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Abstract. Clear cell renal cell carcinoma (ccRCC) has been 
associated with one of the highest mortality rates among all 
cancers. Fatty acid binding proteins (FABPs) are 14-15 kDa 
proteins that are highly abundant in the cytosol of most tissues. 
FABP5, a member of the FABP family, has been observed 
to promote tumor cell growth in numerous cancer types. In 
order to investigate the function of FABP5 in ccRCC cells 
in the present study, RNA sequencing data from The Cancer 
Genome Atlas were analyzed to determine the expression 
levels of FABP5 in ccRCC patient samples. Survival and Cox 
regression analyses were performed to measure the association 
between FABP5 expression and clinicopathological features 
of patients with ccRCC. Subsequent in vitro experiments 
downregulated or overexpressed FABP5 in Caki-1 and 
786O ccRCC cells using lentiviral vectors to evaluate cell 
proliferation ability, and a xenograft transplantation model was 
established to examine the effect of FABP5 on tumorigenesis 
in vivo. The results demonstrated that FABP5 expression was 
significantly upregulated in samples from patients with ccRCC 
when compared with normal tissue samples. High FABP5 
expression was also significantly correlated with tumor and 

metastasis classifications and predicted poor survival in 
patients with ccRCC. In ccRCC cells, silencing of FABP5 
significantly inhibited cell proliferation, while overexpression 
of FABP5 promoted cell proliferation when compared 
to the respective controls. In addition, treatment with the 
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/AKT 
inhibitor, LY294002, attenuated the pro-proliferative effects 
of exogenous FABP5 expression in Caki-1 and 786O cells. 
This indicated that the PI3K/AKT signaling pathway may be 
partially involved in the FABP5-mediated increase in ccRCC 
cell proliferation. Furthermore, FABP5 was observed to 
regulate tumor growth in nude mice in vivo. In conclusion, the 
results of the present study suggest that FABP5 may exert a 
pro-proliferative role in ccRCC and may be associated with 
malignant progression and tumorigenesis.

Introduction

The kidney is an important organ that is responsible 
for maintaining homeostasis in the human body. The 
urine-producing functional unit of the kidney is the nephron, 
which consists of a renal corpuscle and tubules. Kidney 
cancer, also known as renal cancer, originates from cells in 
the kidney. The two most common types of renal cancer are 
renal cell carcinoma (RCC) and urothelial cell carcinoma. 
RCC is a heterogeneous disease that arises from the proximal 
convoluted tubular epithelium, and is the most common type 
of adult renal cancer (1, 2). Clear cell (cc) RCC accounts for 
~80% of all RCC cases (3). Surgical excision is effective for the 
majority of patients with ccRCC; however, disease recurrence 
or distant metastasis occurs in ~30% of patients (4,5).

The phosphatidylinositol-4,5-bisphosphate 3-kinase 
(PI3K)/AKT signaling pathway is involved in numerous 
diverse cellular functions, including cell proliferation (6), 
differentiation (7), angiogenesis (8) and autophagy (9). The 
PI3K/AKT signaling pathway also affects epithelial-mesenchymal 
transition (EMT) via multiple regulatory mechanisms, which 
influences tumor aggressiveness (10). In addition, the PI3K/AKT 
signaling pathway has been demonstrated to regulate cell 
proliferation and invasion in ccRCC cell lines (11,12).
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Fatty acid binding proteins (FABPs) are 14-15 kDa proteins 
that are highly abundant in the cytosol of most tissues. Nine 
mammalian FABPs have thus far been identified, and they 
contain highly conserved structures (13,14). FABPs display a 
high affinity for long‑chain fatty acids (FAs) and regulate lipid 
metabolism in different tissues (15), including the brain (16), 
intestine and liver (13). FABPs also mediate the biological 
properties of tumor cells. For instance, FABP7, an FABP 
expressed in the mammalian central nervous system, has been 
demonstrated to regulate glioblastoma cell proliferation (17).

Recently, FABP5, which promotes tumor cell growth 
in cervical cancer, was identified as a potential biomarker 
for lymph node metastasis (18,19). FABP5 gene silencing 
inhibited the proliferation and invasion of human SGC-7901 
gastric cancer cells in vitro (20), and FABP5 stimulated 
hepatocellular carcinoma progression and metastasis via 
EMT (21). Considering the pivotal functions of the PI3K/AKT 
signaling pathway in tumor cells, particularly ccRCC cells, we 
hypothesized that FABP5 may affect ccRCC cell function via 
the PI3K/AKT signaling pathway.

In the present study, the function of FABP5 in ccRCC cell 
lines was investigated and the results suggest that FABP5 
may present a putative prognostic biomarker for patients with 
ccRCC and provide a novel perspective for the role of FABPs 
in tumor biology.

Materials and methods

Bioinformatics prediction using the The Cancer Genome 
Atlas (TCGA) database. RNA sequencing data from TCGA 
(https://cancergenome.nih.gov/) was used to assess the 
correlation between FABP5 mRNA expression levels and 
clinicopathological features of patients with ccRCC. The 
expression of FABP5 in all samples was sorted from low to 
high, and the median expression was selected as the cutoff 
value to distinguish patients with low and high expression. 
The median number was 75.32635. Overall survival and 
disease-free survival analysis were performed according to 
a previously described method (22). A total of 246 patient 
samples with associated clinical parameters were selected for 
further analysis.

