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Abstract. Lung cancer is the leading cause of cancer‑associ-
ated mortality worldwide. Despite the development of novel 
molecular therapies, the prognosis for patients with locally 
advanced or metastatic lung cancer remains poor. Therefore, 
the identification of novel therapeutic approaches is required. 
In numerous types of cancer, the constitutive activation of 
signal transducer and activator of transcription 3 (STAT3) 
signaling serves as a potent therapeutic target. The present 
study aimed to characterize the suppressive role of LLL12, a 
STAT3 small molecule inhibitor, in lung cancer cell prolifera-
tion and tumor growth. The mechanism of STAT3 signaling 
modulation by LLL12 was also investigated. The antitumor 
activity of LLL12 was revealed to take place via inhibition of 
lung cancer cell proliferation and migration in vitro. High and 
low doses of LLL12 significantly reduced tumor volume and 
weight in xenograft mice compared with that in the control 
group. Furthermore, LLL12 was demonstrated to reduce the 
level of STAT3 phosphorylation. These results suggested that 
LLL12 inhibited the proliferation and migration of A549 cells, 
and the increase in tumor volume in nude mice with lung 
cancer. This may be associated with the inhibitory effect of 
STAT3 phosphorylation and the expression of STAT3. The 
results of the present study suggest that constitutive STAT3 
signaling is required for lung cancer cell survival and migra-
tion, and tumor growth in vivo. It is also indicated that LLL12 
has clinical potential as a novel targeted therapy.

Introduction

Lung cancer is the most common type of malignancy and the 
leading cause of cancer‑associated mortality worldwide (1). 
Despite the identification of novel molecular therapies and 

driver oncogenes (2), the prognosis for patients with locally 
advanced or metastatic lung cancer remains poor, with an 
overall 5‑year survival rate of <15% (3). This highlights the 
urgent requirement for the identification of novel and effective 
therapeutic agents.

The Janus kinase 2 (JAK2)/signal transducer and activator 
of transcription 3 (STAT3) signaling pathway is involved in 
oncogenesis and cancer development (4). STAT3 belongs to 
the STAT family of transcription factors, which serve diverse 
roles in cell proliferation, differentiation, apoptosis and onto-
genesis (5). It has been suggested that STAT3 also serves an 
important role in cancer angiogenesis (5,6). STAT3 expression 
is dysregulated in various types of hematopoietic malignancies 
and solid tumors, including leukemia, lymphoma, pancreatic 
cancer, breast cancer, head and neck cancer, skin cancer, 
melanoma, brain glioblastoma, prostate cancer, liver cancer 
and lung cancer (7,8).

Constitutive activation of the STAT3 pathway can inhibit 
the apoptosis of tumor cells by upregulating anti‑apoptotic 
proteins, including Bcl2, apoptosis regulator (Bcl2), 
Bcl‑extra‑large (Bcl‑xl), myeloid cell leukemia‑1 (Mcl‑1) 
and surviving  (9). Other proliferation‑associated proteins, 
including cyclin D1 and myc, and the pro‑angiogenic 
vascular endothelial growth factor (VEGF), are also regu-
lated by the JAK‑STAT3 signaling pathway (10). STAT3 and 
proto‑oncogene c‑Jun inhibit the expression of Fas cell surface 
death receptor, which may inhibit cancer cell apoptosis (11). 
Numerous studies have demonstrated that the inhibition of 
STAT3 prevents tumor growth and causes the apoptosis of 
tumor cells (12,13). A number of anti‑angiogenesis therapeutic 
strategies have been suggested to block STAT3 pathway 
signaling, including upstream kinase inhibition, peptide or 
small molecule inhibitor phosphorylation, dominant‑negative 
STAT3 mutations and oligonucleotide decoys (14‑16). However, 
these methods have limitations, including poor stability and 
low transduction rates, and have not performed effectively in 
clinical trials (17,18). Using structure‑based design, Professor 
Li and his team (Ohio State University, Columbus, Ohio, USA) 
developed LLL12, a non‑peptide small molecule inhibitor of 
STAT3, which possesses good solubility and predictable oral 
bioavailability. LLL12 binds to the phosphorylated tyrosine 
of STAT3 monomers, blocking dimerization and subsequent 
translocation into the nucleus. This abrogates the function of 
STAT3 as a transcription factor (19).
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A number of studies have demonstrated that LLL12 has 
potent antitumor activity in breast cancer, brain cancer, 
pancreatic cancer and hepatocellular carcinoma  (19‑21). 
However, to the best of our knowledge, the activity of LLL12 
in lung cancer has not been previously investigated. The aim 
of the present study was to characterize the biological activity 
and possible underlying mechanism of LLL12 in lung cancer 
in vitro and in vivo.

