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Abstract. Lung cancer is one of the most prevalent cancer types 
worldwide, and non‑small‑cell lung cancer (NSCLC) accounts 
for ~85% of all lung cancer cases. Despite the notable prevalence 
of NSCLC, the mechanisms underlying its progression remain 
unclear. The present study investigated the involvement of 
FK506‑binding protein 51 (FKBP51) in NSCLC development 
and determined the factors associated with FKBP51 modifica-
tion for NSCLC treatment. Immunohistochemical analysis was 
performed to analyze FKBP51 expression in human NSCLC 
tissue samples. Additionally, flow cytometry was performed to 
observe the apoptosis of FKBP51‑overexpressing A549 cells. 
A dual‑luciferase reporter assay was performed to confirm the 
association between FKBP51 and p53 expression, and western 
blotting was performed to analyze the effects of FKBP51 on the 
p53 signaling pathway. Finally, cell viability was measured using 
a Cell Counting Kit‑8 assay. The results suggested FKBP51 
downregulation in human lung cancer. Furthermore, apoptosis 

rates may be increased in FKBP51‑overexpressing A549 cells. 
Moreover, FKBP51 promoted p53 expression and subsequent 
p53 signaling pathway activation. These results indicated that 
FKBP51 promoted A549 cell apoptosis via the p53 signaling 
pathway. Additionally, FKBP51 enhanced the sensitivity of A549 
cells to cisplatin. Collectively, these data suggested that FKBP51 
could serve as a biomarker for human lung cancer and can thus 
be tailored for incorporation into NSCLC therapy in the future.

Introduction

Lung cancer is the leading cause of cancer‑related mortality 
worldwide, and non‑small‑cell lung cancer (NSCLC) accounts 
for ~85% of all lung cancer cases (1). To date, several management 
strategies such as surgery, radiochemotherapy, immunotherapy 
and other targeted approaches have been applied for NSCLC (2). 
However, the mortality rate of patients with NSCLC remains 
high (1,3). Therefore, it is imperative to investigate efficient 
treatment strategies to incorporate into NSCLC treatment.

FK506‑binding protein 51 (FKBP51) is a member of the 
immunophilin family that is involved in multiple signaling 
pathways, tumorigenesis and chemoresistance  (4,5). As a 
genetic factor regulating the hypothalamic‑pituitary‑adrenal 
(HPA) axis, FKBP51 plays an important role in stress 
regulation (6,7). However, the functions of FKBP51 in the 
tumorigenesis of lung cancer remains to be elucidated. FKBP51 
protein contains two domains: FK506‑binding domains (FK1 
and FK2) and tetratricopeptide‑repeat (TPR) domains. These 
unique domains contribute to the different roles of FKBP51 
in different cancerous tissues  (6,8,9). FKBP51 is robustly 
stimulated by steroid hormones such as progesterone, gluco-
corticoid and androgen, but not by estrogen (10). Moreover, 
the TPR domains can form a super complex with a steroid 
receptor (11); therefore, these domains play important roles 
in cellular processes. FKBP51 is reportedly overexpressed 
in prostate cancer and glioma tissues and also contributes to 
the promotion of tumorigenesis and cancer development (11). 
Moreover, FKBP51 may promote tumorigenesis by acting on 
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cell metastasis (12). Nevertheless, FK506‑binding domains 
could interact with AKT to promote AKT dephosphoryla-
tion, thereby hindering cancer development (13‑16). FKBP51 
is expressed in almost all normal human tissues, including 
lung tissue, and is overexpressed in patients with melanoma, 
prostate cancer, lymphoma, head and neck cancer and brain 
cancer (5,17). By contrast, it is downregulated in endometrial 
adenocarcinoma, pancreatic cancer colon cancer and testicular 
cancer (18). Furthermore, FKBP51 can bind to beclin‑1, modi-
fying its phosphorylation and protein levels, enhancing the 
levels of autophagy markers and autophagic flux (19,20).

