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Abstract. Activin A, a member of the transforming growth 
factor‑β (TGF‑β) superfamily, has been implicated in the 
tumorigenesis and progression of various cancers. However, it 
remains unclear whether activin A induces apoptosis in human 
lung adenocarcinoma cells through the endoplasmic reticulum 
(ER) stress pathway. In the present study, BrdU, flow cytometry 
and western blotting were used to examine cell proliferation, 
apoptosis and protein expression, respectively. The present 
study revealed that activin A inhibited human lung adeno‑
carcinoma A549 cell proliferation, induced apoptosis, and 
upregulated the protein levels of C/EBP homologous protein 
(CHOP), growth arrest and DNA damage‑inducible protein 34 
(GADD34), cleaved‑caspase‑3 and caspase‑12. Furthermore, 
the administration of activin A did not alter the levels of 
suppressor of mothers against decapentaplegic 3 (Smad3) or 
phosphorylated (p)‑Smad3 proteins, whereas, it significantly 
elevated the levels of ActRIIA and p‑extracellular signal 
regulated kinase proteins 1 and 2 (ERK1/2) proteins in A549 
cells. The apoptotic effects of activin A on A549 cells were 
attenuated by the ERK inhibitor FR180204, which also down‑
regulated CHOP and caspase‑12 protein levels. Additionally, 
activin A increased intracellular calcium flux in A549 cells, 
and the calcium ion chelator BAPTA acetoxymethyl ester 
(BAPTA‑AM) inhibited activin A‑induced A549 cell apoptosis, 
whereas the calcium agonist ionomycin significantly increased 
apoptosis of A549 cells induced by activin A. These findings 
indicated that the activation of the ER stress pathway resulting 

in apoptosis of A549 cells triggered by activin A is facilitated 
by the ActRIIA‑ERK1/2 signaling and calcium signaling. The 
present findings suggest that the agonists of ERK and calcium 
signaling exhibit promising clinical therapeutic potential for 
the induction of apoptosis in lung adenocarcinoma.

Introduction

Lung cancer, a malignant disease of the respiratory system, is 
the leading cause of cancer‑related mortality (1). According 
to medical convention, lung cancer is classified into two main 
categories: small cell lung cancer (SCLC) and non‑small cell 
lung cancer (NSCLC) (2). Among the subtypes of NSCLC, lung 
squamous cell carcinoma and lung adenocarcinoma (LUAD) 
are the most prevalent, with the latter the most frequently 
occurring histological type in non‑smokers (2). LUAD is often 
diagnosed at an advanced or metastatic stage, resulting in the 
loss of early treatment opportunities (3). However, advance‑
ments in surgical treatment, including enhanced staging and 
video‑assisted thoracic surgery, have led to improved survival 
rates across all stages of NSCLC (4). Although much research 
has been conducted into LUAD therapy, the 5‑year survival rate 
and prognosis of patients with LUAD remain suboptimal (4). 
Therefore, identification of novel therapeutic interventions is 
an urgent need.

Activin A, originally extracted from porcine follicular 
fluid, belongs to the superfamily of transforming growth 
factors (TGF‑β) and induces pituitary cells to secrete follicle 
stimulating hormone (5). Similar to other TGF‑β superfamily 
members, activin A initiates its signaling cascade by binding 
to activin receptor type II (ActRII), and then recruits activin 
receptor type I (ActRI) to form a heterodimer that results in 
the activation of Smad2 and Smad3 proteins. These proteins 
then, form a complex with Smad4 (Smad2/3/4), which trans‑
locates to the nucleus and drives downstream target genes, 
leading to biological effects such as cell proliferation, apop‑
tosis and migration (6). Studies have revealed that activin 
A‑overexpression in diverse tissues is involved in tumor 
progression in various cancers, including LUAD, pancreatic 
ductal adenocarcinoma, breast cancer and oral squamous cell 
carcinoma (7‑10).

Numerous genetic and environmental insults impede the 
ability of cells to properly fold and post‑translationally modify 
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secretory and transmembrane proteins in the endoplasmic 
reticulum (ER), leading to a buildup of misfolded proteins 
in this organelle (11), a phenomenon referred to as ER stress. 
If ER stress persists chronically at high levels, the unfolded 
protein response (UPR) transforms into an alternate signaling 
platform referred to as the terminal UPR that actively 
promotes cell death (11,12). ER stress and sustained UPR 
signaling have been well documented in numerous diseases, 
including diabetes, neurological diseases, pulmonary fibrosis, 
cancer (multiple myeloma, breast) and heart disease (11). 
However, triggering excessive ER stress can induce tumor cell 
death, which may become a therapeutic strategy against tumor 
growth (13). Although research has demonstrated that activin 
A plays a neuroprotective role in ER stress‑mediated apoptotic 
and autophagic rat pheochromocytoma PC12 cell death (14), 
few studies have examined the role of activin A and ER stress 
in other tumor cells.