Materials and methods

Cell lines and reagents. The human lung adenocarcinoma cell 
line, A549, was purchased from the Type Culture Collection 
Center of Wuhan University (Wuhan, China). The cells were 
maintained in RPMI‑1640 medium containing 10% fetal 
bovine serum (Shanghai Baoman Biotechnology Co., Ltd., 
Shanghai, China) at 37˚C in 5% CO2. The following primary 
antibodies were used for western blotting experiments: 
Anti‑p‑STAT3 mAb (Y705; cat. no. ab76315; 1:500 dilution), 
anti‑STAT3 mAb (cat. no. ab5073; 1:500 dilution), anti‑p‑Src 
mAb (cat. no. ab40660; 1:500 dilution), anti‑p‑ERK1/2 mAb 
(cat. no. ab176660; 1:500 dilution) and anti‑GAPDH mAb (cat. 
no. ab8245; 1:1,000 dilution) (all Abcam, Cambridge, UK). 
The secondary antibody was HRP‑conjugated anti‑mouse 
IgG (cat. no. ab222759; Abcam). LLL12 was kindly gifted by 
Professor Tom Li (Ohio State University, Columbus, Ohio, 
USA).

Mice. Female BALB/c nude mice were purchased from Beijing 
Vital River Laboratory Animal Co. Ltd. (Beijing, China), with 
the following production license number: SCXK (Beijing) 
2006‑0009. A total of 25 mice, 4‑6 weeks of age, weighing 
18.0‑22.0 g, were kept three to five mice per cage in microiso-
lator units and provided with water and food in accordance 
with Institutional Animal Care and Use Committee (IACUC) 
guidelines, at a temperature of 26‑28˚C and 40‑60% humidity. 
The present study was approved by the Ethics Committee of 
Hubei Cancer Hospital (Wuhan, China).

MTT assay. A549 cells were cultured at 1x103 cells/ml in 
96‑well plates with RPMI‑1640 medium. Cells were cultured 
with 0.0, 0.625, 1.25, 2.5, 5.0 or 10.0 µM LLL12 at 37˚C for 
24, 48, 72 or 96 h. A total of 50 µl 5 mg/ml MTT was added 
per well. After 4 h, the formazan crystals were dissolved by 
adding 100 µl dimethyl sulfoxide (DMSO). The absorbance 
was read at 490 nm, and the IC50 values were calculated using 
SigmaPlot9.0 software (Systat Software, Inc., San Jose, CA, 
USA). Each experiment was repeated 3 times.

Wound‑healing assay. A wound‑healing assay was performed, 
in which 2x104 cells/well were cultured in RPMI‑1640 
supplemented with 10% fetal calf serum. LLL12 (at the IC50 

concentration: 5.0 µmol/l) DMSO or PBS (blank control) 
was added to each well and incubated at 37˚C for 24 h. A 
P10 pipette tip was used to create a 0.5‑cm wound in the 
cell monolayer. The cells were then cultured in serum‑free 
medium for 24 h prior to washing in PBS. Images of the cells 
were captured at 0 and 24 h under an inverted fluorescence 
microscope (magnification, x100). All experiments were 
performed in triplicate.