Up to 50‑80% of patients with NSCLC exhibit inactiva-
tion or loss of tumor suppressor p53 (3,21). Moreover, tumor 
suppressor p53 is a transcription factor that responds to carci-
nogenic stress (22,23). In addition, mutant p53 cells were found 
to be sensitive to chemotherapy and to show decreased AKT 
expression (24,25). p53 may inhibit AKT activation and promote 
cellular autophagy (26). However, to the best of our knowledge, 
the association between FKBP51 and cellular apoptosis via the 
p53 signaling pathway in NSCLC, and the extent to which this 
association impedes tumorigenesis, remains to be clarified.

In the present study, tissue samples from lung cancer patients 
were collected, and the association between lung cancer and 
FKBP51 was examined using immunohistochemistry (IHC). 
Additionally, the effects of FKBP51 on tumor cell apoptosis 
were explored, as evidenced by FKBP51 overexpression in the 
A549 cell line. Finally, the association between FKBP51 and 
the p53 signaling pathway was studied and the role of FKBP51 
in the sensitivity of A549 cells to cisplatin was examined.

Materials and methods

Human lung carcinoma and healthy lung tissues. The study 
was approved by the Institutional Ethics Committee of Hunan 
Normal University. A total of 15 paired primary lung carcinoma 
tissue specimens and samples of their respective adjacent normal 
tissues were collected from patients who underwent complete 
surgical resection from January 2018 to December 2018 at the 
Hunan Tumor Hospital. All samples were obtained at the time of 
operation, immediately snap‑frozen in liquid nitrogen, and stored 
at ‑80˚C. Patients in this study did not receive chemotherapy 
or radiation therapy before surgical resection. An experienced 
pathologist established the pathological diagnosis for each 
patient. In total, 7 of the 15 patients (age, 48‑70 years; 3 women 
and 12 men) were diagnosed with tumor‑node‑metastasis (TNM) 
stage I/II tumors, while the remaining 8 were diagnosed with 
TNM stage III/IV tumors. Lymph node metastasis was observed 
in 4 patients. All patients provided their signed informed consent 
before study participation.

Immunohistochemistry. The collected tissue samples were 
fixed in 10% neutral formalin at 4˚C overnight, embedded 
in paraffin, and sliced to obtain 4‑µm‑thick sections. 
Immunostaining was performed using the streptavidin peroxi-
dase method. The sections were incubated with monoclonal 
rabbit anti‑FKBP51 antibody (1:250; cat. no. ab126715; Abcam) 
overnight at 4˚C, followed by incubation with biotinylated goat 
anti‑rabbit immunoglobulin G secondary antibody (1:500; 
cat. no. CW0109; Beijing Cwbio Biotech Co., Ltd.) for 30 min 
at 37˚C. After washing with PBS, sections were incubated 

with horseradish peroxidase‑conjugated streptavidin‑biotin 
(Servicebio G1211; Wuhan Servicebio Technology Co., Ltd.) 
and developed at room temperature for 2 min with 3‑diami-
nobenzidine tetrahydrochloride (Sinopharm Chemical Reagent 
Co., Ltd.). Finally, the samples were lightly counterstained at 
room temperature for 10 min with hematoxylin, dehydrated 
in alcohol, and mounted. The slides were semiquantitatively 
scored by evaluating the staining intensity and the percentage 
of stained cells in representative areas. The staining intensity 
was scored as 0 (no signal), 1 (weak), 2 (moderate), or 3 (high) 
points. The percentage of cells stained was scored as 1 (1‑25%), 
2 (26‑50%), 3 (51‑75%), or 4 (76‑100%) points. A final score of 
0‑12 points was obtained by multiplying the staining intensity 
by the percentage of cells stained. Adjacent nontumorous tissue 
samples were designated as having positive FKBP51 expres-
sion when a score of ≥5 points was noted. Conversely, samples 
presenting weak expression (1‑4  points) or no expression 
(0 points) were defined as displaying a lack of FKBP51 expres-
sion. All samples were observed using a light microscope (x200 
and x400 magnification; Olympus Corporation).