Cell culture and transfection. Caki-1 (cat. no. GCC-KI0004RT) 
and 786O (cat. no. GCC-KI0003RT) ccRCC cell lines were 
purchased from Shanghai GeneChem, Co., Ltd. (Shanghai, 
China). All cells were cultivated in complete medium 
consisting of Dulbecco's modified Eagle's medium/F12 
(Corning Inc., Corning, NY, USA) and 10% fetal bovine serum 
(Clark Bioscience, Richmond, VA, USA). The GV112 RNA 
interference (RNAi) system (Shanghai GeneChem Co., Ltd.) 
was used to generate lentiviruses expressing short interfering 
RNA sequences targeting FABP5 (LV-FABP5-RNAi). 
This system contains a U6 promoter-driven multiple 
cloning site (MCS) and a cytomegalovirus promoter-driven 
puromycin gene. The target sequence of FABP5 was 
5'-TGGGAAGGAAAGCACAATA-3' (20). Lentiviral vectors 
overexpressing FABP5 (LV-FABP5) were purchased from 
Shanghai GeneChem Co., Ltd. directly and were generated using 
the GV492 system (Shanghai GeneChem Co., Ltd.). Briefly, 
expression from an MCS combined with a 3xFLAG tag is driven 

by the ubiquitin promoter, and green fluorescent protein (GFP) 
and puromycin expression are driven by the cellobiohydrolase 
promoter. The negative control lentiviruses, LV-NC-RNAi and 
LV-NC, were also purchased from Shanghai GeneChem Co., 
Ltd. The scrambled sequence used for the LV-NC-RNAi was 
as follows: 5'-TTCTCCGAACGTGTCACGT-3'. An empty 
lentiviral vector was used to transfect cells in the LV-NC 
group.

Prior to transfection, cells were seeded in six-well plates at 
a density of 1x105 cells/well in complete medium and incubated 
overnight. Lentiviruses (multiplicity of infection=10) together 
with 5 µg/ml polybrene, was then added to the cells. At 24 h 
following infection, the culture medium was replaced with 
fresh medium containing 2 µg/ml puromycin (Sangon Biotech 
Co., Ltd., Shanghai, China), followed by positive selection for 
3 days. The cells were then maintained in complete medium 
containing 1 µg/ml puromycin. The PI3K/AKT signaling 
pathway inhibitor, LY294002, was purchased from MedChem 
Express (Monmouth Junction, NJ, USA) and added to the 
culture medium at a concentration of 20 µM for 24 h to inacti-
vate the PI3K/AKT signaling pathway in vitro.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted using a UNIQ-10 Spin 
Column RNA Purification kit (Sangon Biotech Co., Ltd.). A 
total of 1 µg total RNA was prepared and first‑strand cDNA 
was synthesized using the RevertAid First Strand cDNA 
Synthesis kit (Fermentas; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). cDNA was subsequently analyzed using 
a StepOnePlus Real-Time PCR system (Thermo Fisher 
Scientific, Inc.) using AceQ qPCR SYBR Green Master Mix 
(Vazyme, Piscataway, NJ, USA). The following primers were 
used: FABP5, forward, 5'-GCATTGGTTCAGCATCAG-3', 
and reverse, 5'-ATCCGAGTACAGGTGACA-3'; β-actin 
(control reference gene), forward, 5'-TAGTTGCGTTACACC 
CTTTCTTG-3', and reverse, 5'-CACCTTCACCGTTCCAGT 
TTT‑3'. The thermal cycling parameters were as follows: 95˚C 
for 5 min, followed by 40 cycles at 95˚C for 10 sec and 60˚C for 
30 sec. The expression of FABP5 was normalized to β-actin 
and the expression level was calculated using the 2-∆∆Cq 
method (23).

Western blotting. Western blotting was performed according 
to previously reported methods (24). Briefly, following culture 
for 24 h, a Tissue or Cell Total Protein Extraction kit (Sangon 
Biotech Co., Ltd.) was used to extract total protein from cells. 
Protein concentrations were determined using the Enhanced 
BCA Protein assay kit (Beyotime Institute of Biotechnology, 
Haimen, China) and 30 µg total protein was loaded and 
separated by 10% SDS-PAGE. Proteins were transferred 
onto polyvinylidene fluoride (PVDF) membranes following 
electrophoresis. All membranes were blocked with 5% non-fat 
milk (cat. no. A600669; Sangon Biotech Co., Ltd.) for 1 h at 
room temperature and then incubated with primary antibodies 
at 4˚C overnight. Following washing with 1X Tris‑buffered 
saline and Tween-20 (TBST) solution (0.1% Tween; Sangon 
Biotech Co., Ltd.) three times (for 5 min each time), the 
membranes were then incubated with secondary antibodies 
at room temperature for 4 h. The PVDF membranes were 
incubated with the following primary antibodies: Mouse 
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anti-β-actin (dilution, 1:1,000; cat. no. 3700; Cell Signaling 
Technology, Inc., Danvers, MA, USA); rabbit anti-FABP5 
(dilution, 1:1,000; cat. no. 33191; GeneTex, Inc., Irvine, CA, 
USA), mouse anti-FLAG (dilution, 1:1,000; cat. no. AF519; 
Beyotime Institute of Biotechnology), rabbit anti-AKT 
(dilution, 1:1,000; cat. no. 4685; Cell Signaling Technology, 
Inc.), rabbit anti-phosphorylated (p)-AKT (Ser 473; dilution, 
1:1,000; cat. no. 4060; Cell Signaling Technology, Inc.) 
and rabbit anti-p-AKT (Thr 308; dilution, 1:1,000; cat. 
no. 13038; Cell Signaling Technology, Inc.). The secondary 
antibodies used were as follows: Horseradish peroxidase 
(HRP)-conjugated goat anti-mouse (dilution, 1:3,000; cat. 
no. D110103; Sangon Biotech Co., Ltd.) and HRP-conjugated 
goat anti-rabbit (dilution, 1:3,000; cat. no. D110058; Sangon 
Biotech Co., Ltd.). The membranes were washed with TBST 
3 times (for 5 min each time) and detected using enhanced 
chemiluminescence reagent (cat. no. E411; Vazyme). The 
immunoreactive membranes were scanned using the Chemidoc 
XRS system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). 
Relative protein expression levels were calculated using Image 
Lab software (Bio-Rad Laboratories, Inc.).

