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Abstract. AG490 is a selective inhibitor of the Janus kinase 2 
(JAK2)/signal transducer and activator of transcription 3 
(STAT3) signaling pathway. The present study examined its 
effects on the abnormal behavior of human keloid fibroblasts 
(HKFs) and evaluated its potential use in the treatment of 
keloids. Human normal fibroblasts (HNFs) and HKFs were 
treated with increasing concentrations of AG490. The prolif-
eration of HNFs and HKFs was inhibited by AG490 in both 
a time‑ and concentration‑dependent manner by increasing 
apoptosis and inducing G1 cell cycle arrest. The down-
regulation of cyclin D1 and connective tissue growth factor 
(CTGF) expression was associated with a decrease in STAT3 
expression in response to AG490. The effects of AG490 on 
TGF‑β‑stimulated fibroblasts, including HNFs, HKFs and 
hypertrophic scar fibroblasts (HSFs) were also evaluated. The 
TGF‑β1‑stimulated excessive proliferation and CTGF produc-
tion were markedly inhibited by the application of AG490 in 
the HNFs, HSFs and HKFs. In addition, the STAT3‑specific 
decoy oligodeoxynucleotides (SODNs) were transfected into 
HKFs. The invasive ability of the SODN‑transfected HKFs 
was determined and the expression of extracellular matrix 

components was quantified. Similarly, SODNs blocked the 
constitutive activation of STAT3. SODNs inhibited the inva-
sion and progression of HKFs, possibly via the upregulation 
of the expression of tissue inhibitor of metalloproteinase‑2 
(TIMP‑2), and the downregulation of the expression of 
matrix metalloproteinase‑2 (MMP‑2) and vascular endothe-
lial growth factor (VEGF). On the whole, the findings of the 
present study demonstrate that STAT3‑specific elimination, 
such as the application of AG490 and decoy ODNs, may serve 
as promising therapeutic strategies for the treatment of keloids.

Introduction

Keloid disease (KD) is a complex fibroproliferative disorder 
which appears as a pathological response to cutaneous wound 
healing (1). Keloids are defined as persistent existing scars that 
spread beyond the boundaries of the original wound (2). Keloid 
scars not only affect the appearance of the skin, but also cause 
itching and pain, and may lead to necrosis, hemorrhaging and 
suppuration (1). Histologically, keloids are characterized by the 
excessive accumulation of extracellular matrix (ECM) compo-
nents, such as type I collagen (3). Asians are susceptible to 
keloids, with an incidence rate of 4‑16% (4). KD is difficult to 
treat, since keloids are prone to recurrence following surgical 
resection and continue to proliferate for decades. Multiple 
therapies have been established for KD; however, none of 
these are fully effective (2,3,5,6). Keloids are considered to 
be benign tumors of the dermis (7). The development of novel 
treatment strategies for KD is thus required.

Although the etiopathogenesis of KD remains incompletely 
understood, keloid fibroblasts (KFs) are deemed as the main 
inductive cells for keloid formation. KFs exhibit a marked 
infiltration in lesion tissue and display an increased rate of 
proliferation; the aberrant behavior of KFs is considered to 
contribute to disease progression (8). KFs are implicated as 
mediators of elevated growth factor, chemokine or cytokine 
production, as well as of the excessive accumulation of ECM 
components, such as type I/III collagen and fibronectin (9,10). 
The suppression of the malignant proliferation of KFs and the 
blocking of their abnormal secretion of growth factors and 
ECM components is crucial for KD treatment.
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The Janus kinase (JAK)/signal transducer and activator 
of transcription (STAT) signaling pathway is an important 
pathway that is responsible for cell signal transduction 
from the surface into the nucleus. STAT3 is a key member 
belonging to the JAK/STAT signaling pathway, which 
plays a leading role in the modulation of diverse processes, 
including cell proliferation, migration, cytokine or chemo-
kine production and inflammation (11). It has been reported 
that the expression and phosphorylation of STAT3 is 
abnormally increased in keloid tissues, suggesting a role of 
STAT3 in the pathogenesis of keloids (12). STAT3 is in turn 
subject to multiple regulations by various cytokines, such 
as interleukin (IL)‑6, IL‑10 and interferon (IFN)‑α/γ (13), 
which were largely produced during the progression of KD. 
The RNA interference of STAT3 has also been reported 
to be associated with the inhibition of the proliferation of 
keloids (12). As STAT3 is not essential for the functioning 
of normal cells (14), it is rational to consider it as a valuable 
target for the treatment of diseases, such as KD. However, 
due to the lack of specific inhibitors, strategies have to be 
developed to target the STAT3signaling pathway. AG490, as 
a tyrosine kinase inhibitor for JAK2, can decrease the phos-
phorylation of STAT3 by selectively inactivating JAK2 (15). 
The therapeutic potential of AG490 has been illustrated in 
brain hemorrhage (16), liver injury and fibrosis (17). It thus 
worthwhile to determine whether it has a special role in the 
treatment of KD.