Cell culture. The NSCLC cell line A549 was purchased from 
the American Type Culture Collection and stored in liquid 
nitrogen. A549 cells are human alveolar basal epithelial 
adenocarcinoma cells and are commonly used in lung cancer 
research (27). A549 cells were maintained at 37˚C under a 
humidified atmosphere containing 5% CO2 and cultured in 
RPMI 1640 medium supplemented with 10% FBS (Gibco; 
Thermo Fisher Scientific, Inc.), with 2.0  mM glutamine, 
100 µg/ml ampicillin and 100 U/ml streptomycin sulfate.

Plasmid construction and transfection. Total RNA from cells was 
extracted using an EZNA® Total RNA kit I (Omega Bio‑Tek, Inc.) 
according to the manufacturer's instructions. RNA was reverse tran-
scribed to cDNA using the PrimeScript RT Reagent kit (Takara Bio, 
Inc.). FKBP51 was amplified from cDNA by PCR and subcloned 
into the pCMV‑tag2B (Agilent Technologies, Inc.) plasmid to obtain 
a FKBP51 expression vector using the ClonExpress II One‑Step 
Cloning kit (Vazyme Biotech Co., Ltd.). PCR was performed using 
the following primer pair: Forward 5'‑ACG​ACG​ATA​AGA​GCC​
CGG​GCA​TGA​CTA​CTG​ATG​AAG​GTG​C‑3' and reverse 5'‑ATT​
AAG​GTA​CCG​GGC​CCC​CCT​CAT​ACG​TGG​CCC​TCA​GGT​T‑3'. 
The following cycling conditions were used: Initial denaturation 
at 95˚C for 3 min, followed by 30 cycles of 95˚C for 30 sec, 60˚C 
for 30 sec and 72˚C for 90 sec, and a final extension at 72˚C for 
5 min. PCR products were obtained using a DNA Gel Recovery 
kit (Beyotime Institute of Biotechnology). For transfection, A549 
cells were seeded in 24‑well plates at a density of 2x104 cells/well 
and incubated for 14 h. Then, transfection was performed using the 
vectors (0.5 µg) mixed with Lipofectamine® 2000 (Thermo Fisher 
Scientific, Inc.) at a ratio of 1:2 (volume/volume), according to the 
manufacturer's specifications.

Dual‑luciferase reporter assay. A549 cells in 24‑well plates 
were co‑transfected with pCMV‑tag2B, pCMV‑tag2B‑FKBP51 
(Agilent Technologies, Inc.), pRL‑TK and pGL4.1‑p53‑LUC 
(Promega Corporation). The total amount of plasmid was 
balanced with the empty vector for each transfection using the 
vectors (0.5 µg) mixed with Lipofectamine® 2000 (Thermo 
Fisher Scientific, Inc.) at a ratio of 1:2 (volume/volume). The 
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cells were harvested and lysed with the Dual‑Luciferase® 
Reporter Assay System (Promega Corporation) on ice at 24 h 
after transfection. Relative luciferase activity against Renilla 
luciferase activity was used for normalization. The data above 
were analyzed using GloMax® 20/20 Luminometer (Promega, 
Inc.). The plasmids pCMV‑tag2B were used as negative controls.

Western blotting. To prepare total protein extracts, cells were 
collected at 48  h post‑transfection and lysed using RIPA 
buffer (Beijing Cwbio Biotech Co., Ltd.) at 4˚C for 10 min. 
Subsequently, the mixture was centrifuged at 12,000 x g at 
4˚C for 10 min, and the supernatant was transferred to a fresh 
tube. Total protein concentration was detected using a BCA 
assay (Beyotime Institute of Biotechnology). Proteins (50 µg) 
were separated by 10% SDS‑PAGE and transferred onto 
PVDF membranes (EMD Millipore). After blocking in 5% 
non‑fat milk for 1 h at room temperature, the membranes were 
incubated with the appropriate primary antibody overnight at 
4˚C, followed by a secondary antibody incubation for 2 h at 
room temperature. Bands were visualized with the Tanon 5500 
Multi Automatic Chemiluminescence‑Fluorescence Image 
Analysis System (Tanon Science & Technology Co., Ltd.).