Cell viability assay. Cells were first seeded at a density of 
2x103 cells/well in 96-well plates for 24, 48 and 72 h. A total of 
10 µl Cell Counting kit-8 (CCK-8) reagent (Beyotime Institute 
of Biotechnology) was then added to each well and cells were 
incubated for 1 h. The optical density (OD) at 450 nm was 
then measured using a Synergy 2 Enzyme Mark instrument 
(BioTek Instruments, Inc., Winooski, VT, USA). Cell viability 
was expressed as a percentage and was calculated using the 
following formula: (ODdrug-treated group / ODcontrol group) x 100 (25).

5‑ethynyl‑2'‑deoxyuridine (EdU) assay. Cells were seeded at 
a density of 2x105 cells/well in 6-well plates and incubated for 
24 h. The cells were then treated with 50 µM EdU reagent 
(Guangzhou RiboBio Co., Ltd., Guangzhou, China) followed 
by Apollo-567 reaction cocktail (Guangzhou RiboBio Co., Ltd.) 
for 30 min. Following three washes with phosphate-buffered 
saline, cells were counterstained with Hoechst (dilution 
1:1,000; Guangzhou RiboBio Co., Ltd.) for 10 min at room 
temperature for nuclear staining. All cells were observed using 
an EVOS FL Imaging System (Thermo Fisher Scientific, Inc.).

Cell migration assay. A wound-healing assay was performed 
using a 35 mm μ‑Dish with a culture insert (ibidi GmbH, 
Planegg, Germany). Briefly, 2x104 cells/well were seeded 
onto the inserts and cultured in 70 µl complete medium. To 
estimate cell migration ability, the culture inserts were gently 
removed to create a space ~500 µm in diameter. Each well was 
then filled with 1 ml fresh medium. Photographs of the wound 
areas were taken using the EVOS FL Imaging System (Thermo 
Fisher Scientific, Inc.) immediately (0‑h time point), and at 6, 
12 and 24 h following generation of the wound. The migration 
index was subsequently calculated, which was considered 
as the distance migrated by the treated group relative to the 
distance migrated in the control group (26).

Cell invasion assay. Transwell chambers with 8-µm pores 
(EMD Millipore, Billerica, MA, USA) were used to measure 
the invasion ability of cells. Briefly, the upper chambers 

were pre-coated with Matrigel (BD Biosciences; Becton, 
Dickinson and Company, Franklin, Lakes, NJ, USA) for 1 h, 
and 2x104 cells in 300 µl serum-free medium were seeded 
into the upper chamber. A total of 1 ml complete medium was 
added into the lower chamber. Following incubation at 37˚C 
for 24 h, the cells on the upper surface of the chamber were 
removed, fixed in 4% paraformaldehyde for 10 min at room 
temperature, and stained with 0.1% crystal violet (Sangon 
Biotech, Co., Ltd.) for 1 h at room temperature. Stained cells 
were counted using the EVOS FL Imaging System (Thermo 
Fisher Scientific, Inc.).

Xenograft model and immunohistochemistry analysis. A total 
of 24 BALB/c male mice (age, 4-6 weeks) were purchased 
from the Animal Experimental Center of Nantong University 
(Nantong, China). All mice were treated under pathogen-free 
conditions in cages according to protocols approved by 
Nantong University, and the present study was approved by 
the Ethics Committee of Nantong University. Briefly, 5x106 
Caki-1 cells were diluted in 100 µl serum-free medium and 
inoculated subcutaneously into the left flank of each mouse. 
At 60 days following inoculation, all mice were euthanized 
by CO2, where the flow rate displace no more than 30% of the 
chamber volume/minute according to the American Veterinary 
Medical Association guidelines (27). The tumor tissues were 
then excised, and the tumor volumes (V) were calculated 
using the following formula: V = ½ (length x width2). Tumor 
tissues were fixed in 4% paraformaldehyde for 2 h at room 
temperature, and subsequently placed in a 20% sucrose 
solution for 24 h. All tissues were then frozen at ‑20˚C and 
cut into 10-µm sections for immunohistochemistry analysis. 
Tissue sections were blocked using 5% bovine serum albumin 
(cat. no. A500023; Sangon Biotech, Co., Ltd.) for 2 h at room 
temperature. Then, tissue sections were incubated with rabbit 
anti-Ki67 antibodies (dilution, 1:100; cat. no. PA5-19462; 
Thermo Fisher Scientific, Inc.) overnight at 4˚C, followed 
by incubation with Alexa Fluor 594-labeled anti-rabbit IgG 
(dilution, 1:1,000; cat. no. 8889S; Cell Signaling Technology, 
Inc.) at room temperature for 2 h. Cells were then stained with 
Hoechst solution (dilution 1:1,000; Guangzhou RiboBio Co., 
Ltd.) for 10 min at room temperature. Cells were examined 
using an Olympus laser confocal microscope (Olympus 
Corporation, Tokyo, Japan).