The present study hereby investigated the mechanisms 
through which the inhibition of the JAK2/STAT3 pathway 
contributes to the regulation of the aberrant behavior of KFs 
in vitro. The effects of AG490 on the cellular and molecular 
behavior of human KFs (HKFs), human normal fibroblasts 
(HNFs) and hypertrophic scar fibroblasts (HSFs) were further 
examined.

Materials and methods

Reagents and antibodies. AG490 was purchased from 
MedChem Express Inc. Stocking solution of AG490 was 
prepared as 100 mmol/l using dimethylsulfoxide (DMSO) 
(Sigma‑Aldrich; Merck KGaA) and stored at ‑20˚C. AG490 
stock solution was further diluted in cell culture medium to 
various concentrations (0, 12.5, 25, 50, 75 and 100 µmol/l) 
according to previous reports (15,18‑21). The final concen-
tration of DMSO was not >0.1%. The recombinant human 
TGF‑β was purchased from PeproTech Inc. TGF‑β powder 
was dissolved by 10 mmol/l citric acid to prepare a liquid at 
1.0 mg/ml (pH 3.0, containing 0.1% BSA). Long‑term storage 
was achieved by refrigeration ‑20˚C. According to the experi-
ment requirements, TGF‑β was diluted in cell culture medium 
to a final concentration of 5 µg/ml. TGF‑β was used to treat the 
cells 2 h prior to the application of AG490.

Primary antibodies were purchased from Abcam, 
including antibodies against STAT3 (ab119352), phosphory-
lated (p‑)STAT3 (Tyr705) (ab76315), CTGF (ab6992) and 
β‑actin (ab179467). Horseradish peroxidase (HRP)‑conjugated 
secondary antibodies produced in rabbit (SAB1301585) 
and mouse (SAB1411905) were purchased from Sigma‑Aldrich; 
Merck KGaA. The primers used in this study were synthesized 
by Takara Biotechnology Co., Ltd (Dalian, China). Other 

chemical reagents without special indication were obtained 
from Sigma.

Cell culture. The cell lines, including HNFs, HKFs and HSFs 
were kind gifts from Dr Qian Tan (Department of Burns and 
Plastic Surgery, Nanjing University Medical School Affiliated 
Nanjing Drum Tower Hospital) (22,23). Cells were routinely 
cultivated in DMEM (HyClone; GE Healthcare Life Sciences) 
supplemented with 10% fetal bovine serum (FBS; Invitrogen; 
Thermo Fisher Scientific, Inc.), 100 µg/ml streptomycin and 
100 U/ml penicillin (Invitrogen; Thermo Fisher Scientific, 
Inc.) (37˚C, 5% CO2).

Cell proliferation assay (CCK‑8 assay). Cells were plated 
overnight in a 96‑well plate (5x104/well, 100 µl) until 80% 
confluence was achieved. The cells were then treated with 
0.1% DMSO (vehicle control) or AG490 at various concentra-
tions (0, 12.5, 25, 50, 75 and 100 µmol/l) for 24, 48 or 72 h. The 
culture supernatant was discarded and the cells were washed 
with DMEM once. Following 2 h of incubation at 37˚C with 
10 µl CCK‑8 (Sigma‑Aldrich; Merck KGaA), the OD absor-
bance was recorded at 450 nm using a microplate reader (Tecan 
Group Ltd.). Cell viability was measured using the following 
formula: Cell viability %=[(ODtest‑ODblank)/(ODcontrol‑ODblank)] 
x100%.

Cell cycle assay. During the exponential growth phase, 
HKFs were digested by 0.25% trypsin and suspended in 
DMEM containing no FBS. Cells were plated in a 6‑well 
plate (2x106/well, 2 ml) followed by 24 h of serum starvation. 
Subsequently, the cells were treated with the vehicle control 
(0.1% DMSO) or various concentrations (12.5, 25, 50, 75 and 
100 µmol/l) of AG490 for 24 h. Following treatment, cells were 
harvested and washed with cold PBS, followed by fixation in 
70% ethanol at 4˚C overnight. Fixed cells were then treated 
with RNase (100 µg/ml, 50 µl) at 37˚C in the dark for 30 min 
and stained with propidium iodide (PI, 200 µl from 50 µg/ml 
stock solution) at room temperature for 5 min. Cell cycle assay 
was performed using a flow cytometer (BD Biosciences). Data 
were analyzed using FlowJo7.6 software (Tree Star, Inc.).

