) Nerve growth

factor involvement in liver cirrhosis and hepatocellular

carcinoma. World J Gastroenterol 13, 4986–4995.
Rassidakis GZ, Feretzaki M, Atwell C, Grammatikakis I,

Lin Q, Lai R, Claret FX, Medeiros LJ and Amin HM

(2005) Inhibition of Akt increases p27Kip1 levels and

induces cell cycle arrest in anaplastic large cell

lymphoma. Blood 105, 827–829.
Ruggeri P, Farina AR, Di Ianni N, Cappabianca L,

Ragone M, Ianni G, Gulino A and Mackay AR (2014)

The TrkAIII oncoprotein inhibits mitochondrial free

radical ROS-induced death of SH-SY5Y

neuroblastoma cells by augmenting SOD2 expression

and activity at the mitochondria, within the context of

a tumour stem cell-like phenotype. PLoS One 9,

e94568.

Santos FP, Kantarjian HM, Jain N, Manshouri T, Thomas

DA, Garcia-Manero G, Kennedy D, Estrov Z, Cortes

J and Verstovsek S (2010) Phase 2 study of CEP-701,

an orally available JAK2 inhibitor, in patients with

1206 Molecular Oncology 11 (2017) 1189–1207 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Role of TrkA in NPM-ALK+ T-cell lymphoma W. Shi et al.



primary or post-polycythemia vera/essential

thrombocythemia myelofibrosis. Blood 115, 1131–1136.
Seo JH, Jung KH, Son MK, Yan HH, Ryu YL, Kim J,

Lee JK, Hong S and Hong SS (2013) Anti-cancer effect

of HS-345, a new tropomyosin-related kinase A

inhibitor, on human pancreatic cancer. Cancer Lett

338, 271–281.
Shi P, Lai R, Lin Q, Iqbal AS, Young LC, Kwak LW,

Ford RJ and Amin HM (2009) IGF-IR tyrosine kinase

interacts with NPM-ALK oncogene to induce survival

of T-cell ALK+ anaplastic large-cell lymphoma cells.

Blood 114, 360–370.
Shi B, Vishwamitra D, Granda JG, Whitton T, Shi P and

Amin HM (2013) Molecular and functional

characterizations of the association and interactions

between nucleophosmin-anaplastic lymphoma kinase

and type I insulin-like growth factor receptor.

Neoplasia 15, 669–683.
Shiota M, Nakamura S, Ichinohasama R, Abe M, Akagi

T, Takeshita M, Mori N, Fujimoto J, Miyauchi J,

Mikata A et al. (1995) Anaplastic large cell lymphomas

expressing the novel chimeric protein p80NPM/ALK: a

distinct clinicopathologic entity. Blood 86, 1954–1960.
Shonukan O, Bagayogo I, McCrea P, Chao M and

Hempstead B (2003) Neurotrophin-induced melanoma

cell migration is mediated through the actin-bundling

protein fascin. Oncogene 22, 3616–3623.
Sitzia J, North C, Stanley J and Winterberg N (1997) Side

effects of CHOP in the treatment of non-Hodgkin’s

lymphoma. Cancer Nurs 20, 430–439.
Souttou B, Carvalho NB, Raulais D and Vigny M (2001)

Activation of anaplastic lymphoma kinase receptor

tyrosine kinase induces neuronal differentiation

through the mitogen-activated protein kinase pathway.

J Biol Chem 276, 9526–9531.
Tacconelli A, Farina AR, Cappabianca L, Desantis G,

Tessitore A, Vetuschi A, Sferra R, Rucci N, Argenti B,

Screpanti I et al. (2004) TrkA alternative splicing: a

regulated tumor-promoting switch in human

neuroblastoma. Cancer Cell 6, 347–360.
Thiele CJ, Li Z and McKee AE (2009) On Trk–the TrkB

signal transduction pathway is an increasingly

important target in cancer biology. Clin Cancer Res 15,

5962–5967.
Tsunoda S, Okumura T, Ito T, Mori Y, Soma T,

Watanabe G, Kaganoi J, Itami A, Sakai Y and

Shimada Y (2006) Significance of nerve growth factor

overexpression and its autocrine loop in oesophageal

squamous cell carcinoma. Br J Cancer 95, 322–330.
Tulpule A, Espina BM, Berman N, Buchanan LH, Smith

DL, Sherrod A, Dharmapala D, Gee C, Boswell WD,

Nathwani BN et al. (2006) Phase I/II trial of

nonpegylated liposomal doxorubicin,

cyclophosphamide, vincristine, and prednisone in the

treatment of newly diagnosed aggressive non-

Hodgkin’s lymphoma. Clin Lymphoma Myeloma 7, 59–
64.

Turturro F, Frist AY, Arnold MD, Seth P and Pulford K

(2001) Biochemical differences between SUDHL-1 and

KARPAS 299 cells derived from t(2;5)-positive

anaplastic large cell lymphoma are responsible for the

different sensitivity to the antiproliferative effect of p27

(Kip1). Oncogene 20, 4466–4475.
Yao R and Cooper GM (1995) Requirement for

phosphatidylinositol-3 kinase in the prevention of

apoptosis by nerve growth factor. Science 267, 2003–
2006.

Zamo A, Chiarle R, Piva R, Howes J, Fan Y, Chilosi M,

Levy DE and Inghirami G (2002) Anaplastic

lymphoma kinase (ALK) activates Stat3 and protects

hematopoietic cells from cell death. Oncogene 21,

1038–1047.
Zdzalik D, Dymek B, Grygielewicz P, Gunerka P, Bujak

A, Lamparska-Przybysz M, Wieczorek M and

Dzwonek K (2014) Activating mutations in ALK

kinase domain confer resistance to structurally

unrelated ALK inhibitors in NPM-ALK-positive

anaplastic large-cell lymphoma. J Cancer Res Clin

Oncol 140, 589–598.
Zhang J, Wang LS, Ye SL, Luo P and Wang BL (2015)

Blockage of tropomyosin receptor kinase a (TrkA)

enhances chemo-sensitivity in breast cancer cells and

inhibits metastasis in vivo. Int J Clin Exp Med 8, 634–
641.

Supporting information

Additional Supporting Information may be found

online in the supporting information tab for this

article:
Fig. S1. The association and interactions between

TrkA and NPM-ALK.

W. Shi et al. Role of TrkA in NPM-ALK+ T-cell lymphoma

1207Molecular Oncology 11 (2017) 1189–1207 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.


	Outline placeholder
	a1
	a2
	a3
	a4
	a5
	fig1
	fig2
	fig3
	fig4
	fig5
	fig6
	fig7
	fig8
	bib1
	bib2
	bib3
	bib4
	bib5
	bib6
	bib7
	bib8
	bib9
	bib10
	bib11
	bib12
	bib13
	bib14
	bib15
	bib16
	bib17
	bib18
	bib19
	bib20
	bib21
	bib22
	bib23
	bib24
	bib25
	bib26
	bib27
	bib28
	bib29
	bib30
	bib31
	bib32
	bib33
	bib34
	bib35
	bib36
	bib37
	bib38
	bib39
	bib40
	bib41
	bib42
	bib43
	bib44
	bib45
	bib46
	bib47
	bib48
	bib49
	bib50
	bib51
	bib52
	bib53
	bib54
	bib55
	bib56
	bib57
	bib58
	bib59
	bib60
	bib61
	bib62
	bib63
	bib64
	bib65
	bib66
	bib67
	bib68
	bib69
	bib70
	bib71