Prior research has documented that a high concentration 
of activin A inhibits the growth of LUAD cells (7) and can 
result in apoptosis of myeloma NS‑1 cells through the ER 
stress pathway (6). Nevertheless, it remains unclear whether 
activin A can mediate apoptosis of human LUAD cells via 
the ER stress pathway. Through gene data comparison, it 
was found that the expression of ActRIIA and non‑classical 
pathway signaling proteins improved the survival of patients 
with LUAD. Consequently, the human LUAD cell line A549 
was used as the experimental model to explore the potential 
functions of activin A and identify its underlying mechanisms 
of inducing apoptosis in LUAD cells.

Materials and methods

Cell culture. The human LUAD cell line A549 (https://www.
cellosaurus.org/CVCL_0023; cat. no. CCL‑185; American 
Type Culture Collection) was cultured in RPMI‑1640 
(cat. no. 11875093; Thermo Fisher Scientific, Inc.) supple‑
mented with 10% fetal bovine serum (FBS) (cat. no. C04001; 
Shanghai VivaCell Biosciences, Ltd.) and 1% penicillin‑strep‑
tomycin at 37˚C in a humidified incubator with 5% CO2. The 
cells were passaged every two days.

Cell Count ing Kit‑ 8 (CCK‑ 8) assay. A549 cel ls 
(1.5x104 cells/well) were seeded into a 96‑well plate and incu‑
bated in 2% FBS‑RPMI‑1640 containing activin A (0‑40 ng/ml) 
(cat. no. 338‑AC; R&D Systems, Inc.) for 24 and 48 h, respec‑
tively. Next, 10 µl of CCK‑8 reagent (cat. no. GK10001; 
GLPBIO) was added to the culture medium of each well, and 
the cells were incubated for 2 h at 37˚C in 5% CO2. The absor‑
bance values (A value) were obtained at the wavelengths of 
450 and 650 nm. Each experiment was performed in triplicate 
compound wells and repeated three times. The percentage (%) 
of cell viability was calculated as follows: (%)=(sample well A 
value/control well A value) x100%.

Real‑time cell analysis (RTCA). RTCA is a powerful tech‑
nology for detecting cell fate (15). The RTCA instrument 
(xCELLigence RTCA S16; ACEA Bioscience, Inc.; Agilent) 
was used to analyze the proliferation property of A549 cells. 
The experimental method was as previously described (15). In 
brief, 50 µl of cell‑free culture medium (2% FBS‑RPMI‑1640) 

was added to the well of an E16 xCELLigence microtiter plate 
to test the background impedance of each well for 1 min. 
Subsequently, A549 cells (1x104 cells in 50 µl culture medium) 
were added to the plate and cultured at 37˚C in 5% CO2 for 
~2 h, and then treated with different concentrations of activin 
A (0‑40 ng/ml) for 48 h. Cells were monitored at 15 min inter‑
vals. Each experiment was set up with double compound holes 
and repeated thrice. The cell index indirectly represented cell 
activity.

5‑bromo‑2'‑deoxyuridine (BrdU), Elisa method for cell prolif‑
eration. A549 cells (1.5x104 cells/well) were seeded into a 
96‑well plate and incubated in 2% FBS‑RPMI‑1640 containing 
activin A (0‑40 ng/ml) for 24 h. In accordance with a cell 
proliferation ELISA protocol (cat. no. 11647229001; Merck 
KGaA), 10 µl of BrdU labeling reagent was added, and incuba‑
tion was continued for 2 h. After discarding the supernatants, 
200 µl/well of FixDenat reagent was added for 30 min to fix 
the cells and denature the DNA. After discarding the superna‑
tants, 100 µl/well of anti‑BrdU‑POD was added and followed 
by incubation for 90 min. After discarding the supernatants 
and washing, 100 µl/well of substrate solution was added 
and incubated for 30 min. The absorbance values (A value) 
were obtained at the wavelengths of 370 and 492 nm. Each 
experiment was performed in triplicate compound wells. The 
percentage (%) of cell proliferation was calculated as follows: 
(%)=(sample well A value/control well A value) x100%.

Hoechst 33342 staining. A549 cells (1.5x104 cells/well) were 
seeded into a 96‑well plate and cultured in 2% FBS‑RPMI‑1640 
culture medium containing activin A (0‑40 ng/ml). Cells 
were then fixed with 4% paraformaldehyde for 20 min and 
stained with 10 µg/ml Hoechst 33342 solution (cat. no. 14533; 
Sigma‑Aldrich; Merck KGaA) in the dark for 10 min at room 
temperature and observed under an inverted fluorescence 
microscope (IX71; Olympus Corporation). Experiments were 
repeated three times.