Annexin‑V/PI binding apoptosis assay. The serum‑starved 
cells were prepared and cultured as described above. Following 
treatment with AG490 at the indicated concentrations for 24 h, 
cells were washed with cold PBS 3 times, and then incubated 
with Annexin V‑FITC and PI at room temperature in the 
dark for 15 min. Samples were analyzed by flow cytometry 
(BD Biosciences) within 1  h. Data were analyzed using 
FlowJo7.6 software (Tree Star, Inc.).

Western blot analysis. Following proper treatment, cells 
were collected and lysed in RIPA buffer (WEIAO BioTech 
Co. Ltd.) with 1 mmol/l PMSF. The same amount (30 µg) of 
proteins was loaded on 10% SDS/PAGE gels and transferred 
to PVDF membranes (0.45 µM). After blocking with 5% skim 
milk in the TBST bufer (50 mmol/l Tris‑HCl, 150 mmol/l 
NaCl, 0.1% Tween‑20, pH 7.4) at room temperature for 1 h, 
the membranes were incubated with primary antibodies 
(1:1,000) overnight at 4˚C. The membranes were then washed 
with TBST buffer and incubated with horseradish peroxidase 
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(HRP)‑conjugated secondary antibodies (1:20,000) for 1 h 
at room temperature. The chemiluminescence detection kit 
(Thermo Fisher Scientific, Inc.) was used to detect the protein 
signals with an X‑ray film (Fuji Film). The quantification of 
the western blots was performed using ImageJ 1.52u software. 
The expression levels of each protein were normalized to those 
of corresponding β‑actin, respectively.

RNA isolation, reverse transcription and quantitative PCR. 
Differently treated cells were washed with PBS and collected 
respectively. Total RNA was isolated using TRIzol Reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was 
prepared using the ReverTra Ace qPCR RT kit (Toyobo) and 
amplified by real‑time PCR on StepOne Plus (Thermo Fisher 
Scientific, Inc.). The primers sets and sequences are presented 
in Table I. Reactions were run in duplicate as follows: 95˚C for 
5 min, followed by 40 cycles of 15 sec at 95˚C and 1 min at 
60˚C. The ending cycle was maintained at 60˚C for 5 min. Gene 
expression levels were determined by relative quantification 
according to the ΔΔCq method as previously described (24).

STAT3 decoy and scramble oligodeoxynucleotides (ODNs). 
STAT3 decoy and scrambled control ODNs were designed 
as previously described  (25) and were synthesized by 
Sangon Biotechnology Co., Ltd. The STAT3 decoy ODN 
sequence (SODNs) was 5'‑CAT​TTC​CCG​TAA​ATC‑3' and 
3'‑GTAAAGGGCATTTAG‑5'. The scrambled ODN sequence 
(MODN) was 5'‑CAT​TTC​CCT​TAA​ATC‑3' and 3'‑GTA​AAG​
GGA​ATT​TAG‑5'. The ODNs and the Lipofectamine™ 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) were respectively 
diluted in equal volumes of serum‑free medium before being 
mixed at a ratio of 2:5 (µg:µl). The mixture was incubated for 
20 min at room temperature and then transfected into the cells.

Cell invasion assay. Cell invasion assay in vitro was performed 
using a 24‑well Transwell chamber (Corning, Inc.) with an 
8‑µm pore size polycarbonate filter coated with ECMatrix gel 
(Chemicon; Thermo Fisher Scientific, Inc.) to form a contin-
uous thin layer. HKFs transfected with ODNs (1.0x106/sample) 
were harvested in serum‑free DMEM containing 0.1% BSA 
and added to the upper chamber. The lower chamber contained 
500 µl DMEM and 5% FBS. Cells were incubated for 72 h 
(37˚C, 5% CO2) followed by complete removal from the upper 
surface of the filter using cotton swabs. The filters were fixed 
in 95% ethanol and stained with crystal violet (Sigma‑Aldrich; 
Merck KGaA) at room temperature for 20 min. Cells migrating 
across the Matrigel and reaching the lower surface of the 
filter were counted under a light microscope [Nikon Imaging 
(China) Sales Co., Ltd.]. Samples were acquired in triplicate 
and data were measured as the average cell number in 10 fields.