Anti‑FLAG primary antibodies were purchased from 
Abcam (1:1,000; cat. no. ab205606). Anti‑β‑actin, ‑p53, ‑Bcl‑2 
and ‑cleaved caspase‑3 were purchased from Cell Signaling 
Technology, Inc. (1:1,000; cat. nos. 4970, 2527, 4223, 9664, 
respectively). Goat anti‑rabbit IgG‑HRP was purchased from 
Cwbio (1:5,000; cat. no. CW0103S).

Flow cytometry. Apoptosis levels were measured using the 
FITC‑Annexin V Apoptosis Detection kit (Becton, Dickinson 
and Company). The FKBP51 expression plasmid was trans-
fected into the cells in a culture flask for 48 h. Before testing, 
the cells were trypsinized, resuspended in 500 µl binding buffer 
[10 mM HEPES (pH 7.4), 140 mM NaCl, 1 mM MgCl2, 5 mM 
KCl and 2.5 mM CaCl2] containing 5 µl FITC‑conjugated 
Annexin V and 5 µl propidium iodide (PI), and incubated at 
room temperature in the dark for 10 min. A total of 1x105 cells 
were harvested and analyzed using the BD FACSCalibur™ 
flow cytometer (Becton, Dickinson and Company). Following 
PI excitation with an argon ion laser at a wavelength of 488 nm 
and acceptance through a filter at a wavelength of 630 nm, 
1x104 cells were collected using the forward scatter/side scatter 
scatterplot method to exclude mutually adherent cells and cell 

Figure 1. FKBP51 and p53 expression is downregulated in lung cancer. FKBP51 expression was determined using immunohistochemistry and p53 expression 
was assessed using western blotting. (A) Immunohistochemical staining of FKBP51 in the adjacent and lung carcinoma (x200 and x400 magnification). 
Representative IHC images of 15 lung carcinoma samples collected from Hunan Tumor Hospital. Scale bar, 20 µm for x200 images, 10 µm for x400 images. 
(B) FKBP51 expression in lung cancer tissues and adjacent tissues. (C) Left panel: Western blots of FKBP51 and p53 protein. β‑actin was used as the loading 
control. Right panel: Quantitative map of protein expression levels. Data were derived from three independent experiments. *P<0.05, ***P<0.001. FKBP52, 
FK506‑binding protein 51.
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debris. The percentage of cells in each phase of cell cycle was 
presented on the PI fluorescence histogram.

Cell Counting Kit‑8 (CCK8) assay. A549 cells were seeded 
into a 96‑well plate at a density of 5x103/well and cultured in 
5% CO2 atmosphere at 37˚C. Cisplatin (Selleck Chemicals, 
Inc.) was dissolved in dimethyl sulfoxide (Sigma‑Aldrich; 
Merck KGaA). The cells were cultured for 16 h before transfec-
tion with pCMV‑tag2B‑FKBP51, followed by treatment with 
cisplatin (20 µM) for 24 h. Finally, CCK8 (MedChemExpress) 
was added to the plate in the vehicle group. The CCK8 assay 
was performed according to the manufacturer's guidelines 
after 4 h of incubation.

Statistical analysis. SPSS 19.0 software (IBM Corp.) was used 
for statistical analysis. Results of IHC and clinical correlations 
were evaluated using the χ2 test. Data are expressed as the 
mean ± SD. Student's t‑test was used to evaluate the differences 
between the two groups, with P<0.05 considered to indicate a 
statistically significant difference.

Results

FKBP51 and p53 expression are downregulated in human 
lung carcinoma. A total of 15 paired primary lung carcinoma 
tissue samples were collected to investigate the role of FKBP51 

in lung carcinoma development and IHC was performed to 
examine the association between FKBP51 expression and lung 
cancer development. FKBP51 expression in lung cancer tissue 
samples was significantly lower compared with that in adjacent 
tissues (Fig. 1A). Western blotting revealed that FKBP51 and 
p53 levels were decreased in lung carcinoma tissues compared 
with adjacent tissues (Fig. 1B).