Flow cytometric analysis of cell apoptosis. The experi‑
ment was performed as previously described (6). A549 
cells (1x105 cells/well) were seeded in a 12‑well plate and 
cultured in 2% FBS‑RPMI‑1640 culture medium containing 
activin A (0‑40 ng/ml) for 24 h. Thereafter, the cells were 
collected and suspended in 100 µl of 1X Annexin V binding 
buffer. Next, 1 µl of Annexin V‑YF®488 and 1 µl of PI 
(cat. no. Y6002; Suzhou Yuheng Biotechnology Co., Ltd.; 
www.uebio.com) were used to mark the cells for 15 min in 
the dark. Finally, the labeled cells were analyzed using flow 
cytometry (guava easyCyte HT; Cytek Biosciences). FlowJo 
(FlowJo_v10.6.2; FlowJo LLC) was used to collect and 
analyze the data to obtain the percentage of fluorescent cells. 
The experiments were repeated three times. BAPTA‑AM 
(2.5 µM; cat. no. HY‑100545), calcium agonist ionomycin 
(500 nm; cat. no. HY‑13434; both from MedChemExpress) 
and ERK inhibitor FR180204 (10 µM; cat. no. abs810541; 
Absin Bioscience, Inc.) were also used before assessment of 
cell apoptosis. 

Calcium inf lux assay. A549 cells were incubated in 
2% FBS‑RPMI‑1640 medium with 4 µmol/l Fluo‑4 
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(cat. no. F14201; Thermo Fisher Scientific, Inc.) and were 
protected from light for 40 min at 37˚C. The cells were 
then washed twice with 2% FBS‑RPMI‑1640 medium and 
seeded into a 24‑well plate. Calcium fluorescence signaling 
was detected using a BioTek Cytation5 cell imager multi‑
mode reader (Agilent Technologies, Inc.) after the cells were 
adherent. The baseline fluorescence signal (F0) was recorded 
every 0.25 sec for a total of 3 sec. Next, the cells were treated 
with 2% FBS‑RPMI‑1640 and activin A 20 ng/ml, respectively, 
and the fluorescence signal (F) was immediately detected on 
the machine for another 3 sec. The experimental data were 
exported from BioTek Cytation5 software, and the normalized 
fluorescence intensity was represented by F/F0. Experiments 
were repeated three times.

Reverse transcription‑polymerase chain reaction (RT‑PCR). 
The experiment was performed as previously described (16). 
Total RNA from A549 cells was extracted using RNAiso Plus 
reagent (cat. no. 9108; Takara Biomedical Technology Co., 
Ltd.) and the cDNA synthesis kit (cat. no. CW2020M; CoWin 
Biosciences) was used to complete the reverse transcrip‑
tion according to the manufacturer's instructions. PCR was 
performed using 2X Es Taq MasterMix (cat. no. CW0690H; 
CoWin Biosciences). The qPCR thermocycling conditions 
were as follows: 95˚C for 1.5 min, 94˚C for 0.5 min, 56˚C for 
0.5 min and 72˚C for 1 min for 30 cycles, with a final 10‑min 
extension step at 72˚C. Finally, 2% agarose gel electrophoresis 
stained with Super Gelred (cat. no. S2001; Suzhou Yuheng 
Biotechnology Co., Ltd.; www.uebio.com.) was used to sepa‑
rate PCR products. The PCR bands were visualized using 
ImageMaster VDS. ImageJ software (version 1.53e; National 
Institutes of Health) was used to digitalize the bands. Primer 
sequences are included in Table I.

Western blotting. The experiment was performed as previ‑
ously described (16). Briefly, A549 cells were lysed using 
protein extraction reagent (cat. no. 78503; Thermo Fisher 
Scientific, Inc.) containing protease & phosphatase inhibitor 