Migration assays. A Transwell assay was also performed, in 
which 2x105 cells treated with LLL12 (at the IC50 concentra-
tion: 5.0 µmol/l), DMSO or PBS (blank control) in serum‑free 
medium, were seeded into the upper chambers of 6‑well plates 
containing polycarbonate Transwell inserts (pore diameter, 
5 µm; Corning Costar; Corning Incorporated, Corning, NY, 
USA). Soluble stromal‑cell derived factor 1 (PeproTech, 
Inc., Rocky Hill, NJ, USA) was added at a concentration of 
100 ng/ml to the lower chamber in DMEM medium supple-
mented with 10% fetal calf serum. The plates were incubated 
at 37˚C for 18 h. Images were captured of the cells that had 
migrated to the lower surface of the Transwell membrane and 
then the cells were counted under a light microscope at magni-
fication, x200. All experiments were performed in triplicate.

Western blot analysis. Cells were treated with DMSO or LLL12 
(at the IC50 concentration: 5.0 µmol/l) for 24 h prior to protein 
isolation. The cells were washed twice with cold PBS, then 
lysed using radioimmunoprecipitation assay buffer [10 mM 
Tris (pH 8.0), 150 mM NaCl, 1% sodium deoxycholate, 0.1% 
sodium dodecyl sulfate (SDS), 1% Triton X‑100, 10 µg/ml 
leupeptin, 10 µg/ml aprotinin and 1 mM phenylmethylsulfonyl 
fluoride]. The cell lysates were centrifuged at 13,000 x g at 
4˚C for 20 min. The protein concentration was determined by 
bicinchoninic acid protein assay (Thermo Scientific, IL, USA). 
Protein (40 µg per lane) was separated by 0.1% SDS‑PAGE, and 
transferred onto Hybond polyvinylidene difluoride membranes. 
The membranes were blocked with Tris‑buffered saline buffer 
(20 mM Tris‑HCl, 150 mM NaCl, pH 7.4) containing 5% non‑fat 
milk for 1 h at 25˚C, then incubated with the aforementioned 
primary antibodies for 2 h at room temperature. Incubation 
with the horseradish peroxidase‑conjugated secondary antibody 
followed, prior to washing. The membranes were imaged using 
Scanner STORM 860 (GE Healthcare, Chicago, IL, USA). The 
relative expression levels of p‑Src (Tyr418), p‑STAT3 (Y705), 
STAT3, p‑ERK1/2 (T202/Y204) proteins were quantitated 
using Matrox Inspector software (version 2.1; Matrox Electronic 
Systems Ltd. Dorval, QC, Canada).

Mouse xenograft model. The 25 mice were injected subcu-
taneously into the left flank with 5x106 A549 cells. Once the 

Figure 1. Effect of LLL12 on the proliferation of A549 cells. DMSO, dimethyl 
sulfoxide.
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tumors reached 100‑150 mm3 in size, the mice were randomly 
assigned into the high‑dose (20 mg/kg LLL12, administered 
at a concentration of 4 mg/ml), low‑dose (10 mg/kg LLL12, 
administered at a concentration of 2  mg/ml) or control 
(administered with an equal volume of DMSO) group. There 
were 5 mice in each group, and treatment was administered 
by daily intraperitoneal injection. Tumor growth was deter-
mined by caliper measurements of the length (L) and width 

(W), taken every other day. Tumor volume was calculated 
using the following formula: Volume = (π/6) x (L x W2). 
The mice were weighed daily for the 21‑day treatment 
period. After 21 days, the mice were sacrificed and tumor, 
liver and kidney tissues, as well as blood, were collected for 
further experimentation. Blood cell counts were analyzed 
using animal blood analyzers (HEMAVET Veterinary 
Multi‑species Hematology System; Drew Scientific Inc., 
Miami Lakes, FL, USA).