Statistical analysis. Data from at least three independent 
exper iments were collected and expressed as the 
mean ± standard error of the mean. A Student's t-test or one-way 
analysis of variance followed by Student-Newman-Keuls or 
least significant difference post hoc tests was used to analyze 
the results. The SPSS 23.0 (IBM Corp., Armonk, NY, USA) 
software package was employed for statistical analyses. 
Survival analysis was performed using the Kaplan-Meier 
method and groups were compared using the log-rank test, 
according to a previous report (22). A χ2 test was performed on 
selected clinical samples to determine the association between 
FABP5 expression and clinicopathological features of patients 
with ccRCC. Univariate and multivariate Cox regression 
analysis was used to evaluate the prognostic significance 
of specific features. P<0.05 was considered to indicate a 
statistically significant difference.
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Results

FABP5 is upregulated and correlates with poor survival in 
patients with ccRCC. Using the profiles published in TCGA, 
FABP5 expression was observed to be upregulated in ccRCC 
samples when compared with adjacent normal samples 
(P<0.001; Fig. 1A). The overall survival (P<0.001; Fig. 1B) 
and disease-free survival curves demonstrated that patients 
with higher FABP5 expression exhibited significantly shorter 
survival rates when compared with patients exhibiting lower 
FABP5 expression levels (P<0.01; Fig. 1C). These results 
indicate that higher FABP5 expression in patients with ccRCC 
may be associated with poor survival.

The TNM classification system is a recognized standard 
for grading the extent of disease in patients with cancer (28). 
‘T’ represents the size of the primary tumor, ‘N’ reflects the 
extent of metastasis to regional lymph nodes, and ‘M’ refers to 
the distant metastasis of tumor cells. In addition, the grade (G) 
classification is used to describe the degree of differentiation 
of cancer cells. As shown in Table I, further analysis revealed 
that FABP5 was expressed at lower levels in early-stage 
tumors (Stages I + II) and at higher levels in more advanced 
stages (III + IV). In addition, an association between FABP5 
expression and T and M classification was observed (P<0.05); 
however, FABP5 expression did not correlate with N or G 
classification, age or gender (P>0.05; Table I). Furthermore, 
univariate Cox regression analysis demonstrated that high 
FABP5 expression was an unfavorable prognostic parameter 
in patients with ccRCC (P<0.01; Table II). Multivariate Cox 
regression analysis revealed that age (P<0.05) and M stage 
(P<0.01) were also unfavorable prognostic indicators.

FABP5 knockdown inhibits ccRCC cell growth and 
decreases p‑AKT expression. To investigate the function 
of FABP5 in ccRCC cells, Caki-1 and 786O cell lines 
transfected with FABP5-RNAi were generated and FABP5 
expression was first determined. These cells were observed 
to be stably transfected with FABP5-RNAi, as indicated 
by the significantly lower levels of FABP5 mRNA in 
the FABP5-RNAi group compared with their respective 
negative controls (P<0.01; Fig. 2A). As demonstrated in 
Fig. 2B and C, the viability of these cell lines was significantly 
reduced in the FABP5-RNAi group when compared with the 
NC-RNAi group at 24, 48 and 72 h following transfection 

(all P<0.001 vs. NC-RNAi group apart from 786O cells 
at 24 h, P<0.01). An EdU assay was then used to measure 

Figure 1. (A) Increased FABP5 expression in clear cell renal cell carcinoma tissues when compared with adjacent normal tissues. (B) Overall and (C) disease 
free survival curves demonstrating significantly lower survival rates of patients with high expression of FABP5 when compared with patients with low FABP5 
expression. ***P<0.001, as indicated. FABP5, fatty acid binding protein 5.

Table I. Association between FABP5 expression and the clini-
copathological characteristics of patients with clear cell renal 
cell carcinoma.

 FABP5 gene
 expression
 (patients, no.)
 ---------------------------
Characteristic Low High Total P-value χ2

Age (years)    0.369   1.052
  ≤60 59 51 110  
  >60 64 72 136  
Sex    0.794   0.153
  Female 47 50 97  
  Male 76 73 149  
T classification    0.002 10.498
  T1+T2 85 60 145  
  T3+T4 38 63 101  
N classification    0.784   0.303
  N0 117 115 232  
  N1+N2 6 8 14  
M classification    0.039   4.946
  M0 109 96 205  
  M1 14 27 41  
G classification    0.072   3.707
  G1+G2 62 47 109  
  G3+G4 61 76 137  
Stage classification    0.005   8.659
  Stage I+II 78 55 133  
  Stage III+IV 45 68 113  
Survival status    0.002 10.805
  Live 89 64 153  
  Dead 34 59 93  

FABP5, fatty acid binding protein 5. Bold print denotes a statistically 
significant difference.
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the proliferative ability of the FABP5-RNAi cell lines. The 
results demonstrated that the proportion of EdU-positive 
Caki-1 and 786O cells was decreased in the FABP5-RNAi 
group compared with the respective control cells (P<0.05; 
Fig. 2D and E). Considering the pivotal functions of the 
PI3K/AKT signaling pathway in tumor cells, particularly 
ccRCC cells (11,12), the level of p-AKT in FABP5-RNAi 
cells was examined. As shown in Fig. 3A-D, FABP5 and 
p-AKT levels were decreased in Caki-1 and 786O cells [all 
P<0.001 vs. NC-RNAi group apart from p-AKT (Ser 473), 
P<0.01] suggesting that reduced FABP5 expression may 
decrease cell proliferation by inhibiting the PI3K/AKT 
signaling pathway.