cocktail (cat. no. 87785; Thermo Fisher Scientific, Inc.) and 
5 mmol/l EDTA solution (cat. no. R1021; Thermo Scientific, 
Inc.). According to the instructions, the BCA protein assay 
kit (cat. no. 23227; Thermo Fisher Scientific, Inc.) was 
applied to quantify the proteins, which were obtained from 
centrifugation of 12,000 g at 4˚C for 20 min. Then, 10% 
SDS‑PAGE gel electrophoresis was performed to separate 
30 µg of protein. After electrophoresis, the product was 
transferred onto polyvinylidene dif luoride membrane 
(cat. no. IPVH00010; Sigma‑Aldrich; Merck KGaA). 
Next, the membranes were blocked with 5% skim milk in 
TBS‑Tween 20 for 2 h at room temperature (RT), and then 
incubated with specific primary antibodies overnight at 4˚C. 
The corresponding horseradish peroxidase‑conjugated 
secondary antibodies (1:160,000; Goat anti‑mouse IgG for 
CHOP antibody, cat. no. A3682; Goat anti‑rabbit IgG for 
other antibodies, cat. no. A0545; all from Merck KGaA) were 
further incubated for 2 h at RT. Finally, the bands attached to 
the membrane were visualized using an ECL luminescence 
reagent (cat. no. BL520; Biosharp Life Sciences) using a 
Tanon 4600 chemiluminescent imaging system. The immu‑
noblots were quantified using ImageJ software, and the levels 
of proteins were normalized against GAPDH. The following 
antibodies were used for western blotting: ActRIIA (1:1,000; 
cat. no. abs149480), GAPDH (1:10,000; cat. no. abs132004; 
both from Absin Bioscience, Inc.), GADD34 (1:1,000; 
cat. no. ab131402; Abcam), CHOP (1:1,000; cat. no. 2895), 
cleaved‑caspase3 (1:1,000; cat. no. 9661), ERK1/2 (1:1,000; 
cat. no. 4695), phosphorylated (p)‑ERK1/2 (1:2,000; 
cat. no. 4370), p‑Smad3 (1:1,000; cat. no. 9520), Smad3 
(1:1,000; cat. no. 9523; all from Cell Signaling Technology, 
Inc.), caspase‑12 (1:1,000; cat. no. WL03268), JNK (1:1,000; 
cat. no. WL01295) and p‑JNK (1:1,000; cat. no. WL01813; 
all from Wanleibio Co., Ltd.).

Kaplan‑Meier (K‑M) survival curves analysis. The data of The 
Cancer Genome Atlas (TCGA)‑LUAD were obtained from 
Genomic Data Commons Data Portal (https://portal.gdc.cancer.

Table I. Sequences of primers used for reverse transcription‑quantitative PCR.

Gene name  Fragment size Tm (˚C)

GAPDH F: GATTGTTGCCATCAACGACC 372 56
 R: GTGCAGGATGCATTGCTGAC  
ActRIA F: TGGTGTAACAGGAACATCACGG 118 56
 R: GACATACTGCGAACACTACAGAG  
ActRIB F: ATCACAACCGCCAGAGACTG 136 56
 R: CGCTGGACAAAGAGGGGTAA  
ActRIIA F: ATTGGCCAGCATCCATCTCTTGA 296 56
 R: CGCAACCATCATAGACTAGATTC  
ActRIIB F: CCTCCTCTGGGGATCGCTGT 487 56
 R: GTCCACATGACCGTAGGGGG  
Smad3 F: CTCCTACTACGAGCTGAACCA 572 56
 R: AAGACACACTGGAACAGCGGA  

F, forward; R, reverse.
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gov/projects/TCGA‑LUAD). GBM R package (https://www.
rdocumentation.org/packages/gbm/versions/2.1.8.1) was used 
to analyze the data. Cox proportional hazard regression model 
was used to analyze and determine independent risk factors, 
and estimate the hazard ratio (HR) and 95% confidence 
interval.

Microarray‑based data analysis. RNA‑sequencing expres‑
sion profiles and corresponding clinical information for 
TCGA‑LUAD were downloaded from the TCGA dataset. 
GSE116959 profiles were obtained from the Gene Expression 
Omnibus (GEO) database (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE116959). The GSE116959 
dataset was generated using GPL17077 Agilent‑039494 
SurePrint G3 Human GE v2 8x60K Microarray 039381 platform 
and included 57 LUAD samples and 11 peritumoral normal 
lung tissues. The raw data were downloaded as MINiML files 
and preprocessed via background adjustment, normalization. 
Limma package (versions 3.18; Bioconductor‑limma) was used 
to analyze the data.

Statistical analysis. All data are presented as the mean ± stan‑
dard deviation. Statistical analysis was conducted using 
SPSS software (version 26; IBM Corp.). Comparisons were 
performed using unpaired Student's t‑test or one‑way analysis 
of variance (ANOVA), followed by the least significant 
difference (LSD) test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

