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Abstract. The clinical treatment of renal cell carcinoma 
(RCC) remains a major challenge. A number of novel 
agents and therapeutic strategies are currently undergoing 
active investigation. In the present study, we investigated 
the potential of GNF‑5837, a Trk inhibitor, in the treatment 
of RCC. Tropomyosin‑related kinases (Trk), a family of 
neurotrophin receptors, are vital for neural development 
and have also been identified as prognostic markers in 
malignancies of diverse origins. In the present study, we 
demonstrated that GNF‑5837, an inhibitor of TrkA and 
TrkB, suppressed the cell viability of renal carcinoma 786O 
and Caki‑2  cells in a concentration‑dependent manner. 
GNF‑5837 treatment led to decreased activities of TrkA and 
TrkB signaling, accompanied by reduced phosphorylation 
levels of AKT and extracellular signal‑regulated kinase 
(ERK) kinases, which was detected by western blot assay. 
GNF‑5837 induced G0/G1‑phase arrest and apoptosis. 
Consistently, GNF‑5837 affected the expression of p21, 
c‑Myc, and survivin proteins. Meanwhile, a wound healing 
assay showed that GNF‑5837 inhibited the migration ability 
of RCC cells by impairing Rac1 activity. GNF‑5837 also 
enhanced the cytotoxic effects of sunitinib via inhibition 
of ERK kinase. Taken together, these results identify the 
pharmacological potential of targeting Trk signaling as a 
therapeutic strategy for RCC.

Introduction

Renal cell carcinoma (RCC) is the most common kidney cancer 
subtype. More than 100,000 cases are diagnosed worldwide per 
year, and RCC accounts for approximately 2‑5% of all adult 
neoplastic diseases and its incidence is rising (1). RCC originates 
from the tubular structures of the kidney and comprises a hetero-
geneous group of malignancies. RCC can be classified into four 
major histological cell types, of which clear cell RCC (ccRCC) 
is the most common (75‑80%) (2). Other types include papillary 
(10‑15%), chromophobe (5%) and collecting duct (1%) RCC. 
Metastasis may be present at the time of RCC diagnosis and such 
cases are resistant to radiotherapy, chemotherapy and targeted 
therapy. Despite great efforts in the field of RCC therapy, RCC 
remains an incurable disease and the median survival period of 
patients with advanced RCC is approximately 26 months (3). 
Therefore, there is a compelling demand to identify both molec-
ular targets and novel drugs with which to treat this disease.

Inhibition of vascular endothelial growth factor (VEGF) 
receptors is a promising approach for the targeted therapy of 
RCC. Antiangiogenic drugs for RCC treatment such as suni-
tinib, pazopanib, sorafenib and axitinib have recently received 
particular attention  (3‑5). Sunitinib is a small‑molecule 
inhibitor of multiple receptor tyrosine kinases (RTKs), that 
inhibits the family of VEGF receptors (VEGFR‑1, VEGFR‑2 
and VEGFR‑3), PDGF receptors (PDGFR‑α and PDGFR‑β), 
FLT3, the stem cell growth factor receptor KIT and RET. The 
repressive effect of sunitinib on tumor growth and invasion is 
mainly achieved by antagonizing the activation of VEGFR 
and PDGFR, two crucial players in the pathogenesis of RCC. 
Sunitinib treatment for metastasized RCC contributes to a 
significantly longer progression‑free survival and overall 
survival. Although sunitinib has become the mainstay of RCC 
treatment, the occurrence of resistance is a main obstacle 
overshadowing its clinical benefit. Additional underlying thera-
peutic targets for RCC include mammalian target of rapamycin 
(mTOR) kinase, immune checkpoint proteins, indoleamine 
2,3‑dioxygenase and transforming growth factor‑β (3‑5).

As tumor cells may escape the inhibition of VEGF 
signaling using other parallel pathways as growth and survival 
signals  (6), it is necessary to seek accessory pathways to 
develop new treatment approaches and avoid chemotherapeutic 
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resistance. Tropomyosin‑related kinases (Trks) are a family of 
receptor tyrosine kinases consisting of 3 isoforms (TrkA, TrkB 
and TrkC) that are activated by neurotrophins. In the present 
study, we demonstrated that GNF‑5837, an inhibitor of TrkA 
and TrkB, reduced the cell viability of renal carcinoma cells via 
inducing cell cycle arrest and apoptosis. Meanwhile, GNF‑5837 
also suppressed the migration ability of renal carcinoma cells. 
Taken together, these results identify the potential pharmaco-
logical merit of a Trk inhibitor for the chemotherapy of RCC.

Materials and methods

Reagents. GNF‑5837 and sunitinib were purchased from 
Selleck Chemicals (Houston, TX, USA).