Electrophoretic mobility shift assay (EMSA). After the cells 
were transfected with ODNs for 72 h as described above, the 
nuclear protein was prepared as reported previously (7). EMSA 
was performed using the double‑stranded synthetic oligo-
nucleotides mimicking the STAT3 binding sites present within 
the promoters of the c‑fos gene as follows: Sense, 5'‑AGC​
TTC​ATT​TCC​CGT​AAA​TCC​CTA‑3' and antisense, 5'‑TAG​
GGA​TTT​ACG​GGA​AAT​GAA​GCT‑3'. The synthetic probes 
were 5'‑end labeled using γ‑32P‑dATP and T4 polynucleotide 

kinase. Nuclear proteins (10  µg) from each sample were 
incubated with γ‑32P‑labeled oligonucleotide probe (0.1 µg/µl, 
1 µl) in 20 µl of binding buffer containing 10 mM HEPES 
(pH 7.8), 50 mmol/l KCl, 1 mmol/l EDTA, 5 mmol/l MgCl2, 
10% glycerol, 5 mmol/l DTT, 1 mg/ml bovine serum albumin, 
and 1  mmol/l Na3VO4. Following a 15‑min incubation at 
room temperature, the samples were separated on a 6% 
non‑denaturing polyacrylamide gel. For competition analyses, 
nuclear protein was incubated with cold probe (unlabeled 
oligonucleotide) for 15 min at room temperature prior to the 
addition of the labeled oligonucleotides. Gels were dried and 
subjected to standard autoradiographic procedures at ‑70˚C. 
The quantification of STAT3 activation levels was performed 
using ImageJ 1.52u software.

Statistical analysis. Data are presented as the means ± SD 
obtained from at least 3 independent tests. Data were analyzed 
by one‑way ANOVA followed by Tukey's multiple comparisons 
test (GraphPad Prism 7, GraphPad Prism, Inc.). P<0.05 was 
considered to indicate a statistically significant difference. The 
association between mRNA expression levels was examined 
by a simple linear regression model. Linear regression analysis 
was performed using SPSS® Statistical software (IBM, Inc.).

Results

AG490 inhibits the proliferation and induces the G1 cell cycle 
arrest of HKFs. The effects of AG490 (chemical structure 
presented in Fig. 1A), the JAK2/STAT3 pathway inhibitor, 
were examined in HNFs and HKFs. Increasing concentrations 
(0, 12.5, 25, 50, 75 and 100 µmol/l) of AG490 were respectively 
prepared to ensure that the final concentration of DMSO in 
working assays was not >0.1%. Pre‑experimental tests were 
performed to confirm that DMSO had no deleterious effects on 

Table I. Primer sequences used in RT‑qPCR.

Primer	 Sequence (5'→3')

STAT3 forward	C ACATGCCACTTTGGTGTTTCA
STAT3 reverse	 GGGCAATCTCCATTGGCTTC
Cyclin D1 forward	 TCGGTGTCCTACTTCAAATGTGT
Cyclin D1 reverse	 GAAGCGGTCCAGGTAGTTCA
CTGF forward	C TTGCGAAGCTGACCTGGAA
CTGF reverse	 AAAGCTCAAACTTGATAGGCTTGGA
MMP‑2 forward	 ACCTACACCAAGAACTTCCGTCTG
MMP‑2 reverse	C TCGTATACCGCATCAATCT
TIMP‑2 forward	 TCTGGCATCAGGCACCTGGATTGAG
TIMP‑2 reverse	C TATCCTAACCCCCATATCACT
VEGF forward	 GCTCTACTTCCCCAAATCACT
VEGF reverse	CCC AAAAGCAGGTCACTCACT
β‑actin forward	 TGGCACCCAGCACAATGAA
β‑actin reverse	C TAAGTCATAGTCCGCCTAGAAGCA

STAT3, signal transducer and activator of transcription 3; CTGF, 
connective tissue growth factor; MMP‑2, matrix metalloproteinase 2; 
VEGF, vascular endothelial growth factor; TIMP‑2, tissue inhibitor 
of metalloproteinase‑2.
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cell proliferation at concentrations <0.2% (Fig. S1A). As was 
expected, the expression levels of both STAT3 and p‑STAT3 
were decreased by the application of AG490 in a dose‑dependent 
manner (Fig. 1). In addition, the HKFs expressed significantly 
higher mRNA levels of STAT3 than the HNFs, as detected by 
RT‑qPCR (Fig. S1B), which is in accordance with the findings 
of previous findings (12). Compared with the control group, 
AG490 inhibited the proliferation of HNFs and HKFs at 24, 
48 and 72 h in a time‑ and concentration‑dependent manner 
(P<0.05, Fig. 2A). At all testing time points, the inhibition 
was more evident in the HKFs than the HNFs (P<0.05). To 
elucidate the mechanisms through which AG490 suppressed 
HKF proliferation, the cell cycle distribution was subsequently 
detected by flow cytometry. Following 24 h of pre‑treatment 
with AG490 at concentrations up to 100 µmol/l, the cell propor-
tion markedly declined from approximately 50 to 25% at the 
G2/M phase, while increased it from 20 to 42% at the G0/G1 
phase in response to AG490 (Fig. 2B and C). By contrast, 