Overexpression of FABP5 promotes ccRCC cell growth. In 
order to investigate the role of FABP5 in ccRCC further, the 
effect of exogenous FABP5 expression on ccRCC cells was 
examined. Transfected Caki-1 and 786O cells expressed 
GFP (Fig. 4A) and cells in the LV-FABP5 group exhibited 
significantly higher FABP5 mRNA levels when compared with 
controls (P<0.01; Fig. 4B). CCK-8 assay analysis indicated that 
the proliferative ability of FABP5-overexpressing cells was 
significantly increased in Caki‑1 and 786O cells (all P<0.001 
vs. LV-NC group apart from Caki-1 cells at 24 h, P<0.01; 
Fig. 4C and D). Consistent with these results, the EdU assay also 
demonstrated an increased proportion of proliferating Caki-1 
and 786O cells in the FABP5-overexpression group when 

Table II. Univariate and multivariate Cox regression analysis of FABP5 expression with the clinicopathological characteristics of 
patients with clear cell renal cell carcinoma.

 Univariate Cox Multivariate Cox
 -------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------
 95% CI 95% CI
 ------------------------------------------ -----------------------------------------
Characteristics P-Value HR Lower Upper P-Value HR Lower Upper

Sex   0.789 1.059 0.697 1.608    
Age   0.042 1.548 1.015 2.362 0.019 1.670 1.090 2.561
T stage <0.001 2.947 1.945 4.466 0.489 1.349 0.577 3.151
N stage    0.001 3.114 1.609 6.029 0.136 1.695 0.847 3.394
M stage <0.001 4.042 2.618 6.242 0.001 2.540 1.489 4.335
G stage <0.001 2.487 1.580 3.915 0.058 1.609 0.983 2.633
Stage <0.001 3.329 2.159 5.132 0.534 1.348 0.526 3.458
FABP5 gene expression   0.001 2.032 1.332 3.1 0.107 1.45 0.923 2.276

FABP5, fatty acid binding protein 5; HR, hazard ratio; CI, confidence interval. Bold print denotes a statistically significant difference.

Figure 2. (A) Decreased FABP5 mRNA levels in Caki-1 and 786O cells in the FABP5-RNAi group. Decreased viability of (B) Caki-1 and (C) 786O cells in 
the FABP5-RNAi group at all time points. (D) Fewer EdU-positive Caki-1 and 786O cells were observed in the FABP5-RNAi group when compared with the 
NC‑RNAi control group (scale bar, 200 µm). (E) Quantification of the EdU staining results. *P<0.05, **P<0.01 and ***P<0.001 vs. NC-RNAi group. FABP5, 
fatty acid binding protein 5; RNAi, RNA interference; NC, negative control; EdU, 5-ethynyl-2'-deoxyuridine.
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Figure 3. Western blotting results demonstrating that FABP5 and p-AKT protein levels were decreased in (A and B) Caki-1 and (C and D) 786O cells in the 
FABP5-RNAi group when compared with the respective NC-RNAi groups. **P<0.01 and ***P<0.001 vs. NC-RNAi. FABP5, fatty acid binding protein 5; p-, 
phosphorylated; RNAi, RNA interference; NC, negative control.

Figure 4. Following transfection of Caki‑1 and 786O cells with LV‑NC or LV‑FABP5, (A) cells were observed to express green fluorescent protein (scale 
bar, 200 µm). (B) FABP5 mRNA levels were increased in LV-FABP5-transfected Caki-1 and 786O cells. The viability of (C) Caki-1 and (D) 786O cells was 
increased in the LV-FABP5 group when compared with the LV-NC group at all time points. (E) The number of EdU-positive Caki-1 and 786O cells in the 
LV‑FABP5 group was higher than the LV‑NC group (scale bar, 200 µm). (F) Quantification of the EdU staining results. *P<0.05, **P<0.01 and ***P<0.001 
vs. LV-NC. LV, lentivirus; NC, negative control; FABP5, fatty acid binding protein 5; EdU, 5-ethynyl-2'-deoxyuridine.
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compared with the negative controls (P<0.05; Fig. 4E and F). 
Considering that FABP5 knockdown inhibited ccRCC cell 
growth and decreased p-AKT expression, the authors of 
the current study hypothesized that exogenous FABP5 may 
promote the proliferation of ccRCC cells via activating the 
PI3K/AKT signaling pathway.