Cell culture. The human RCC cell lines 786O and Caki‑2 
were purchased from the Shanghai Institute of Cell Biology 
(Shanghai, China) and were cultured in Roswell Park Memorial 
Institute (RPMI)‑1640 medium supplemented with 10% fetal 
bovine serum (FBS; Gibco/Thermo Fisher Scientific, Inc.), 
penicillin (100 U/ml), and streptomycin (100 µg/ml) under a 
humidified atmosphere containing 5% CO2 maintained at 37˚C.

MTS assay. Cell viability was determined using the 
CellTiter 96® AQueous One Solution Cell Proliferation assay 
kit (Promega, Madison, WI, USA). Cells (5x103) were seeded 
into 96‑well plates and treated with GNF‑5837 or other agents 
for the depicted time intervals. After treatment, 10 µl MTS 
(Promega) was added into each well for a 2‑h incubation. The 
absorbance was measured using a model ELX800 Micro Plate 
Reader (Bio‑Tek Instruments, Winooski, VT, USA) at 490 nm.

EdU incorporation assay. Cell proliferation was determined 
by incorporation of 5‑ethynyl‑2'‑deoxyuridine (EdU) using an 
EdU Cell Proliferation Assay kit (Guangzhou RiboBio Co., 
Ltd., Guangzhou, China) as previously described (7). Cells 
were cultured in triplicate in 24‑well plates at a density of 5x104 
and treated with GNF‑5837 for 48 h at 37˚C, and then 50 mM 
EdU was added and incubated for an additional 2 h at 37˚C. 
The cells were fixed with 4% formaldehyde for 30 min at room 
temperature and treated with 2 mg/ml glycine for 5 min. After 
washing with phosphate‑buffered saline (PBS), the cells were 
treated with 0.5% Triton X‑100 for 10 min at room temperature 
for permeabilization. Apollo® reaction cocktail (100 µl) was 
added to each well and incubation was carried out for 30 min in 
the dark at room temperature. After washing with Triton X‑100, 
the cells were stained with 100 µl Hoechst 33342 for 30 min 
and visualized under a fluorescence microscope (Olympus 
Corp., Japan) at x200 magnification. A total of 100 cells from 
the different groups was analyzed for EdU labeling in this study.

Flow cytometric analysis. To assess cell cycle progression by 
flow cytometry, 786O cells (2x105) after GNF‑5837 treatment 
were suspended in 100 µl of PBS, and 200 µl of 95% ethanol 
was added. The cells were then incubated at 4̊C for 1 h, washed 
with PBS, resuspended in 250 µl of 1.12% sodium citrate buffer 
(pH 8.4) together with 12.5 µg of RNase, and incubated at 37̊C 
for an additional 30 min. The cellular DNA was then stained 
by 250 µl propidium iodide (PI) for 30 min at room tempera-
ture. Red fluorescence emitted from the PI‑DNA complex was 

analyzed at 488 nm/600 nm (excitation/emission wavelength) 
using a FACScan flow cytometer (BD LSR II). The data of 
relative DNA content were analyzed by ModFit LT software 
package (https://www.vsh.com/products/mflt/mfFeatures.asp) 
to reveal cell cycle distribution.

Apoptosis assay. 786O and Caki‑2 cells (2x105) were seeded in 
6‑well plates and allowed to attach overnight. After GNF‑5837 
treatment for 48 h, cells were harvested and resuspended in 
200 µl binding buffer after washing twice with cold PBS. Then, 
apoptotic cells were assessed by an Annexin‑V apoptosis detec-
tion kit (MultiSciences Biotech, Hangzhou, China) according to 
the manufacturer's protocol. The cell suspension was incubated 
with 10 µl Annexin V‑fluorescein isothiocyanate (FITC) stock 
solution for 30 min at 4̊C in the dark, and then incubated with 
5 µl PI solution for 5 min. Cell samples were analyzed by flow 
cytometry (BD LSR II; BD Biosciences, Franklin Lakes, NJ, 
USA) and apoptotic cell fractions were determined.