the cell numbers in the S phase remained unaltered upon the 
application of AG490. The results indicate that AG490 mainly 
induced cell cycle arrest at G1 phase, which is different from 
most clinical DNA damage drugs that induced G2/M arrest. A 
diagram of the cell cycle for each phase based on flow cytom-
etry (Fig. 2C) also revealed that the effective concentration of 
AG490 to reduce HKF proliferation was at least 50 µmol/l.

AG490 induces the apoptosis of HKFs. To demonstrate 
whether the cytotoxicity of AG490 to HKFs was associated 
with the induction of apoptosis, HKFs were stained with 
Annexin V‑FITC/PI following exposure to AG490 for 24 h. 
Cells were harvested and analyzed by flow cytometry. The 
results were plotted in two‑dimensional dot plots, which 
could be divided in 4 regions (Q1, Q2, Q3 and Q4; Fig. 3). 
According to a previous report, Annexin V‑FITC‑positive 
and PI‑negative cells (Annexin V‑FITC+/PI‑, Q3) are 
generally considered apoptotic cells in the early stage, while 

Figure 1. AG490 decreases the expression of both STAT3 and activated STAT3. HNFs and HKFs were treated with 0, 12.5, 25, 50, 75, 100 µmol/l AG490 for 
24 h, respectively. (A) Chemical structure of AG490 is shown. (B) Relative expression of STAT3 and phosphorylated STAT3 (p‑STAT3) proteins in HNFs 
and HKFs detected by western blot analysis. β‑actin was used as a loading control. (C and D) The ratio of total STAT3 and p‑STAT3 to β‑actin in HNFs 
(C) and HKFs (D) was examined by densitometry, respectively. (E and F) The ratio of p‑STAT3 to total STATs in HNFs (E) and HKFs (F) was calculated and 
shown, respectively. Statistical analysis was performed using one‑way ANOVA followed by post‑hoc Tukey's multiple comparisons test. *P<0.05, **P<0.01 and 
***P<0.005 vs. the control; n=3. STAT3, signal transducer and activator of transcription 3; HNFs, human normal fibroblasts; HKFs, human keloid fibroblasts.



INTERNATIONAL JOURNAL OF MOlecular medicine  46:  191-200,  2020 195

Annexin V/PI‑double‑positive cells (Annexin V‑FITC+/PI+, 
Q2) are considered apoptotic cells in the late stage (26). Q1 
(Annexin V‑FITC‑/PI+) and Q4 (Annexin V‑FITC‑/PI‑) indicate 
necrotic cells and viable cells, respectively. Consistent with 
the findings of cell proliferation assay, a significant enhance-
ment of HKF apoptosis was observed when AG490 was used 
at concentrations of 50, 75 and 100 µmol/l (Fig. 3A and B). 
Specifically, the proportions of HKFs at the early stages of 
apoptosis were markedly promoted in response to AG490, 
while those in the late stages of apoptosis were moderately 
enhanced (Fig. 3C).

AG490 decreases the mRNA levels of CTGF and cyclin D1 in 
HKFs. To gain further insight into the mechanisms through 
which AG490 suppresses the proliferation and induces the 
G1 phase arrest of HKFs, the expression levels of cyclin D1, 

the G1/S cell cycle checkpoint controller and CTGF, the 
primary regulator of fibroblast proliferation and differen-
tiation, were assessed in HKFs following 24 h of treatment 
(Fig. 4). Compared with the control group, the relative mRNA 
expression levels of STAT3, cyclin D1 and CTGF in the HKFs 
decreased significantly in response to increasing concentra-
tions of AG490 (P<0.05, Fig. 4A‑C). Moreover, there was a 
strong association between the mRNA expression levels of 
STAT3 and cyclin D1 (F=43.647, P<0.005; Fig. 4D and E) 
and CTGF (F=42.138, P<0.005; Fig. 4F and G) as shown by 
a linear regression analysis. These results indicated that the 
downregulation of cyclin D1 and CTGF were associated with 
the AG490‑induced decrease in STAT3 expression.