FKBP51 overexpression promotes A549 cell apoptosis. Since 
FKBP51 expression was downregulated in lung carcinoma 
tissue, it was hypothesized that this protein may play a role in 
lung cancer development. To test this hypothesis, FKBP51 was 
overexpressed in A549 cells and cellular apoptosis was detected 
using flow cytometry. FLAG expression significantly increased 
after transfection compared with empty vector controls, indi-
cating that FKBP51 was successfully overexpressed in A549 
cells (Fig. 2A). Flow cytometry revealed that FKBP51 overex-
pression in A549 cells significantly promoted cellular apoptosis 
compared with empty vector controls (Fig. 2B and C).

FKBP51 promotes A549 cell apoptosis through activation 
of the p53 signaling pathway. Since FKBP51 was shown to 
promote A549 cell apoptosis, the expression of proteins known 
to be involved in tumorigenesis pathways was investigated to 
further elucidate the molecular mechanisms underlying this 
process. The p53 signaling pathway was found to be involved 

Figure 2. FKBP51 overexpression promotes cellular apoptosis. (A) FKBP51 overexpression in A549 cells was demonstrated by western blotting. β‑actin was 
used as the loading control. (B) Flow cytometric apoptosis measurement of A549 cells transfected with pCMV‑tag2B‑FKBP51 and pCMV‑tag2B plasmids. 
(C) Quantitative map of protein expression levels. FKBP51‑overexpressing cells showed a higher apoptotic rate compared with control cells. *P<0.05. EV, 
empty vector; LR, early apoptotic cells; UR, late apoptotic and dead cells; LR + UR, all apoptotic cells; FKBP52, FK506‑binding protein 51.
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in apoptosis regulation by FKBP51. A dual‑luciferase reporter 
assay was performed to examine the association between 
FKBP51 and p53. p53 levels were significantly increased in 
FKBP51‑overexpressing A549 cells compared with control 
cells (Fig. 3A). To further confirm whether the p53 signaling 
pathway was involved in FKBP51‑mediated promotion of 
apoptosis, p53 levels were detected using western blotting. p53 
and caspase‑3 levels were significantly increased while Bcl‑2 
levels were significantly decreased in FKBP51‑overexpressing 
A549 cells compared with control cells (Fig.  3B). These 
results suggested that FKBP51 functions by activating the p53 
signaling pathway in A549 cells.

FKBP51 contributes to the sensitivity of A549 cells to cisplatin. 
The resistance of tumor cells to drugs has been known to hinder 
cancer treatment to a certain extent (18). The cell viability of A549 
cells was tested using a CCK8 assay. FKBP51‑overexpressing 
A549 cells showed a significantly lower survival rate following 
cisplatin exposure compared with empty vector controls 
(Fig. 4). This finding suggested that FKBP51 improves the 
sensitivity of A549 cells to cisplatin.

Discussion

Although the diagnosis and treatment of NSCLC has been well 
explored, this malignant condition only has a 5‑year survival rate 
of <15% (28). A combination of cisplatin‑based chemotherapy 

and EGFR tyrosine kinase inhibitors (TKIs) represents a rela-
tively common approach to NSCLC treatment; however, drug 
resistance is an inevitable factor (29). Moreover, substantial 
evidence indicates that FKBP51 plays an important role in stress 
biology, metabolism, pain signaling and the ability to upregulate 
gene expression via stress and glucocorticoid hormones (4,7,30). 
Meanwhile, studies have shown that FKBP51 may be a potential 

Figure 3. FKBP51 promotes A549 cell apoptosis by activating the extracellular p53 signaling pathway. (A) Dual‑luciferase reporter assay of A549 cells 
transfected with plasmid combined with pCMV‑tag2B, pCMV‑tag2B‑FKBP51, and pGL4.1‑p53‑LUC. (B) Left panel: Levels of p53, Bcl‑2, and caspase‑3 in 
FKBP51‑overexpressing and control cells measured by western blotting; Right panel: Quantitative map of protein expression levels. Data were derived from 
three independent experiments. *P<0.05, **P<0.01, ***P<0.001. EV, empty vector; FKBP52, FK506‑binding protein 51.