Real‑time polymerase chain reaction (qPCR). Total RNA was 
isolated using the RNAiso Plus (Takara Biotechnology, Dalian, 
China), and cDNA was prepared using Transcriptor First 
Strand cDNA Synthesis kit (Roche) according to the manu-
facturer's instructions. Quantitative reverse transcriptase PCR 
(RT‑qPCR) was performed to quantify the expression of the 
genes of interest using LightCycler® 480 SYBR‑Green I Master 
(Roche, Indianapolis, IN, USA) according to the manufacturer's 
protocol on Roche light cycler version 3.5. The following thermal 
profile was applied: 1 cycle at 95̊C for 10 min, 40 cycles at 
95̊C for 10 sec, 60̊C for 30 sec, and 72̊C for 15 sec. The level 
of expression of each target gene was calculated using the 2‑ΔΔCq 
method (8). The relative amount of each mRNA was normal-
ized to GAPDH. Each sample was examined in triplicate. qPCR 
analysis was performed with the following primers: Survivin 
5'‑GAG​GCT​GGC​TTC​ATC​CAC​TG‑3' (forward) and 5'‑GCA​
CTT​TCT​TCG​CAG​TTT​CCT​C‑3' (reverse); Bcl2 5'‑TCG​CCC​
TGT​GGA​TGA​CTG​A‑3' (forward) and 5'‑CAG​AGA​CAG​CCA​
GGA​GAA​ATC‑3' (reverse); Bax 5'‑TGG​CAG​CTG​ACA​TGT​
TTT​CTG​AC‑3' (forward) and 5'‑TCA​CCC​AAC​CAC​CCT​GGT​
CTT‑3' (reverse); GAPDH 5'‑CTC​ACC​GGA​TGC​ACC​AAT​
GTT‑3' (forward) and 5'‑CGC​GTT​GCT​CAC​AAT​GTT​CAT‑3' 
(reverse). The designed primers were synthesized by Sangon 
Biotech (Shanghai, China).

Western blot analysis. The cells (1x106) were washed with 
cold PBS and lysed on ice in 100 µl modified radioimmuno-
precipitation assay (RIPA) buffer (50 mM Tris‑HCl, pH 7.4, 
1% NP‑40, 0.25% Na‑deoxycholate, 150 mM NaCl, 1 mM 
Na3VO4, and 1   mM NaF) containing protease inhibitors 
[100 µM phenylmethylsulfonyl fluoride, 10 µM leupeptin, 
10  µM pepstatin and 2  mM ethylenediaminetetraacetic 
acid (EDTA)]. The protein content was measured using a 
BCA Protein Assay kit (Beyotime, Shanghai, China). The 
proteins were separated by 10% SDS‑PAGE (sodium dodecyl 
sulphate‑polyacrylamide gel electrophoresis) and transferred 
to polyvinylidene fluoride (PVDF) membranes (Millipore 
Corp., Bedford, MA, USA), and then blotted with the 
specific antibodies. Antibodies against phosphorylated TrkA 
(cat. no. AP0492; dilution 1:500), total TrkA (cat. no. A15618; 
dilution 1:500), phosphorylated TrkB (cat.  no.  AP0423; 
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dilution 1:500), total TrkB (cat. no. A2099; dilution 1:500), 
and β‑actin (cat. no. AC026; dilution 1:500) were obtained 
from ABclonal Biotechnology (Wuhan, China). Antibodies 
against phosphorylated Rac1 (cat. no. 2461; dilution 1:1,000), 
total Rac1 (cat. no. 4651; dilution 1:1,000), phosphorylated 
ERK (cat. no. 9101; dilution 1:1,000), total ERK (cat. no. 4695; 
dilution 1:1,000), phosphorylated AKT (cat. no. 4060; dilution 
1:1,000), and total AKT (cat. no. 9272; dilution 1:1,000) were 
obtained from Cell Signaling Technology (Danvers, MA, 
USA). Antibodies specific for p21 (cat. no. sc‑6246; dilution 
1:200), c‑Myc (cat. no. sc‑40; dilution 1:200), poly(ADP‑ribose) 
polymerase‑1 (PARP‑1) (cat. no. sc‑56197; dilution 1:200), and 
survivin (cat. no. sc‑17779; dilution 1:200) were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The 
secondary antibodies were horseradish peroxidase conjugated 
goat anti‑rabbit IgG (cat. no. AS014; dilution 1:2,000; ABclonal 
Biotechnology) and anti‑mouse IgG (cat. no. AS003; dilution 
1:2,000; ABclonal Biotechnology) antibodies. Detection of 
specific proteins was carried out with an ECL chemilumines-
cence detection kit (Vigorous, Beijing, China) according to the 
manufacturer's instructions.

Wound healing assay. 786O and Caki‑2 cells were seeded in 
6‑well plates for the wound healing assay. When monolayer 
cells grew to about 80% confluence, they were wounded by 
the tip of a sterile 200‑µl micropipette. Cells were washed 
with PBS (pH 7.4) for 3 times and then cultured with complete 
medium (10% FBS) containing 20 µM GNF‑5837. The migra-
tion of the cells at the edge of the scratch was analyzed at 24 h. 
Images were captured by an inverted microscope (Olympus 
Corporation, Japan) at x10.

Statistical analysis. All data in this study are displayed as 
means ± SD (n≥3 repeats). Comparisons were analyzed by 
Student's t‑test or one‑way analysis of variance (ANOVA) 
followed by the Student‑Newman‑Keuls  (SNK) test. The 
significance was analyzed with SPSS 10.0 software (SPSS, 
Inc., Chicago, IL, USA) and a P‑value <0.05 was considered to 
indicate a statistically significant result.