Suppressive effects of AG490 on the excessive proliferation 
of fibroblasts induced by TGF‑β. It has been well estab-
lished that TGF‑β plays a critical role in the pathogenesis of 
keloids by promoting the proliferation, collagen formation 
and differentiation of dermal fibroblasts (27). In the present 
study, to evaluate the effects of AG490 on TGF‑β‑stimulated 
fibroblasts, HNFs, HSFs and HKFs were maintained in the 
absence or presence of 5 µg/ml TGF‑β1 and 50 µmol/l AG490 

Figure 2. AG490 inhibits the proliferation of fibroblasts and induces 
G1 phase arrest of HKFs. (A) Proliferation rates of HNFs and HKFs was 
detected by CCK‑8 assay. HNFs and HKFs were treated with 0, 12.5, 25, 
50, 75, 100 µmol/l AG490 for 24, 48 and 72 h, respectively. Compared with 
the control group, AG490 inhibited the proliferation of HNFs and HKFs in 
both time‑ and concentration‑dependent manner. (B) The cell numbers in 
the G0/G1, S, and G2/M phases were analyzed by flow cytometry following 
treatment with AG490 for 24 h. (C) The total number in different cell cycle 
phase was measured, respectively. Values represent the means ± SD, n=3/each 
group. *P<0.05, **P<0.01 and ***P<0.005 vs. the control. HNFs, human normal 
fibroblasts; HKFs, human keloid fibroblasts.

Figure 3. AG490 markedly enhances the apoptosis of HKFs. HKFs were 
treated with 0, 12.5, 25, 50, 75, 100 µmol/l AG490 for 24 h, respectively. 
(A) Cell apoptosis was detected by Annexin V/PI double staining assay. 
The data were generated by flow cytometry are plotted in two‑dimensional 
dot plots, which can be divided into 4 regions (Q1, Q2, Q3 and Q4). 
(B) The proportion of total apoptotic (Annexin V‑positive) cells increased 
concentration‑dependently with AG490 treatment. (C) The proportion of 
apoptotic cells at the early phase (Q3, Annexin V‑positive and PI‑negative) 
and late phase (Q2, Annexin V and PI double‑positive). Values represent the 
means ± SD, n=3; *P<0.05, **P<0.01 and ***P<0.005 vs. control. HKFs, human 
keloid fibroblasts.
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for 24 h before assessing cell viability. The results revealed 
that the TGF‑β1‑induced excessive proliferation was mark-
edly inhibited by the application of AG490 by 16.7% (HNFs), 
21.2% (HSFs) and 36.2% (HKFs) (P<0.05; Fig.  5A). The 
HKFs and HSFs exhibited higher levels of the constitutive 
protein expression of total STAT3 and CTGF than the HNFs 
(Fig. 5B and D). Following treatment with AG490, the expres-
sion levels of both STAT3 and phosphorylation (p‑STAT3) were 
decreased in the HNFs, HSFs and HKFs that were stimulated 
with TGF‑β1 (Fig. 5B‑D). These results were consistent with 
the above‑mentioned findings that AG490 dose‑dependently 
reduced both the expression and phosphorylation of STAT‑3 in 
the HNFs and HKFs (Fig. 1). In addition, the inhibitory effects 
of AG490 were observed on the TGF‑β1‑induced production 

of CTGF in fibroblasts (Fig. 5B and C). The relative mRNA 
expression of CTGF in HNFs, HSFs and HKFs was decreased 
by approximately 45, 39 and 51%, respectively (P<0.05; 
Fig. 5E).

STAT3 ODNs inhibit HKF invasion. The delivery of the 
decoy ODNs into the cell has been reported as a prom-
ising strategy with which to hinder the transcription of 
disease related genes (28,29). The ODNs usually consist of 
cis‑element sequences that serve as the decoy for the target 
transcription factor and then reduce its transcriptional 
activity. In the present study, to assess the effects of STAT3 
decoy ODNs on KFs, SODNs were transfected into HKFs 
in vitro. The results of EMSA demonstrated that SODNs 