ActRIIA‑MAPK signaling affects the survival of LUAD. To 
confirm the clinical value of activin signaling activation in 
LUAD, LUAD data were first obtained from TCGA database 
and the K‑M survival curves of ActRIIA and its downstream 
signaling proteins in LUAD were analyzed. Although the 
association did not reach the level of statistical significance, 
it was found that high expression of ActRIIA was positively 
associated with the survival of patients with LUAD, which 
was consistent with the positive effects of mitogen‑activated 
protein kinase 1 (MAPK1; ERK2) and MAPK3 (ERK1) on 
their survival. By contrast, high expression of Smad3 (HR=1.28 
>1) was negatively associated with their survival (Fig. 1A‑D). 
Moreover, when the gene expression profiles of 11 non‑tumor 
samples and 57 LUAD tissue samples from the GEO Series 
GSE116959 database for the identification of differentially 
expressed genes were examined, we found significant differ‑
ences between the LUAD and non‑tumor samples (Fig. 1E). 
In addition, the results of microarray‑based data analysis 
revealed that MAPK1 and MAPK3 were negatively associ‑
ated with LUAD (Fig. 1F and G), suggesting that MAPK1 and 
MAPK3 might be signaling molecules positively associated 
with the survival of patients with lung cancer. These results 
indicated that ActRIIA‑ERK1/2 signaling may have inhibitory 
effects on LUAD cells.

Activin A inhibits A549 cell viability and proliferation. The 
results of CCK‑8 assay indicated that the viability of A549 cells 
decreased significantly after stimulation with 20 and 40 ng/ml 
of activin A for 24 and 48 h, respectively (Fig. 2A). RTCA was 

then performed, a non‑invasive and effective tool for real‑time 
dynamic monitoring of cell growth that is widely used for 
measuring cell proliferation and adhesion (15,17), to assess 
the proliferation of A549 cells. The results also demonstrated 
that activin A significantly inhibited the proliferation of A549 
cells (Fig. 2B and C), which was consistent with the observed 
decrease in cell viability. The proliferation of A549 cells was 
further evaluated by BrdU incorporation. The results revealed 
that the proliferation of A549 cells decreased significantly 
after treatment with activin A, compared with that in the 
control group (Fig. 2D). These results indicated that activin A 
can suppress A549 cell proliferation.

Activin A induces apoptosis of A549 cells. To ascertain whether 
activin A inhibits A549 cell proliferation through apoptosis, 
Hoechst 33342 staining was performed to observe alterations 
in cellular morphology. The results showed that the number 
of apoptotic cells in the activin A‑stimulated group increased 
obviously compared with the control group (Fig. 3A). Flow 
cytometry was then used to detect apoptotic ratio of A549 cells. 
The results revealed that, compared with the control medium, 
the apoptotic rate of A549 cells stimulated with 20 ng/ml 
and 40 ng/ml of activin A increased significantly (Fig. 3B), 
suggesting that activin A can induce A549 cell apoptosis.

Activin A promotes the expression of proteins related to the 
ER stress pathway in A549 cells. To explore whether activin 
A mediates apoptosis of A549 cells via the ER stress pathway, 
western blotting was performed to detect the expression 
of proteins associated with the ER stress pathway in A549 
cells. The results revealed that the levels of GADD34, CHOP, 
caspase‑12 and cleaved‑caspase‑3 proteins in A549 cells were 
significantly upregulated by activin A (Fig. 4), indicating that 
activin A may induce apoptosis of A549 cells through the ER 
stress pathway.

Activin A enhances calcium influx in A549 cells. Calcium 
signaling is associated with various biological behaviors such 
as cell proliferation, differentiation and migration (18,19), 
and exerts a crucial impact on both ER stress‑induced apop‑
tosis and mitochondria‑mediated apoptosis (20). When the 
calcium fluorescence probe Fluo‑4 AM was used to measure 
intracellular calcium levels in A549 cells, it was identified 
that the fluorescence signal intensity of calcium in A549 
cells was significantly increased by activin A treatment 
(Fig. 5A and B). To clarify whether calcium signaling has 
a role in the activin A‑induced cell apoptosis process, A549 
cells were treated with intracellular calcium ion chelator 
BAPTA‑AM and calcium agonist ionomycin, before assessing 
cell apoptosis by flow cytometry. The present results revealed 
that BAPTA‑AM reversed activin A‑mediated apoptosis of 
A549 cells, whereas ionomycin increased the rate of apop‑
tosis induced by activin A (Fig. 5C). These findings indicated 
that activin A induces apoptosis of A549 cells by promoting 
cellular calcium influx.

Activin A increases p‑ERK1/2 and ActRIIA protein levels in 
A549 cells. Activin A can regulate cell activity through the 
canonical Smad3 dependent or non‑Smad3 signaling pathways. 
Initially, RT‑qPCR was performed to determine the levels of 
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activin receptor and Smad3 mRNA expression in A549 cells. 
Whereas ActRIA, ActRIB, ActRIIB and Smad3 mRNA levels 
in A549 cells did not significantly change with activin A treat‑
ment, ActRIIA mRNA level significantly increased (Fig. 6A). 
Similarly, activin A significantly upregulated ActRIIA protein 
levels in A549 cells (Fig. 6B). The results of western blotting 
indicated that activin A did neither significantly affect the 
p‑Smad3 and p‑JNK protein levels, nor the p‑JNK/JNK or 
p‑Smad3/Smad3 ratio in A549 cells. However, the p‑ERK1/2 
protein level and p‑ERK/ERK ratio were significantly elevated 
by activin A (Fig. 6C). The aforementioned findings indicated 
that activin A may regulate ER stress pathway‑triggered A549 
cell apoptosis via the Smad‑independent ERK1/2 signaling.