Figure 2. A549 cells treated with LLL12 are less migratory than control cells. 
Representative photomicrographs of wound healing assays of (A) A549 cells 
treated with DMSO; (B) blank control A549 cells, and (C) A549 cells treated 
with LLL12. 

Figure 3. A549 cells treated with LLL12 are less migratory than control cells. 
The cells were counted under a light microscope. The cell migration rate in 
the LLL12 treatment group was significantly reduced compared with that in 
the control group.( ***P<0.001). and the difference between the blank control 
and LLL12 group was also significant.

Figure 4. Western blotting analysis of the effect of LLL12 on the protein 
expression level of members of the JAK‑STAT3 pathway. JAK, Janus kinase; 
STAT3, signal transducer and activator of transcription 3; p‑, phosphorylated; 
Src, proto‑oncogene, non‑receptor tyrosine kinase; ERK1/2, extracellular 
signal‑regulated kinase 1/2; DMSO, dimethyl sulfoxide.

Figure 5. Tumor volumes of mice treated with LLL12 were significantly 
reduced compared with that of the control group, and those of the high‑dose 
group were significantly reduced compared with those of the low‑dose group. 
*P<0.05, **P<0.01. 

Figure 6. Representative images indicating tumor size. (A) Control group, 
(B) low‑dose group and (C) high‑dose group.

Figure 7. Body weights of mice presented as the mean ± standard deviation 
of 5 mice in each group. There were no significant differences between any 
groups.
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Statistical analysis. All data are expressed as the mean ± stan-
dard deviation. Statistical analysis was performed using 
GraphPad Prism (version 5.0; GraphPad Software, Inc., 
La Jolla, CA, USA). Comparisons between groups were 
analyzed using Duncan's multiple range test, The correla-
tion analysis was conducted using simple linear regression 
analysis. P<0.05 was considered to indicate a statistically 
significant difference.

Results

LLL12 inhibits the proliferation of human lung cancer cells. 
The effect of LLL12 on A549‑cell proliferation was assessed 
by MTT assay. This revealed dose‑ and time‑dependent inhibi-
tion of cell proliferation with LLL12 treatment (Fig. 1). The 
IC50 value at 72 h was 5.0 µmol/l, and this concentration was 
selected for use in subsequent experiments.

LLL12 inhibits the migration of human lung cancer cells. 
Migration was analyzed using a wound‑healing assay and a 
Transwell migration assay. Following treatment with LLL12, 
the wound width was compared with that of the control group, 
and was found to be larger (Fig. 2). In the Transwell assay, 
the cell number in the bottom compartment was lower in the 
group treated with LLL12 compared with that in the control 
group (Fig. 3). These results suggest that LLL12 could inhibit 
cell migration in human lung cancer cells.

LLL12 inhibits STAT3 phosphorylation in human lung cancer 
cells. Western blot analysis demonstrated that LLL12 treat-
ment reduced the protein expression level of p‑STAT3 and 
STAT3 significantly compared with that of the control group. 
However, there was no significant difference in the protein 
expression level of p‑Src or p‑ERK1/2 between groups (Fig. 4). 
This suggests that LLL12 specifically affects STAT3.

LLL12 suppresses tumor growth in vivo. The antitumor effect 
of LLL12 in  vivo was analyzed using a xenograft mouse 
model. Lung tumor growth was reduced in the groups treated 
with LLL12 compared with that in the control group. The final 
tumor volume was significantly lower in the high‑dose group 
compared with that in the low‑dose group (Figs. 5 and 6). 

Fig. 6A represents the largest tumor diameter obtained. There 
was no significant difference in the body weight of the mice 
among any of the groups (Fig. 7).

Safety assessment of LLL12 treatment. During the 21 days 
of LLL12 administration, mice consumed food and water as 
normal without vomiting, diarrhea or a significant reduction in 
body weight. There was no significant difference in white or 
red blood cell number between groups (Fig. 8).