Results

GNF‑5837 decreases the cell viability of the RCC cell lines. 
In order to evaluate the effects of a Trk inhibitor GNF‑5837 
on RCC cell lines, cell viability was tested in Caki‑2 and 

786O cell lines by MTS assay. The 786O cell line has many 
characteristics of ccRCC. Although the Caki‑2 cell line was 
primarily recognized as a ccRCC cell line, an accumulating 
amount of data showed that it is a cell line of papillary RCC. 
After exposure to elevated concentrations of GNF‑5837 
(0‑20 µM) for 48 h, both of the tested RCC cell lines showed a 
dose‑dependent decrease in cell viability (Fig. 1A). Our results 
revealed that GNF‑5837 at 20 µM exerted a significant effect 
on cell viability. Compared with the DMSO‑treated control, 
the viability of the Caki‑2 and 786O cells was decreased to 
about 57.1 and 48.2% after treatment with 20 µM GNF‑5837 
for 48 h, respectively. MTS assays also showed that exposure 
to 20  µM GNF‑5837 resulted in marked time‑dependent 
reduction in cell viability (Fig. 1B).

GNF‑5837 inhibits Trks and its downstream signaling path‑
ways. Subsequently, we evaluated the inhibition of GNF‑5837 
on Trk signaling in 786O cells. As shown in Fig. 2A, GNF‑5837 
treatment (0‑20  µM) for 48  h in 786O  cells effectively 

Figure 1. GNF‑5837 reduces cell viability in RCC cells. (A) Cell viability was estimated by MTS assay after Caki‑2 and 786O cells were incubated with 
increasing concentrations of GNF‑5837 (0‑20 µM) for 48 h. DMSO was used as a control. (B) The time‑response curve of 20 µM GNF‑5837 on cell viability 
of Caki‑2 and 786O cells. Data in A and B represent the mean ± SD of three independent experiments. RCC, renal cell carcinoma.

Figure 2. GNF‑5837 inhibits Trks and downstream kinases. (A) and (B) 786O 
and Caki‑2 cells were treated with GNF‑5837 at the indicated concentra-
tions for 48 h, and then cells were harvested and western blot analysis was 
performed for the evaluation of the phosphorylation levels (p‑) of TrkA and 
TrkB (A) and ERK and AKT (B). Representative images from at least three 
independent experiments are shown. Trks, tropomyosin‑related kinases.
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decreased the phosphorylation of TrkA and TrkB signaling in 
a dose‑dependent manner. High concentration of GNF‑5837 
(20 µM) produced similar effects in Caki‑2 cells. Activation 
of Trk signaling has been demonstrated to affect cell growth, 
survival, and differentiation via modulating the PI3K/AKT 
and MAPK/ERK signaling pathways. Thus, we further 
assessed the effect of GNF‑5837 treatment on Trk downstream 
molecules including AKT and ERK kinases. As shown in 
Fig. 2B, GNF‑5837 directly interrupted the phosphorylation 
activation of AKT and ERK kinases in a dose‑dependent 
manner in 786O cells. Similar results were also observed in 
Caki‑2 cells. Overall, these findings indicate that GNF‑5837 
treatment inhibits Trk kinases and downstream signaling 
pathways.

GNF‑5837 suppressed the cell growth of RCC cells. Next, we 
investigated the effect of GNF‑5837 treatment on cell growth. 
Firstly, EdU incorporation assay was used to detect DNA 
synthesis. After incubation with 20 µM GNF‑5837 for 48 h, 
the number of EdU‑positive 786O and Caki‑2 cells was signifi-
cantly decreased (Fig. 3A). For example, EdU‑incorporating 
cells accounted for as much as 71.4% of the total 786O cells 
in the control group, while only 26.3% cells were positive for 
EdU staining after GNF‑5837 treatment for 48 h (Fig. 3B). 
These results indicated that the Trk inhibitor inhibited the 
proliferation of RCC cells. Secondly, the cell cycle profile was 
analyzed using propidium iodide staining and flow cytometry 
after treatment with 20 µM GNF‑5837 for 48 h in 786O cells. 
Compared with the control, GNF‑5837 treatment significantly 

decreased the cell populations in the S phase (Fig. 3C and D). 
Meanwhile, GNF‑5837 treatment mainly induced cell cycle 
arrest in the G0/G1 phase. Coincidently, GNF‑5837 treatment 
upregulated the expression of p21 protein, a CDK inhibitor, 
in both 786O and Caki‑2 cell lines (Fig. 3E). In comparison, 
GNF‑5837 exerted a moderate inhibition on the expression of 
c‑Myc, a master regulator of cell division.