Inhibit ion of PI3K/AKT signaling alleviates the 
pro‑proliferative effects of exogenous FABP5 expression. To 
investigate the role of FABP5 in regulating the PI3K/AKT 
signaling pathway in ccRCC cells further, 20 µM LY294002 
was used to inhibit the PI3K/AKT signaling pathway in 
Caki-1 and 786O cells in vitro. As shown in Fig. 5A and B, 
LY294002 treatment significantly reduced the viability 
of FABP5-overexpressing cells, as demonstrated by the 
CCK-8 assay results in Caki-1 (all P<0.001 vs. LV-FABP5 
group; LV-NC group vs. LV-NC+LY294002 group, P<0.01; 
LV-FABP5+LY294002 group vs. LV-NC+LY294002 group, 
P<0.05; Fig. 5A) and in 786O (all P<0.001 apart from LV-NC 
group vs. LV-FABP5+LY294002 group, P<0.05; Fig. 5B) 
cells. Consistent with these observations, the results of the 
EdU assay (Fig. 5C-E) also indicated that the number of 

EdU-positive FABP5-overexpressing Caki-1 (all P<0.01 
vs. LV-FABP5 group apart from LV-NC group, P<0.05; 
LV-NC vs. LV-NC+LY294002, P<0.05; Fig. 5D) and 786O 
(all P<0.001 vs. LV-FABP5 group apart from LV-NC group, 
P<0.01; LV-NC group vs. LV-NC+LY294002 group, P<0.05; 
Fig. 5E) cells were significantly decreased following treatment 
with LY294002.

Western blotting analysis verified that exogenous 
FABP5 expression (indicated as FABP5-FLAG or FLAG; 
Fig. 5F and H) could be detected in FABP5-overexpressing 
cells. FABP5-FLAG or FLAG expression was detected in 
the LV-FABP5 group, indicating the exogenous FABP5 
was successfully expressed in these cells. By contrast, 
FABP5-FLAG or FLAG was not detected in the LV-NC 
group, which confirmed that there was no exogenous FABP5 
expression in the LV-NC group. These results demonstrated 
that exogenous FABP5 was successfully expressed in the 
LV-FABP5 group of cells. As shown in Fig. 5F-I, the level 
of p-AKT in Caki-1 and 786O cells from the LV-FABP5 
group was significantly increased when normalized to 
β-actin and compared with controls. Accordingly, treatment 
with LY294002 significantly decreased p-AKT levels in 

Figure 5. Exogenous FABP5 expression increased the viability of (A) Caki-1 and (B) 786O cells, whereas LY294002 treatment decreased the viability of 
FABP5-overexpressing cells as determined using the CCK-8 assay. (C) An EdU assay demonstrated that the proportion of EdU-positive Caki-1 and 786O 
cells in the LV‑FABP5 group were decreased following LY294002 treatment (scale bar, 200 µm). Quantification of the EdU staining results in (D) Caki‑1 and 
(E) 786O cells. (F) Western blotting results demonstrating exogenous FABP5 expression in the LV-FABP5 group (indicated as FABP5-FLAG and FLAG) 
and the upregulation of p-AKT in Caki-1 cells from the LV-FABP5 group. LY294002 treatment decreased the level of p-AKT in FABP5-overexpressing 
Caki‑1 cells. (G) Quantification of the western blotting results in Caki‑1 cells. (H) Western blotting results demonstrating exogenous FABP5 expression in 
the LV-FABP5 group (indicated as FABP5-FLAG and FLAG) and the upregulation of p-AKT in 786O cells from the LV-FABP5 group. LY294002 treatment 
decreased the level of p‑AKT in FABP5‑overexpressing 786O cells. (I) Quantification of the western blotting results in 786O cells. *P<0.05, **P<0.01 and 
***P<0.001, as indicated. FABP5, fatty acid binding protein 5; CCK-8, Cell Counting kit-8; EdU, 5-ethynyl-2'-deoxyuridine; LV, lentivirus; p-, phosphorylated; 
NC, negative control.
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FABP5-overexpressing Caki-1 (P<0.001; Fig. 5G) and 
786O cells (all P<0.001 apart from p-AKT (Thr308) in 
LV-FABP5+LY294002 group vs. LV-NC+LY294002 group, 
P<0.05; Fig. 5I). However, LY294002 treatment did not 
affect the expression of endogenous FABP5 (indicated 
as FABP5 only; Fig. 5F-H). Taken together, these results 
suggest that the PI3K/AKT signaling pathway may 
participate in FABP5-induced proliferation of ccRCC cells, 
and that inhibiting PI3K/AKT signaling may suppress the 
pro-proliferative effects of FABP5 in ccRCC cells.

The migration and invasion abilities of Caki-1 and 
786O cells in the FABP5-RNAi and NC-RNAi groups 
were then investigated in the present study. As indicated in 
Fig. 6, silencing of FABP5 did not affect the migration and 
invasion abilities of ccRCC cells at all time points. Similarly, 
overexpression of FABP5 was not associated with a significant 
effect on the migration or invasion of Caki-1 and 786O cells 
when compared with controls (Fig. 6).