Discussion

STAT3 is an important member of the JAK‑STAT signaling 
pathway, and is activated by phosphorylation of a single tyro-
sine residue located at position 705. STAT3 is phosphorylated 
when a cytokine or growth factor activates JAK (22). STAT3 
has been reported to regulate tumor cell proliferation, differ-
entiation and apoptosis, as well as angiogenesis  (5,19,23). 
Studies have demonstrated that abnormal activation of STAT3 
is closely associated with the development of multiple types of 
cancer, as well as the prognosis of patients with these types of 
cancer, including head and neck squamous cell carcinoma and 
prostate cancer (15,24). Morikawa et al (25) suggested that the 
activation and high expression of p‑STAT3 in colorectal cancer 
may be associated with adverse clinical outcome, indicating its 
potential role as a prognostic biomarker or therapeutic target. 
It has also been suggested that cancer‑initiating cells may be 
more sensitive to STAT3 inhibitors (26). Furthermore, it has 
been reported that the expression of p‑STAT3 correlates with 
tumor differentiation, TNM stage and survival time in gastric 
cancer, suggesting that STAT3 is a prognostic factor for the 
disease (27). This is supported by other studies in which the 
expression levels of STAT3 and p‑STAT3 were demonstrated 
to be closely associated with the progression of gastric cancer, 
osteosarcoma and esophageal cancer (27‑29).

In vitro studies have demonstrated that LLL12 can inhibit 
the proliferation and induce the apoptosis of various types 
of cancer cells (19,20,30,31). LLL12 has also been reported 
to inhibit the formation of tumor blood vessels by down-
regulating VEGF, matrix metallopeptidase 9 and fibroblast 
growth factor 1 expression (23). LLL12 has been demon-
strated to induce the apoptosis of HCC cells in vitro and to 

Figure 8. White blood cell and red blood cell counts. (A) White blood cell count in each group, and (B) red blood cell count in each group. There were no 
significant differences between any groups. ns, not significant.
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induce cell cycle arrest at the G2/M phase (21). It was also 
reported that LLL12 inhibited liver cancer growth in a mouse 
model (21). Furthermore, LLL12 has been demonstrated to 
inhibit the proliferation and migration of osteosarcoma cells 
in vivo and in vitro (32,33).

In the present study, the in vitro results indicated that LLL12 
could inhibit the proliferation of A549 cells in a dose‑ and 
time‑dependent manner. Metastasis is an important feature of 
malignant tumors, and a better understanding of the effect of 
LLL12 on metastasis would be valuable for future research 
and development of the inhibitor. In the wound‑healing assays, 
the wound width remained wider after 24 h in cells treated 
with LLL12 compared with the control. The Transwell assay 
supported this result by demonstrating that cell migration was 
decreased following treatment with LLL12 compared with the 
control. These results suggest that LLL12 could inhibit the 
migration of human lung cancer cells.

The present study aimed to elucidate the mechanism of 
LLL12 activity in lung cancer. The results demonstrated that 
the protein expression levels of STAT3 and p‑STAT3 were 
significantly reduced in cells treated with LLL12 compared 
with those in the control. However, there was no significant 
difference in the protein expression level of p‑Src or p‑ERK1/2 
between any groups. These results suggest that LLL12 
downregulates the protein expression level of STAT3 and its 
phosphorylation, which may result in inhibition of prolifera-
tion in A549 cells.

The tumor volume in mice treated with LLL12 was 
significantly reduced compared with that of the control group. 
Furthermore, tumor volume in the high‑dose group was signif-
icantly reduced compared with that in the low‑dose group. 
There was no difference in body weight between any groups, 
and no toxicity was observed. The in vivo study revealed that 
LLL12 could inhibit cancer tumor growth in a dose‑dependent 
manner. The significant antitumor effect of LLL12 in mice 
may be associated with downregulated STAT3 expression 
and phosphorylation. The present study indicates that further 
studies should focus on the clinical development of LLL12 for 
the treatment of lung cancer.
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