ERK inhibitor FR180204 attenuates activin A‑induced 
apoptosis of A549 cells. To confirm that ERK1/2 is involved 
in the ER stress pathway‑mediated apoptosis of A549 cells 
triggered by activin A, the ERK inhibitor FR180204 was used 
to pretreat A549 cells for further experiments. It was found 
that administration of FR180204 resulted in a significant 
reduction in the p‑ERK protein level and the p‑ERK/ERK 
ratio in activin A‑treated cells (Fig. 7A) as well as in the 
apoptotic rate of activin A‑induced A549 cells (Fig. 7B). In 
the next experiment, it was identified that FR180204 signifi‑
cantly downregulated caspase‑12 and CHOP protein levels 
in activin A‑treated A549 cells (Fig. 7C). These findings 
indicated that the ERK signaling pathway participates in 

Figure 1. Effects of ActRIIA and its downstream signaling proteins on the survival of LUAD. Cox regression was used to analyze the data (n=530). The 
Kaplan‑Meier survival curves represented the impacts of different proteins on the survival of LUAD: (A) ActRIIA, (B) SMAD3, (C) MAPK1 and (D) MAPK3. 
(E) Sample distribution differences of LUAD data from GSE116959 were analyzed through principal component analysis. (F) Volcano plot of GSE116959 
was analyzed using log2 FC>1 and adjusted P‑value <0.05. Upregulated DEGs were shown in red and downregulated DEGs were shown in blue. (G) Statistical 
analysis results of microarray‑based data analysis from GSE116959. LUAD, lung adenocarcinoma; DEGs, differentially expressed genes.
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Figure 2. Effect of activin A on viability and proliferation of A549 cells. (A) The viability of A549 cells was examined by Cell Counting Kit‑8 assay after 
treated with activin A. (B and C) The proliferation of A549 cells was determined by real‑time cell analysis in the presence or absence of activin A. (D) The 
proliferation of A549 cells treated with activin A for 24 was examined by BrdU incorporation. *P<0.05 and **P<0.01 compared with control group (n=3).
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activin A‑induced A549 cell apoptosis through the ER stress 
pathway.

Discussion

Unlike inhibin, which contains an α‑subunit, activin, a homol‑
ogous or heterodimeric dimer glycoprotein, is composed of 
two β‑subunits linked by disulfide bonds (21). To date, four 
different molecular forms of activins have been identified, 
specifically activin A (βA/βA), activin B (βB/βB), activin AB 
(βA/βB) and activin E (βE/βE). Only activin A, B and AB have 
been determined to have defined biological activities (22). 
However, a previous study found that activin E also has impor‑
tant biological effects as a liver cytokine (23). The activin 

family member activin A has garnered significant attention in 
academic research owing to its ubiquitous tissue distribution 
and multifaceted biological impact. Specifically, activin A has 
been found to play crucial roles in embryogenesis, inflammatory 
responses, cellular proliferation and differentiation, arterial 
pressure modulation and neoplastic progression (24‑27). 
Recent studies have reported that, similar to TGF‑β, activin 
A plays a dual role in inhibiting and promoting cancer. For 
example, activin A can inhibit the proliferation of mouse liver 
cancer cells and human gastric cancer cells in vitro (28,29), but 
can enhance the proliferation of human ovarian cancer cells 
and human osteosarcoma cells (30,31).

It is evident that activin A elicits diverse biological 
responses in distinct tumor cells, having both positive and 