FABP5 affects tumorigenesis in nude mice. To evaluate the 
effect of FABP5 on tumorigenesis, Caki-1 cells were injected 

into nude mice. The tumor volumes in the FABP5-RNAi group 
of mice were significantly smaller than those in the NC‑RNAi 
groups (P<0.01; Fig. 7A and B), and the maximum tumor 
diameter was 1.01 cm. The proportion of Ki67-positive cells 
in the FABP5‑RNAi group was also significantly lower than 
that in the control group (P<0.01; Fig. 7C and D). Furthermore, 
the protein expression were normalized to β-actin, the FABP5 
and p-AKT were decreased in the FABP5-RNAi group (all 
P<0.001 vs. NC-RNAi group apart from p-AKT (Thr308), 
P<0.01; Fig. 7E and F). However, following inoculation of mice 
with FABP5-overexpressing Caki-1 cells, the average volume 
of tumors in these mice (LV‑FABP5 group) was significantly 
larger than those in the LV-NC group (P<0.05; Fig. 8A and B), 
and the maximum tumor diameter was 1.41 cm. In addition, 
the proportion of Ki67-positive cells was increased in 
LV-FABP5 group (P<0.01; Fig. 8C and D), and the expression 
of p‑AKT in the LV‑FABP5 group were significantly higher 
than that in the LV-NC group when normalized to β-actin 
(P<0.01; Fig. 8E and F). The primary FABP5 antibody 
is able to detect both endogenous FABP5 and exogenous 
FABP5-FLAG expression. Exogenous expression of FABP5 

Figure 6. Effect of FABP5 (A) knockdown on Caki‑1 cell migration (scale bar, 200 µm) and (B) quantification of the results. Effect of FABP5 (C) overexpres-
sion on Caki‑1 cell migration (scale bar, 200 µm) and (D) quantification of the results. Effect of FABP5 (E) knockdown on 786O cell migration (scale bar, 
200 µm) and (F) quantification of the results. Effect of FABP5 (G) overexpression on 786O cell migration (scale bar, 200 µm) and (H) quantification of the 
results. Effect of FABP5 (I) knockdown and (J) overexpression on the invasion of Caki‑1 and 786O cells (scale bar, 100 μm). FABP5, fatty acid binding 
protein 5; LV, lentivirus; NC, negative control; RNAi, RNA interference.
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(indicated as FABP5-FLAG or FLAG) was also detected 
in FABP5-overexpressing cells, indicating that exogenous 

FABP5 was successfully expressed in cells of LV-FABP5 
group Using the GV492 vector, the FABP5 sequence was 

Figure 7. (A) Images of xenograft tumors and (B) tumor volumes in the FABP5-RNAi and NC-RNAi groups (scale bar, 1 cm). (C) Fluorescence images and 
(D) quantified fluorescence levels demonstrating that the proportion of Ki67‑positive cells in the FABP5‑RNAi group was reduced when compared with the 
NC‑RNAi group (scale bar, 50 µm). (E) Western blotting images and (F) quantified protein expression levels demonstrating that FABP5 and p‑AKT were 
decreased in the FABP5-RNAi group when compared with the NC-RNAi group. **P<0.01 and ***P<0.001 vs. NC-RNAi group. FABP5, fatty acid binding 
protein 5; RNAi, RNA interference; NC, negative control; p-, phosphorylated.

Figure 8. (A) Images of xenograft tumors and (B) tumor volumes in the LV-FABP5 and LV-NC groups (scale bar, 1 cm). (C) Fluorescence images and 
(D) quantified fluorescence levels demonstrating that the proportion of Ki67‑positive cells in the LV‑FABP5 group was higher than in the LV‑NC group 
(scale bar, 50 µm). (E) Western blotting images and (F) quantified protein expression levels demonstrating that exogenous expression of FABP5 (indicated as 
FABP5-FLAG and FLAG) was detected, and that p-AKT expression was increased in the LV-FABP5 group when compared with the LV-NC group. *P<0.05 
and **P<0.01 vs. LV-NC. LV, lentiviral; FABP5, fatty acid binding protein 5; NC, negative control; p-, phosphorylated.
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directly combined with the FLAG tag. Following transfection 
of cells with LV-FABP5, exogenous FABP5-FLAG could 
be detected, however this did not affect endogenous FABP5 
expression (Fig. 8E and F). In addition, the FLAG tag is ~3 kDa 
and FABP5 is ~15 kDa; therefore, exogenous FABP5-FLAG is 
~18 kDa in size. As a result, the use of the FABP5 or FLAG 
antibodies to detect exogenous FABP5-FLAG expression 
identified the ~18 kDa protein band in cells transfected with 
LV‑FABP5, but not in the LV‑NC group. This confirmed that 
there was no exogenous FABP5 expression in the LV-NC 
group. These results support the notion that FABP5 exerts 
a pro-proliferative role and contributes to tumorigenesis in 
ccRCC in vivo.

Discussion

FABPs are a group of small, highly conserved proteins that 
bind long-chain FAs (29). As FA transportation-associated 
proteins, FABPs are divided into two groups according to 
their cellular location; plasma membrane-associated FABPs 
and cytoplasmic FABPs (30,31). Cytoplasmic FABPs are a 
group of lipid-binding proteins with low molecular masses of 
~14-15 kDa. The primary function of cytoplasmic FABPs is 
their involvement in lipid metabolism. Various FABPs exhibit 
unique patterns of expression in tissues; however, FABPs are 
not exclusively expressed in certain cell types (32). For instance, 
FABP5 and FABP7 were identified in adult rat hippocampal 
neural progenitor cells and in newborn rat neurons (33).

FAs function as signaling compounds to regulate 
metabolic networks, survival pathways and inflammatory 
responses in various cancers. As transporters of FAs, FABPs 
also modulate tumor cell growth, metabolism, migration, 
differentiation, and development (34). FABPs have been 
identified as target genes of peroxisome proliferator‑activated 
receptors (PPARs) (35,36), and PPARs may also be stimulated 
by FABPs to enhance their transcriptional activities in cancer 
cells (37,38). In addition, numerous signaling pathways and 
molecules may facilitate FABP-induced tumor progression, 
such as the mitogen-activated protein kinase (MAPK) (39), 
the Src/focal adhesion kinase/cell division cycle 42 (40), reac-
tive oxygen species (41) and epidermal growth factor receptor 
(EGFR) (42) signaling pathways.