GNF‑5837 induces cell apoptosis. Since GNF‑5837 was found 
to inhibit the viability and growth of Caki‑2 and 786O cells, 
we investigated whether GNF‑5837 induces the apoptosis of 
RCC cells. After incubation with 20 µM GNF‑5837 for 48 h, 
786O and Caki‑2 cells were stained with Annexin V‑FITC 
and propidium iodide (PI) and analyzed by flow cytometry. 
As shown in Fig.  4A, GNF‑5837 increased the apoptotic 
populations (Annexin V‑FITC‑positive cells) to 20.6±2.1 and 
15.5±2.9% in the 786O and Caki‑2 cells (P<0.01, vs. control), 
respectively. Next, immunoblotting assay was performed to 
investigate the expression of cleaved PARP‑1, a hallmark of 
apoptosis. As expected, incubation with 20 µM GNF‑5837 
triggered the cleavage of PARP‑1 in 786O and Caki‑2 cells 
(Fig. 4B). Furthermore, apoptosis‑related genes were exam-
ined by qPCR assay. As shown in Fig. 4C, the expression 
of anti‑apoptotic survivin gene (BIRC5) in 786O cells was 
significantly downregulated by GNF‑5837 treatment. Bcl2 
expression was slightly altered. Conversely, the pro‑apoptotic 
protein Bax was significantly induced. Immunoblotting assay 
further confirmed that GNF‑5837 treatment suppressed the 
abundance of the survivin protein (Fig. 4D).

Figure 3. GNF‑5837 suppresses the cell growth of RCC cells. (A) EdU incorporation assay was analyzed by fluorescence microscopy in 786O and Caki‑2 cells 
treated with 20 µM GNF‑5837 for 48 h. Nuclei were visualized with Hoechst 33342. Magnification, x200. (B) The EdU incorporation rate was expressed as the 
ratio of EdU‑positive cells to total Hoechst 33342‑positive cells. A total of 100 cells from multiple visual fields of one group was analyzed for EdU labeling in 
this study. Data represent mean ± SD of three independent experiments. **P<0.01 vs. the control (Con). (C) After GNF‑5837 treatment for 48 h, 786O cells were 
stained with propidium iodide (PI) and subjected to cell cycle analysis by flow cytometry. One representative experiment out of three is shown. (D) Statistical 
analysis of the cell percentages for the cell cycle distribution. Data represent mean ± SD of three independent experiments. **P<0.01 vs. the control (Con). 
(E) Changes in cell‑cycle regulatory proteins after GNF‑5837 treatment for 48 h. Representative images from at least three independent experiments are 
shown. RCC, renal cell carcinoma.
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GNF‑5837 potentiates sunitinib‑induced cytotoxicity. 
Subsequently, we estimated the combined effects of GNF‑5837 
together with sunitinib, a tyrosine kinase inhibitor in the 
treatment of metastatic RCC. By comparison, sunitinib is a 
strong apoptosis inducer and alone can trigger a majority of 
cells to undergo apoptosis. Thus, we shortened the treatment 
period to reduce the toxicity of sunitinib, thereby to manifest 
the cooperative effect of GNF‑5837. 786O cells were exposed 
to 20 µM sunitinib together with increasing concentrations 
of GNF‑5837 for 24 h. Following treatment, MTS assay was 
performed. As shown in Fig. 5A, sunitinib alone decreased 
the cell viability of 786O cells by 42.9%. When the cells 
were cotreated with 10 or 20 µM GNF‑5837, the inhibition 
rate increased to 60.7  and  68.8%  following cotreatment, 
respectively. Similar results were obtained for the Caki‑2 

cells. The results from flow cytometry also demonstrated 
that cotreatment with GNF‑5837 and sunitinib greatly trig-
gered cell apoptosis in the 786O cells (Fig. 5B). Apoptosis 
occurred in 13.9±1.2, 31±5.3 and 60±8.8% of 786O cells in 
the GNF‑5837, sunitinib and combined treatment groups, 
respectively. PARP‑1 cleavage in 786O and Caki‑2 cells was 
increased after the combined treatment (Fig.  5C). These 
results indicate that there is an enhanced antitumor effect of 
sunitinib and GNF‑5837.