Figure 3. Effect of activin A on the apoptosis of A549 cells. (A) The apoptosis of A549 cells treated with activin A for 24 h was assayed by Hoechst fluores‑
cent staining. Typical cells were marked by white arrows. Scale bar, 100 µm. (B) The apoptotic ratio of A549 cells was examined by flow cytometry with 
YF®488‑Annexin V and PI staining after treated with activin A for 24 h. *P<0.05 and **P<0.01 compared with control group.
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negative effects on cell proliferation. Therefore, the role of 
activin A cannot be generalized. Overexpression of inhibin 
βA (INHβA) has been confirmed in the tumor tissues of 
patients with LUAD (7). Moreover, subsequent studies have 
shown that lung cancer highly expresses the activin binding 
protein‑follistatin (FST), which is positively correlated with 
the occurrence of LUAD and inhibits activin A‑induced apop‑
tosis of A549 cells (32,33). Therefore, the production of activin 
A by the body may serve as a protective mechanism to coun‑
teract the effects of high levels of FST. These studies provided 
evidence that activin A may have a significant influence on the 
pathogenesis and development of LUAD; targeting this protein 
holds promise as a therapeutic strategy for lung neoplasms. 
Apoptosis is an evolutionarily conserved form of programmed 
cell death that plays a crucial role in maintaining animal 
growth and development and tissue homeostasis (34,35). 
Apoptotic cells exhibit characteristic cytoplasmic contraction, 
plasma membrane budding, plasma membrane translocation 
of phosphatidylserine, DNA fragmentation and chromatin 
condensation (35‑37). It was found that activin A reduced the 
proliferation of LUAD A549 cells, as evidenced by the current 
morphological observations of an increase in apoptotic body 
production. Additionally, the present flow cytometric results 
indicated a higher rate of apoptosis in A549 cells treated 
with activin A, suggesting that activin A induces apoptosis of 
A549 cells. Activin A as a multifunctional cytokine can be 
detrimental for LUAD cells by inducing LUAD cell apoptosis, 
but activation of activin signaling in tumor treatment may also 
lead to disease damage, such as promoting the development of 
renal injury and renal fibrosis (38,39). Therefore, how to make 
reasonable use of activin A to treat tumors is also a problem 
that needs to be solved in the future.

The three primary pathways of cell apoptosis comprise the 
death receptor pathway, mitochondrial pathway and ER stress 
pathway (40,41). Studies have reported that the death receptor 
pathway is triggered mainly by the binding of specific members 
of the tumor necrosis factor (TNF) superfamily to members of 

the cell surface TNF receptor family (TNF‑R) (40,42). The 
mitochondrial apoptosis of cells is mediated by the interaction 
between the anti‑apoptotic and pro‑apoptotic components of 
the B cell lymphoma 2 (Bcl‑2) family (43). Downregulation 
of Bcl‑2 and upregulation of Bcl‑2‑associated X protein (Bax) 
and Bcl‑2 antagonist killer (Bak) can result in the mitochon‑
drial membrane permeability transition, which consequently 
augments the release of cytochrome c, leading to the activation 
of caspase‑3 and the initiation of cellular apoptosis (40,44,45).

The ER has various functions such as maintaining the 
homeostasis of intracellular Ca2+ storage, the folding and 
maturation of protein destined for the plasma membrane, 
the extracellular space and other secretory compartments. 
Impairment of the proper function of the ER results in 
ER stress, and prolonged exposure to ER stress will lead 
to apoptosis (41). ER stress apoptosis can be triggered by 
inositol‑requiring enzyme 1 (IRE1)/ASK1/JNK signaling and 
CHOP/GADD153 and caspase‑12 kinase upregulation (46). 
Upon ER stress induction, CHOP, an apoptotic response 
effector, is activated, thereby causing an increase in GADD34, 
a transcription target of CHOP (42). Previous studies have 
revealed that activin A can activate Bcl‑2 family proteins and 
caspase‑3 protein, thereby inducing apoptosis in A549 and 
NS‑1 cells through the mitochondrial pathway (44,47). The 
data collected in the present study demonstrated that activin A 
has the potential to induce apoptosis in A549 cells through the 
ER stress pathway, as evidenced by the significant upregula‑
tion of CHOP, GADD34, caspase‑12 and cleaved caspase‑3 
protein levels.

Ca2+, an important secondary messenger in cells, plays 
a crucial role in cell growth, differentiation, migration and 
apoptosis (18‑20). Ca2+ released from the ER is a key factor in 
regulation of apoptosis (19). The imbalance in calcium levels in 
ER interferes with protein folding, leading to the accumulation 
of unfolded or misfolded proteins, which eventually causes ER 
stress (20). During a state of ER stress, CHOP‑induced expres‑
sion of ERO1α can activate the ER Ca2+ release channel. The 

Figure 4. Effect of activin A on expression of endoplasmic reticulum stress pathway‑related proteins in A549 cells. Levels of proteins were examined by 
western blotting in A549 cells after treated with activin A for 24 h. The graph represented the relative levels of proteins in three separate experiments. The 
levels of proteins were normalized against GAPDH expression, and the results were shown as the fold‑increase of the control. **P<0.01 compared with control 
group.
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cytoplasmic Ca2+ released from the ER triggers the activation 
of calcium/calmodulin‑dependent protein kinase II (CaMKII), 
ultimately resulting in the induction of apoptotic path‑
ways (41), indicating that Ca2+ also has a significant effect on 
CHOP‑mediated apoptosis. The present findings demonstrated 
that activin A promotes intracellular calcium influx in A549 
cells. It was observed that utilization of the calcium antagonist 
BAPTA‑AM significantly inhibited activin‑induced apoptosis 

in A549 cells, whereas the calcium agonist ionomycin exacer‑
bated activin A‑induced cell apoptosis. As the present findings 
indicated that calcium signaling has a pivotal role in activin 
A‑induced A549 cell apoptosis, they suggest that the rational 
use of calcium agonists to increase the intracellular calcium 
flux has the potential to induce apoptosis in LUAD cells.