FABP5, also known as epidermal FABP, is upregulated 
in many types of tumors, and previous studies have also 
demonstrated that FABP5 is overexpressed in several 
types of human cancer cells (13,18,20,21,34). In prostate 
cancer cells, FABP5 contains a typical CpG island around 
its promoter region, and the overexpression of FABP5 
is attributed to hypomethylation of this CpG island (43). 
Consequently, silencing of FABP5 led to a significant 
decrease in cell proliferation. FABP5 facilitates the malignant 
progression and tumorigenicity of prostate cancer cells via 
the FABP5‑PPARγ‑vascular endothelial growth factor signal 
transduction axis (44). FABP5 is also expressed at higher 
levels in breast cancer tissues; the FABP5/PPARδ axis induces 
breast cancer cell proliferation, migration and invasion by 
activating EGFR (45,46), and suppression of FABP5 may 
present a strategy to overcome retinoic acid (RA)-resistant 
breast cancer (36). In addition, FABP5 promotes tumorigenesis 
in numerous additional types of cancer, such colorectal 

cancer (47), cervical cancer (18), hepatocellular carcinoma (21), 
and gastric cancer (20). In the present study, FABP5 expression 
was observed to be significantly higher in samples from 
patients with ccRCC when compared with normal control 
specimens, and FABP5 expression was significantly correlated 
with tumor stage. These results suggest that FABP5 may be 
associated with the malignant progression of ccRCC cells and 
may serve an important role in tumorigenesis. In addition, 
the overall survival and disease-free status curves indicated 
that survival rates were significantly decreased in patients 
with higher FABP5 expression. Univariate Cox regression 
analysis further revealed that high FABP5 expression was 
an unfavorable prognostic parameter. Taken together, these 
results suggest that FABP5 expression significantly correlates 
with the clinical characteristics and survival of patients with 
ccRCC.

The PI3K/AKT signaling pathway is normally activated 
by extracellular signals in cells and functions as a crucial 
intracellular signaling pathway in tumorigenesis. This 
pathway regulates a number of functions in cancer cells, 
such as cellular metabolism, tumor development, growth, 
proliferation and metastasis (48,49). Progress in uncovering 
PI3K/AKT alterations and their roles in tumorigenesis has 
enabled the development of novel targeted molecules for 
anticancer treatment (48-51). ccRCC is the most aggressive 
subtype of RCC and accounts for the vast majority of kidney 
cancer-associated deaths. This subtype is notoriously resistant 
to traditional chemotherapy and radiotherapy (52). The 
primary signaling pathways underlying ccRCC pathogenesis 
include the PI3K/AKT and MAPK signaling pathways (53). 
Elevated Notch1 signaling exerts its tumor growth-promoting 
effects via the PI3K/AKT signaling pathway (54,55) and 
the oncogenic effects of specific microRNAs and the long 
non-coding RNA, promoter of CDKN1A antisense DNA 
damage activated RNA, also involve the activation of this 
pathway (56,57).

In the present study, FABP5 was observed to promote 
the proliferation of Caki-1 and 786O ccRCC cells. 
Silencing of FABP5 significantly inhibited ccRCC cell 
proliferation, while overexpressing FABP5 promoted cell 
proliferation. The results also revealed that silencing of 
FABP5 significantly decreased the p‑AKT expression levels, 
while overexpression of FABP5 upregulated p-AKT levels. 
The authors of the current study hypothesized that FABP5 
may regulate ccRCC cell proliferation via the PI3K/AKT 
signaling pathway. To test this hypothesis, the AKT inhibitor, 
LY294002, was used to inactivate the PI3K/AKT signaling 
pathway. The results demonstrated that LY294002 treatment 
attenuated the pro-proliferative effects of FABP5 in Caki-1 
and 786O cells, suggesting that the PI3K/AKT signaling 
pathway, at least in part, may be involved in FABP5-induced 
cell proliferation.

It was previously reported that FABP5 silencing inhibited 
the invasion and migration of gastric cancer cells and breast 
cancer cells (18-20). By contrast, the present study observed 
that FABP5 silencing did not affect the migration or invasion 
of ccRCC cells, indicating that the intrinsic properties of 
ccRCC cells may differ from gastric and breast cancer cells, 
and FABP5 might exert different functions in different 
cancer cells, which required further investigation. To better 
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understand the role of FABP5 in ccRCC, its effects on cell 
cycle progression, cell proliferation and colony formation 
require further investigation in future studies. In addition, 
future experiments investigating the association between 
FABP5, AKT phosphorylation and cancer metastasis will be 
performed.

In conclusion, the present study revealed that FABP5 
expression was upregulated in ccRCC samples when 
compared with normal tissues. High FABP5 expression was 
significantly correlated with tumor stage and predicted poor 
patient survival. In addition, the results indicated that FABP5 
exerted a pro-proliferative role in Caki-1 and 786O ccRCC 
cells in vitro. Furthermore, the results indicated that the 
PI3K/AKT signaling pathway may be involved in mediating 
FABP5-induced ccRCC cell proliferation.
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