GNF‑5837 cooperates with sunitinib to inhibit the ERK 
cascade. To further ascertain the underlying mechanism 
involving the the synergy of GNF‑5837 and sunitinib, we exam-
ined the alteration of Trk, ERK and AKT signals in 786O cells 
under different circumstances. As shown in Fig. 6A, sunitinib 

Figure 4. GNF‑5837 affects cell apoptosis. (A) Flow cytometric analysis of apoptosis was determined using Annexin V‑FITC/PI staining in 786O and 
Caki‑2 cells treated with 20 µM GNF‑5837 for 48 h. Data are typical of three similar experiments. The percentage of Annexin V‑FITC and/or PI positive 
cells was depicted with cytofluorometer quadrant graphs. (B) GNF‑5837 treatment induced the cleavage of PARP‑1 as indicative of apoptosis. (C) qPCR was 
performed to estimate expression alterations of anti‑apoptotic and pro‑apoptotic genes after GNF‑5837 treatment for 48 h in 786O cells. **P<0.01 vs. the control 
(Con). (D) Western blot analysis was performed to verify the alteration of survivin protein. Representative images from at least three independent experiments 
are shown.
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alone did not affect the active levels of TrkA and TrkB kinases, 
which were greatly suppressed upon GNF‑5837 treatment. In 
contrast, sunitinib effectively reduced the activities of ERK 
and AKT kinases (Fig. 6B). By comparison, the combined 

treatment with sunitinib and GNF‑5837 mainly yielded a 
cooperative inhibition on ERK activity. As the ERK cascade 
is critical for cell growth and survival, the synergistic action of 
GNF‑5837 and sunitinib may exert cell toxicity via the repres-
sion of the ERK cascade.

GNF‑5837 suppresses cell migration. About one‑third of 
patients with RCC present with metastatic disease at diagnosis. 
Metastatic RCCs are poorly responsive to treatment and have 
a poorer prognosis. Pharmacological modulation of tumor 
metastasis contributes to improved clinical outcome. Indeed, 
Trk signaling combined with neurotrophins is reported 
to stimulate cell migration and invasion  (9,10). Thus, we 
performed wound healing assay to assess whether GNF‑5837 
inhibits cell migration. As shown in Fig. 7A and B, GNF‑5837 
treatment was able to reduce the migratory distance of 786O 
and Caki‑2 cells compared with the control group. As one 
small GTPase, Rac1, mediates cytoskeleton rearrangements 
to facilitate synaptic plasticity and tumor metastasis, we 
further investigated the effect of GNF‑5837 on Rac1 activity. 
As shown in Fig. 7C, GNF‑5837 treatment reduced the phos-
phorylation level of Rac1, accounting for the impaired cell 
migration.

Figure 5. GNF‑5837 cooperates with sunitinib to inhibit RCC. (A) 786O and Caki‑2 cells were incubated with increasing concentrations of GNF‑5837 in the 
presence or absence of 20 µM sunitinib for 24 h. Cell viability was determined by MST assay. Data represent mean ± SD of three independent experiments. 
*P<0.05, vs. the control (Con). (B) The proportion of apoptotic 786O cells was evaluated by flow cytometry using Annexin V‑FITC/PI staining following 
treatment with 20 µM sunitinib alone or in combination with 20 µM GNF‑5837 for 24 h. (C) The influence of sunitinib and GNF‑5837 (alone or both) on the 
cleavage of PARP‑1 protein in 786O and Caki‑2 cells. RCC, renal cell carcinoma.

Figure 6. GNF‑5837 cooperates with sunitinib to inhibit the ERK cascade. 
(A and B) 786O cells were incubated with 20 µM GNF‑5837 and/or 20 µM 
sunitinib for 24 h. Then western blot analysis was performed for the evalua-
tion of phosphorylation levels (p‑) of TrkA and TrkB (A) and ERK and AKT 
(B). Representative images from at least three independent experiments are 
shown.
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Discussion

RCC is a lethal and invasive tumor, and continues to present 
a major therapeutic challenge. Diverse growth factors and 
their corresponding kinase receptors are aberrantly expressed 
in this malignancy and contribute to tumor cell growth and 
invasion (11). Targeting growth factors and/or their receptors 
presents a promising therapeutic strategy for RCC. In the 
present study, we demonstrated that the pan‑Trk inhibitor 
GNF‑5837 exerts its cytotoxicity on RCC cells by inducing 
growth arrest and apoptosis.

Neurotrophins are growth factors that play important 
roles in neurogenesis during development and regeneration. 
The family of neurotrophins include nerve growth factor 
(NGF), brain derived neurotrophic factor (BDNF), neuro-
trophin‑3 (NT‑3) and neurotrophin‑4/5 (NT‑4/5)  (12‑14). 
Four mammalian neurotrophins bind to two distinct types 
of receptors: Tropomyosin receptor kinase (Trk) receptors 
and the p75 neurotrophin receptor (p75NTR) (15,16). The 
Trk receptors are high‑affinity NGF receptors and trans-
membrane tyrosine kinases. The Trk receptors include TrkA, 
TrkB and TrkC, each of which exhibits different specifici-
ties for neurotrophins (17,18). NGF has preferential affinity 
for TrkA, BDNF and NT‑4/5 for TrkB, and NT‑3 for TrkC. 
The p75 neurotrophin receptor (p75NTR) is the low‑affinity 
NGF receptor and belongs to the tumor necrosis factor (TNF) 
receptor superfamily (19).