Figure 4. AG490 decreases the mRNA expression levels of STAT3, cyclin D1 and CTGF in HKFs. HKFs were treated with AG490 at concentrations of 0, 12.5, 
25, 50, 75, and 100 µmol/l for 24 h. Cells were then collected and total RNA was isolated, respectively. (A‑C) The mRNA expression levels for (A) STAT3, 
(B) cyclin D1 and (C) CTFG were quantified by RT‑qPCR. Values represent the means ± SD, n=3; **P<0.01 and ***P<0.005 vs. control. (D‑G) Simple linear 
regression analysis revealed that cyclin D1 and CTGF mRNA expression were highly associated with STAT3 mRNA levels in HKFs that were treated with 
AG490 at various concentrations. To efficiently deduce the linear regression model, the SPSS® Statistics software platform was used. In the regression 
model, STAT3 was used as a predictor (independent variable), while cyclin D1 and CTGF were used as the dependent variables. (D and F) The scatter plots 
represented relative mRNA expression levels of cyclin D1 (D) and CTGF (F) against that of STAT3 in AG490‑treated HKF cells. The F‑values in one‑way 
ANOVA test were 43.647 for cyclin D1 and 42.138 for CTGF. The P‑values were both <0.001. The coefficients of determination (R2) were 0.732 for cyclin D1 
and 0.725 for CTGF. The residuals were calculated and used for subsequent analysis. (E and G) The predicted probability (P‑P) plots of standardized residuals 
were established for normality and homoscedasticity analysis. The plotted points (residuals) of (E) cyclin D1 and (G) CTGF were both evenly distributed and 
followed the straight lines, suggesting the regression model was valid. Observed Cum Prob, observed cumulative probability. Expected Cum Prob, expected 
cumulative probability. STAT3, signal transducer and activator of transcription 3; CTGF, connective tissue growth factor; HKFs, human keloid fibroblasts.
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markedly decreased the DNA‑binding activity of STAT3, 
MONDs or control medium did not affect the activation of 
STAT3 (Fig. 6A). Consistent with the results obtained above, 

the proliferation of HKFs was also inhibited by the appli-
cation of SODNs (Fig. S1C). Moreover, there was a 2‑fold 
decrease in the number of migrated HKFs in the presence 

Figure 5. AG490 significantly inhibits the effects of TGF‑β on HNFs, HSFs and HKFs. HNFs, HSFs and HKFs were incubated with TGF‑β (5 µg/ml) for 2 h, 
followed by treatment with AG490 (50 µmol/l) or not. HNFs. The control HSFs and HKFs were incubated with medium in the absence of either TGF‑β or AG490. 
(A) AG490 inhibited TGF‑β‑induced excessive proliferation of HNFs, HSFs and HKFs. After 24 h of treatment, cells were collected and the proliferation rates 
were detected by CCK‑8 assay. (B) AG490 reduced the expression of phosphorylated STAT3 (p‑STAT3) and CTGF proteins that were promoted by TGF‑β in 
HNFs, HSFs and HKFs. The expression of p‑STAT3 and CTGF proteins in the different groups were detected by western blot analysis. β‑actin was used as a 
loading control. (C) The ratio of p-STAT3/STAT3 and p-STAT3/β-actin was measured, respectively. (D) The ratio of STAT3/β-actin and CTGF/β‑actin was 
measured, respectively. (E) The mRNA expression levels for total STAT3 and CTFG were quantified by RT‑qPCR. Values represent the means ± SD, n=3; 
*P<0.05, **P<0.01 and ***P<0.005 vs. control. HNFs, human normal fibroblasts; HKFs, human keloid fibroblasts; HNFs, human normal fibroblasts.
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of SODNs (Fig. 6B‑E), indicating that SODNs remarkably 
inhibited HKFs invasion and progression. The expression 
levels of ECM components, including tissue inhibitor of 
metalloproteinase‑2 (TIMP‑2), matrix metalloproteinase‑2 
(MMP‑2) and vascular endothelial growth factor (VEGF), 
were detected by RT‑qPCR. Transfection with SODNs also 
attenuated the mRNA expression of MMP‑2 and VEGF by 
57 and 46%, respectively, and increased the expression of 
TIMP‑2 >2‑fold (Fig. 6F). These results demonstrated that 
decoy STAT3 can block the constitutive activation of STAT3, 
thereby inhibiting the invasion and progression of HKFs by 
upregulating the expression of TIMP‑2, and downregulating 
that of MMP‑2 and VEGF.

Discussion

The JAK/STAT signal transduction pathway plays a leading 
role in the regulation of diverse processes, including cell 
proliferation, migration, cytokine or chemokine production 
and inflammation  (30). During the process of cutaneous 
wound healing, various chemokines, cytokines (such as TNF, 
IL‑1 and IL‑6) and growth factors are secreted by inflamma-
tory cells in a well‑orchestrated manner (31). The JAK/STAT 
signaling pathway is activated in response to most of these 
mediators. The enhanced expression and phosphorylation of 
STAT3 has been observed in keloid tissues and KFs cultured 

in vitro, suggesting an important role of STAT3 the pathogen-
esis of keloids (12,32). The inhibition of STAT3 expression by 
siRNA or inhibitor (cucurbitacin I) has been shown to lead 
to corresponding decrease in collagen expression, and in the 
proliferation and migration of KFs (12). STAT3 can be used as 
a therapeutic target for keloids.