Figure 4. FKBP51 increases the sensitivity of A549 cells to cisplatin. 
Proliferation rate of FKBP51‑overexpressing A549 cells transfected with 
empty vector or treated with cisplatin, as measured by a CCK‑8 assay. Data 
were derived from three independent experiments. **P<0.01. EV, empty 
vector; CCK‑8, Cell Counting Kit‑8; FKBP52, FK506‑binding protein 51.
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target for prostate cancer treatment (10,11,31). In the present 
study, FKBP51 expression was detected in human lung cancer 
and healthy tissues using IHC. FKBP51 expression in NSCLC 
was significantly lower compared with healthy lung tissues. 
This effect revealed that lower FKBP51 expression was asso-
ciated with lung cancer development. Subsequently, FKBP51 
expression was examined in lung cancer tissues using western 
blotting. It was found that FKBP51 and tumor suppressor p53 
were poorly expressed in lung carcinoma tissues compared 
with adjacent tissues, suggesting that FKBP51 plays a role in 
inhibiting lung cancer development. However, the potential 
molecular mechanisms of FKBP51 in NSCLC remain unclear.

To investigate whether FKBP51 was involved in apoptosis 
in lung cancer, FKBP51 was overexpressed in A549 cells. The 
results showed that FKBP51 plays a key role in the regulation 
of apoptosis in irradiated melanoma cells and FKBP51 was 
regarded as a candidate marker for the identification of suitable 
melanoma tumors (19,32). As previously mentioned, FKBP51 
may be associated with apoptosis in melanomas. However, to 
our knowledge, no study on FKBP51 inducing apoptosis in lung 
cancer has been reported. In this present study, the fusion protein 
FLAG‑FKBP51 was overexpressed in A549 cells. FKBP51 
overexpression resulted in a significant increase in the number 
of apoptotic A549 cells, suggesting that FKBP51 inhibits lung 
cancer development by promoting cellular apoptosis.

FKBP51 inhibits AKT activation, leading to the inhibition 
of cell proliferation in endometrial adenocarcinomas  (15). 
Furthermore, FKBP51 binds to beclin‑1, thereby promoting 
cell apoptosis in melanoma cells (19). p53 inactivation promotes 
cell apoptosis by suppressing Bcl‑2 activity and promoting 
caspase‑3 expression (30,33‑35). Bcl‑2 binds to p53 to inhibit its 
activity and thus inhibit apoptosis (36,37). Caspase‑3 stimulates 
cell death via apoptosis (25,38,39). These studies revealed that 
the FKBP51 was involved in the P53 signaling pathway and 
induces and apoptotic phenotype in cancer cells. Thus, the flow 
cytometry results demonstrated that FKBP51 may promote 
apoptosis in lung cancer cells and inhibits NSCLC develop-
ment. Moreover, FKBP51 was found to promote p53 expression. 
Among the downstream effectors, Bcl‑2 was downregulated 
and caspase‑3 was upregulated. These results suggested that 
FKBP51 blocks NSCLC development by promoting A549 cell 
apoptosis via the p53 signaling pathway.

The resistance of tumor cells to drugs often reduces the 
efficacy of chemotherapy. Thus, improving the sensitivity of 
tumor cells to drugs is of great significance in the treatment 
of cancer (40,41). Previous studies have shown that FKBP51 
increases the sensitivity of pancreatic cancer to chemotherapy 
drugs (13,16). Chemotherapy is one of the key options avail-
able for the treatment of NSCLC (42). Thus, improving the 
drug sensitivity of NSCLC is crucial. Our study showed that 
the FKBP51 acts as an transducer of the chemotherapy drug 
cisplatin. When FKBP51 is overexpressed, the sensitivity of 
NSCLC cells to cisplatin was increased, which is of benefit for 
clinical treatment of this cancer type.

In conclusion, FKBP51 is downregulated in human lung 
cancer tissues. FKBP51 overexpression in A549 cells promoted 
cellular apoptosis. Additionally, FKBP51 increased enhanced 
the activity of the p53 signaling pathway, suggesting that 
FKBP51 can block lung cancer progression via this pathway. 
Finally, FKBP51‑overexpressing A549 cells showed increased 

sensitivity to cisplatin. Collectively, our results suggested that 
FKBP51 can be a therapeutic target for NSCLC.
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