Trk receptors activate and autophosphorylate tyrosine 
residues in their intracellular tails, triggering various down-
stream signaling pathways that involve cytoplasmic adaptors 

and enzymes such as extracellularly regulated kinases (ERKs), 
phosphatidyl inositol kinase 3 (PI3K) and phospholipase C 
(PLC) (20,21). Binding of a neurotrophin to Trk receptors 
predominantly leads to promotion of cell survival, prolif-
eration, and differentiation. Each neurotrophin also binds to 
p75NTR and activates multiple signaling pathways including 
the c‑Jun N‑terminal kinase (JNK) signaling cascade, which 
can enhance neuronal survival or induce cell death depending 
on cellular context (15,22).

Neurotrophins also participate in physiological events 
outside of the nervous system, such as embryonic development, 
vascularization and organ homeostasis. In addition, increasing 
evidence has shown that neurotrophins and their receptors are 
involved in the growth, angiogenesis, dissemination, and drug 
resistance in different tumor types (10,11). Neurotrophins and 
its receptors are abnormally overexpressed in lung, pancreatic, 
breast, liver, skin, ovarian, thyroid, and gastric tumors. For 
instance, primary and metastatic melanoma cell lines synthe-
size and secrete all neurotrophins and express both p75NTR 
and Trk receptors (11). Neurotrophin and their receptors are 
frequently found yielding an autocrine stimulation of tumor 
cell proliferation and metastasis (12,19,20). It is well known that 
NGF/TrkA as a mitogenic signal promotes cell proliferation 
and invasion in breast cancer via signaling pathways similar to 
those implicated in neuronal development, such as ERK and 
AKT cascades (17). Additionally, NGF was found to modulate 
self‑renewal and plasticity of tumor stem cells, and was found 
to be involved in the promotion of epithelial‑mesenchymal 
transition (EMT) (22). In ovarian carcinomas, NGF activates 
TrkA in granulosa cells, where it functions as an indirect 

Figure 7. GNF‑5837 inhibits cell migration. (A and B) Wound healing assays were performed on 786O and Caki‑2 cells in the absence or the presence of 20 µM 
GNF‑5837. Then, representative images were captured at x10 magnification after treatment for 24 h. (C) Western blot analysis was performed for the evaluation 
of the phosphorylation level (p‑) of Rac1 after GNF‑5837 treatment for 24 h.
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angiogenic factor by enhancing vascular endothelial growth 
factor (VEGF) expression, resulting in tumor cell prolifera-
tion, migration and vasculogenesis (18). BDNF is also known 
to participate in the cell division and dissemination of tumor 
cells through autocrine stimulation of TrkB and p75NTR. 
Aberrant BDNF/TrkB signaling is recognized as a driver and 
potential target in gastrointestinal cancer  (13). Functional 
experiments have illuminated that BDNF administration 
promotes tumor cell proliferation, invasion and migration in 
both gastric and bowel cancer cell lines, as well as tumor cell 
metastasis in mouse models (14,16).

Multiple studies (11‑13,15,18,20,22) have highlighted the 
potential utility of neurotrophins and their receptors as diag-
nostic and prognostic biomarkers in malignancies of diverse 
origins. Both TrkA and p75NTR are increased in thyroid 
cancer, and in particular TrkA expression is highly associ-
ated with lymph node invasion, implicating its involvement 
in tumor metastasis (15). NGF may serve as a biomarker of 
high‑grade prostate cancer. Urinary NGF levels, as analyzed 
in a cohort of 115 prostate cancer patients, were found to be 
significantly correlated with tumor grade (Gleason  score) 
and were thought to contribute to nerve infiltration in the 
tumor microenvironment (23). Studies in ovarian cancer have 
unveiled a dramatically increased expression of NGF, TrkA, 
and p75NTR in tumor tissues (21). In gastric cancer, BDNF 
is overexpressed and correlated with factors reflecting disease 
progression and poor prognosis, pointing to its value as a 
diagnostic and prognostic factor of clinical significance (13). 
Moreover, colorectal cancer patients with higher levels of 
BDNF and TrkB display greatly worse overall survival and 
elevated cancer metastasis (14).

However, the detailed effects of neurotrophin signaling 
in RCC largely remain unclear. Comprehensive molecular 
profiling has identified the abnormal activation of NGF 
signaling in metastatic clear cell renal cell carcinoma (24). A 
cohort study of 83 clear cell RCC tumors showed that overex-
pression of p75NTR, pro‑BDNF, and to a lesser extent TrkB 
was detected by immunohistochemistry (16). In particular, 
p75NTR, mainly expressed in tumor tissues, was highly corre-
lated with a higher Fuhrman grade in multivariate analysis. 
p75NTR inhibition by silencing or blocking antibody repressed 
cell survival and migration in RCC cell lines. Meanwhile, TrkB 
silencing caused apoptosis, inhibited proliferation, retarded 
invasion as well as improved antitumor efficiency of sorafenib 
in anoikis‑resistant RCC cells (25).