AG490, as a potent inhibitor of the JAK2/STAT3 pathway, 
inhibits the proliferation of HKFs effectively. It has been 
reported that AG490 can inhibit epidermal growth factor 
receptor (EGFR) in cell‑free assays (33). It has previously 
been demonstrated that KFs exhibit a higher expression and 
phosphorylation levels of molecules associated with tyrosine 
phosphorylation signaling, including EGFR, compared with 
normal dermal fibroblasts (34). As a tyrosine kinase blocker, 
AG490 may significantly suppress KF growth by exerting 
combined inhibitory effects on EGFR and STAT3. The reduc-
tion of EGFR and STAT3 activation can also suppress the 
transcription of the downstream genes. In the present study, 
decreasing the expression of cyclin D1 resulted in cell cycle 
arrest in the G1 phase and in the promotion of cell apoptosis. 
The downregulation of CTGF inhibited the proliferation and 
differentiation of HKFs, as well as the fibrotic effects of fibro-
blasts. Another possible mechanism for the AG490 inhibitory 
effect was that the production of collagen type I and type II 
may be decreased through the inhibition of the activation 
of STAT3 in HKFs, as suggested by a previous study (12). 

Figure 6. STAT3 decoy oligodeoxynucleotides markedly inhibit the invasion and progression of HKFs. STAT3 specific decoy oligodeoxynucleotides (SODNs) 
and random oligodeoxynucleotides (MODNs) were transfected into HKFs. Untransfected HKFs were used as a medium control. (A) EMSA was performed 
72 h following transfection. SODNs blocked the activation of STAT3 signaling pathway by inhibiting the DNA‑binding of activated STAT3 protein. (B‑D) Cell 
invasion assay was performed and images are shown as representative of five independent experiments. (E) Numbers of stained cells in invasion assay were 
counted. Data are normalized and expressed as fold change relative to control values. (F) SODNs attenuated mRNA expression of MMP‑2 and VEGF and 
increased mRNA expression of TIMP‑2. The mRNA expression levels were quantified by RT‑qPCR. Values represent the means ± SD, n=3; **P<0.01; ns, not 
significant; STAT3, signal transducer and activator of transcription 3; HKFs, human keloid fibroblasts; MMP‑2, matrix metalloproteinase 2; VEGF, vascular 
endothelial growth factor; TIMP‑2, tissue inhibitor of metalloproteinase‑2.
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However, it remains unclear as to whether collagen produc-
tion is reduced and which type of collagen is affected by 
AG490 treatment, as collagen production was not examined 
in the present study.

CTGF is involved in ECM remodeling, whose overexpres-
sion is closely related to the occurrence and development of 
proliferative or fibrotic diseases (35). In fibroblasts, CTGF 
expression can be induced by both TGF‑β and downstream 
signals of TGF‑β (36). It has been well established that the 
TGF‑β/Smad signaling pathway plays a critical role in the 
pathogenesis of keloids by promoting collagen synthesis, 
ECM deposition and sustained fibrosis (37,38). However, 
blocking the TGF‑β/Smad pathway can only prevent the 
initiation or progression of fibrosis; it cannot effectively 
reverse the fibrosis that has already occurred  (39). The 
treatment of keloids may be more optimal by inhibiting the 
abnormal increase in the expression of CTGF, which has 
been proven to be a central mediator of tissue remodeling 
and fibrosis and its inhibition reverses the process of fibrosis 
in liver and lung tissues (40). The results of the present study 
demonstrated that blocking STAT3 activation decreased 
TGF‑β‑induced CTGF overexpression, suggesting that 
AG490 may reverse the profibrotic effects of TGF‑β by 
regulating CTGF in KFs. The present study demonstrated 
that blocking the STAT3 pathway by molecular targeted 
drugs or gene therapy can inhibit the abnormal prolifera-
tion and invasion of HKFs and promote apoptosis, thereby 
treating keloids.

In conclusion, the present study demonstrated that STAT3 
can be used as a therapeutic target for keloids. By inhibiting 
the STAT3 pathway using AG490 or decoy ODNs, the prolif-
eration and abnormal behavior of HKFs were significantly 
suppressed. The TGF‑β1‑stimulated activation of STAT3 
and the production of CTGF were also decreased by AG490 
in fibroblasts. These results suggested that AG490 plays a 
protective role in keloids mainly by inducing G1 phase arrest, 
promoting apoptosis and suppressing inflammatory respon-
siveness. AG490, as a selective inhibitor of the JAK2/STAT3 
pathway, may be a therapeutic candidate for inhibiting the 
development of keloids.
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