It has been reported that the signaling pathways of activin 
A mainly include Smad3‑mediated canonical pathways and 

Figure 5. Effects of calcium signaling on apoptosis of A549 cells. (A and B) The calcium levels in A549 cells treated with activin A were measured by Fluo‑4 
fluorescence signal intensity. F0, fluorescence baseline. F, fluorescence intensity after treated with 20 ng/ml activin A. The graph represented the comparison 
of the peak value of calcium signal normalized to the baseline (F/F0). Typical cells were marked by white arrows. Scale bar, 1,000 µm. (C) BAPTA‑AM and 
ionomycin affected apoptosis of activin A‑induced A549 cells. The apoptosis of cells labeled with YF®488‑Annexin V and PI was tested by flow cytometry. 
The graph revealed the percentage of apoptotic cells in three separate experiments. **P<0.01 compared with 0.025% DMSO control group; ##P<0.01 compared 
with 0.025% DMSO + Activin A group.
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non‑Smad‑mediated alternative signaling pathways (48). 
In the canonical pathway mediated by Smad3, activin A 
activates Smad2/3 by binding to ActRII and recruiting 
ActRI, thereby activating downstream molecules to exert 
biological effects. Alternative signaling pathways mainly 
include the ERK1/2‑MAPK, p38‑MAPK, JNK and phos‑
phatidylinositol‑3‑kinase (PI3K)/protein kinase B (AKT) 
pathways (17,48,49). ERK1/2 are downstream components 
of the phosphorylation cascade of MAPK, which is closely 
related to biological functions including cell proliferation, 
differentiation, migration and invasion (50,51). Although 
ERK1/2 protein often acts as a survival promoting factor in the 
MAPK family (52,53), an increasing number of studies have 
demonstrated that activation of the ERK1/2 protein can induce 
cell apoptosis (54‑56).

The results of the present study indicated that activin A 
upregulated ActRIIA receptor expression in A549 cells, but 
had no discernible impact on ActRIIB receptor expression. It 
was found that activin A preferentially activated the ERK1/2 

signaling over Smad3 and JNK signaling. Notably, it was 
observed that administration of the ERK inhibitor FR180204 
effectively inhibited the apoptosis of A549 cells triggered 
by activin A and concomitantly reduced the level of CHOP 
protein stimulated by activin A. Analysis of K‑M survival 
curves and microarray‑based data analysis also indicated that 
ActRIIA and ERK1/2 activation was positively associated 
with the survival of patients with LUAD. Collectively, the 
present findings corroborated that activin A‑induced A549 
cell apoptosis can be mediated by the ER stress pathway via 
ActRIIA‑ERK signaling.

In summary, the findings of the present study demon‑
strated that activin A induces ER stress pathway apoptosis 
in LUAD A549 cells by activating ActRIIA‑ERK1/2 
signaling, which is also related to calcium signaling. 
Therefore, they provide evidence that agonists of ERK 
signaling and calcium signaling have potential for inducing 
apoptosis of LUAD cells in clinical therapy for treatment of 
patients with LUAD.

Figure 6. Effects of activin A on expression of activin receptors, Smad3 and MAPK signaling proteins in A549 cells. (A) Levels of ActRIA, ActRIB, ActRIIA, 
ActRIIB and Smad3 mRNAs were determined by reverse transcription‑quantitative PCR in A549 cells treated with activin A for 4 h. The graph represented 
the relative levels of mRNA in three separate experiments. The levels of mRNA were normalized against GAPDH expression, and the results were shown 
as the fold‑increase of the control. (B) Level of ActRIIA protein was examined by western blotting in A549 cells treated with activin A for 4 h. The graph 
represented the relative levels of proteins in three separate experiments. The levels of ActRIIA protein were normalized against GAPDH, and the results 
were presented as the fold‑increase of the control. (C) Levels of Smad3, p‑Smad3, ERK1/2, p‑ERK1/2, JNK and p‑JNK proteins were determined by western 
blotting in A549 cells subject to 0‑40 ng/ml of activin A for 4 h. The graph represented the relative levels of protein in three separate experiments. The levels 
of protein were normalized against GAPDH expression, and the results were presented as the fold‑increase of the control. **P<0.01 compared with control 
group. p‑, phosphorylated.
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