Trk inhibitors such as KK5101, GNF‑5837, AZD6918, 
GW441756 and GNF‑4256, have exhibited suppressive effects 
on tumor proliferation, migration, and metastasis (26‑30). 
In the present study, we observed that a pan‑Trk inhibitor 
GNF‑5837 exerted inhibitory effects on cell proliferation, 
survival and migration in RCC cells. GNF‑5837 greatly 
suppressed the activation of TrkA and TrkB in 786O and 
Caki‑2 cells, thereby leading to the inhibition of downstream 
signals such as ERK and AKT kinases. As ERK and AKT 
kinases are important downstream modulators of Trk recep-
tors, their inhibition should negatively regulate cell growth 
and survival. We further observed that GNF‑5837 effectively 
induced G0/G1‑phase arrest, increased p21 expression and 
downregulated c‑Myc to achieve growth inhibition. qPCR 
analysis revealed that the expression of anti‑apoptotic 

Survivin was downregulated by GNF‑5837. Conversely, 
the pro‑apoptotic gene Bax was greatly induced following 
GNF‑5837 treatment. Despite that, our results indicated 
that GNF‑5837 is a moderate apoptosis inducer. Seemingly, 
GNF‑5837 mainly exerts cell toxicity via inhibiting cell 
growth. In addition, neurotrophins are closely linked with 
cell migration of neural cells  (9,10). Herein, our results 
indicated that GNF‑5837 also suppressed cell migration 
in RCC cells. Neurotrophin receptors have been shown 
to alter the expression of E‑cadherin and Twist, thereby 
affecting epithelial‑to‑mesenchymal transition (EMT) and 
cell migration (31). BDNF‑TrkB was sufficient to activate 
the Rho GTPase proteins Rac1 and Cdc42 to modulate 
cytoskeleton rearrangements, leading to the facilitation of 
synaptic plasticity (32). Our findings showed that GNF‑5837 
treatment impeded Rac1 activation, which contributed to the 
suppression of cell migration. Overall, our results further 
shed light on the putative effects of neurotrophin signaling 
in the pathological progress of RCC. Therefore, inhibition of 
neurotrophins and their receptors may be a novel potential 
therapeutic strategy for RCC. Despite that, it is essential to 
explore the origin of neurotrophins such as NGF and BDNF, 
and the precise role of distinct receptors in RCC. In addition, 
the present study was limited as it did not investigate the 
effects of GNF‑5837 on normal renal cells.

In fact, a subset of preclinical trials have shown that 
blockade of neurotrophin/receptor by neutralizing antibody, 
siRNA‑mediated silence, or pharmacological inhibition causes 
the inhibition of growth and invasion in a variety of human 
tumors. For instance, targeting NGF signaling via anti‑NGF or 
anti‑TrkA blocking antibodies has demonstrated tumor growth 
inhibition, reduced metastasis, and increased cancer cell apop-
tosis in breast cancer xenografted mice (33). Furthermore, 
siRNA‑mediated knockdown of TrkA in breast cancer cells 
suppressed cancer cell growth and cell cycle progression with 
stagnation at G0/G1 phase, also increased chemo‑sensitivity 
to paclitaxel and reduced the incidence of lung metastasis 
in xenograft models (34). Similarly, knockdown of TrkB in 
human lung adenocarcinoma cancer cell lines significantly 
decreased their migratory and metastatic ability in vitro and 
in vivo (35).

Tumor cells may escape the antagonism of VEGF 
signaling using other parallel pathways, such as neurotrophin 
signaling. Herein, we provided evidence that GNF‑5837 can 
potentiate sunitinib‑induced cytotoxicity via inhibition of 
TrkA and TrkB. Despite that, we lacked in vivo tumorigenic 
assessment and the combined effects on cell invasion. The 
combined treatment of GNF‑5837 and sunitinib mainly inter-
rupted ERK activity. Thus, the enhanced suppression on cell 
growth and survival may be attributed to ERK inhibition. In 
fact, a previous study noted that ERK signaling plays a role 
in the generation of sunitinib resistance in RCC patients 
receiving anti‑angiogenic therapy  (36). However, it is still 
unclear whether there is a synergistic effect of GNF‑5837 and 
sunitinib. A series of experiments is needed to determine the 
combination index and associated mechanisms. Meanwhile, it 
is also obscure whether GNF‑5837 can impede the generation 
of sunitinib resistance. Further investigation is still required to 
explore whether neurotrophins and their receptors are involved 
in sunitinib resistance.
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